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Lightning strikes cause nitrogen to dissolve in water and form reactive nitrogen and oxygen species, which
form natural fertilizers that can be absorbed through plant roots. Such processes during rainstorm events
can be simulated by applying plasma to a solution. Plasma-activated water (PAW) has great potential as
a source of various dissolved reactive chemical species. Different mixtures of species are produced using
different solution compositions. Here, basil seeds were grown in PAW to prevent blooms of Chlorella
vulgaris and ion chromatography and UV-vis spectroscopy were used to quantify reactive ions. NO,™,
NOs~, and H,O, were found to be key to the antialgal effect. Secondary reactive ions such as
peroxynitrite (ONOO™, ONOOH) were also involved. The antialgal effect was strongly related to the pH
around the algal cells. Acidification was predominantly caused by the generation of NO,™ and H,O,.
After two weeks monitoring basil growth, the antifungal properties were preserved, few reactive oxygen
species formed in the plasma zone, and only reactive nitrogen species were transformed into reactive
peroxynitrite ions. The pH around the cells was determined using an iridium oxide microelectrode. The

PAW antialgal mechanism depended on acidic conditions (pH 2.2, at which peroxynitrite can be
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Accepted 1st March 2022 generated) under which ONOOH penetrated the algal cell membranes, destroying the cells and

preventing growth. This practical and sustainable PAW process allows a surprising amount of fertilizer to
be generated with an antialgal effect that could be used in various eco-friendly agricultural processes
under ambient conditions.
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Introduction

Low-temperature or cold atmospheric plasmas have been
attracting attention in recent years in the fields of physics,
chemistry, materials sciences," medicine,>* biology,* and agri-
culture.*” Treating an aqueous solution with low-temperature
plasma can give plasma-activated water (PAW), which
contains active oxygen and nitrogen species'® and is an effective
bactericide.”*™ PAW has been used in various applications,*
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including sterilizing microorganisms,"*™” hardening fresh
foods,'®* promoting plant growth,”*** and treating cancer.”*>*
PAW has a strong, temporary algicidal effect on microorgan-
isms, then returns to being fresh water after a certain time, so
PAW is expected to be suitable for use in new environmentally
friendly sterilization methods.” PAW can be used to allow
plants to be grown quickly regardless of the weather,” so
attention is being paid to using PAW to address food shortages
caused by increases in the population, global warming, and
other factors. However, algae readily grow in the solutions,
cultivation tanks, and equipment used in plant-growing facto-
ries®** because of the moisture, light, and nutrients present.
These problems, including cleaning labor and high running
costs, partly explain why plant factories are not as popular as
expected. Developing a liquid fertilizer in PAW that can be used
to grow plants and prevent growth of algae and bacteria would
allow clean and maintenance-free plant factories to be estab-
lished and contribute to solving global food shortages, which
will become more serious in future. More research into the use
of PAW as an antibacterial liquid fertilizer is being per-
formed.*** For example, Iwata et al. successfully produced PAW
that simultaneously prevents microbes growing and supports

© 2022 The Author(s). Published by the Royal Society of Chemistry
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plant growth.® They concluded that organic compounds con-
taining benzene rings give PAW with good antibacterial prop-
erties. This method gives PAW with antimicrobial properties
and that supports plant growth, but the requirement for organic
compounds containing benzene rings is not environmentally
sustainable. Other ways of producing PAW that is algicidal but
promotes plant growth have not been investigated. Many
researchers have concluded that the algicidal effects of PAW are
caused by peroxynitrite produced through reactions of active
species in the PAW.'** Peroxynitrite, which is the conjugate
acid of pernitrate, can oxidize, nitrate, and hydroxylate
biomolecules under physiological conditions, which is why
peroxynitrite is cytotoxic.** Peroxynitrite has a high permeability
coefficient of 8.0 x 10™* cm s, which is comparable to the
permeability coefficient of H,O,. This makes peroxynitrite an
extremely effective oxidant for damaging bacteria.**** Perox-
ynitrite has strong antimicrobial properties at low concentra-
tions.** There are two forms of peroxynitrite, the peroxynitrite
anion (OONO™) and peroxynitrous acid (ONOOH), which have
an acid dissociation constant pK, of 6.8 and will both be present
in PAW, which is acidic or neutral.*® The formation of perox-
ynitrite in PAW has been investigated in many studies using
fluorescent probes and UV-vis absorption spectroscopy to
quantify, identify, and confirm the presence of peroxynitrite.*®
PAW maintains its algicidal effect for a long time,****>* up to
one month. This was predicted because short-lived reactive
oxygen species, which are important for peroxynitrite forma-
tion, are repeatedly re-generated in PAW. Peroxynitrite might be
expected to be strongly cytotoxic to plants as well as bacteria
because it dissociates readily under neutral conditions.
However, PAW shows antibacterial effects but is not toxic to
plants. This may be because reactive oxygen species and reactive
nitrogen species will react under only certain conditions to
produce peroxynitrite, which will directly attack only bacteria.
PAW therefore has long and effective algicidal effects. The
condition required for this effect is a highly acidic region in the
vicinity of the cells to be attacked. Once the area around a cell
becomes highly acidic, the appropriate chemical species in the
PAW react to produce peroxynitrite, which penetrates and
attacks the cell even if the bulk solution has a neutral pH. This
makes PAW an effective bactericide. To prove this, it is neces-
sary to determine the pH range at which peroxynitrite can be
produced and to match this range to the pH around relevant
cells. However, these pH ranges have not been determined, so it
is not clear how peroxynitrite is produced and acts only on
bacteria. We therefore aimed to prove that peroxynitrite in PAW
is an important factor in the antialgal effect of PAW by directly
measuring the pH near cells using microelectrodes in a neutral
liquid, such as a hydroponic liquid fertilizer. In this study, (1)
environmentally friendly PAW was prepared using nitrogen and
water, (2) the antialgal effect of PAW was investigated, and (3)
the mechanism involved in the antialgal effect of PAW against
Chlorella vulgaris while allowing plants to grow was investigated
focusing on the pH near the cells. The results confirmed that
PAW produced using water and nitrogen is an ideal disinfectant
that acts only on bacteria and microorganisms. The results
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provide a starting point for identifying the mechanism involved
in the biocidal effect of PAW.

Results and discussion
Confirmation of the batch plasma emission state

A plasma emission analyzer was used in the range 300-900 nm
to investigate the excited active species generated in nitrogen
using a batch-type in-liquid plasma system using 10 conditions
with different frequencies and pulse widths. As shown in Fig. 1,
the main peaks were for water (i.e., OH (317, 769, and 779 nm),
Ho (656 nm), HB (486 nm), and O (823 and 846 nm)) and N,
(338, 357, 369-392, 749, and 870 nm).***** We assumed that the
plasma decomposed water to give OH, O, and H. N, peaks were
also found. This suggested that reactive nitrogen species and
reactive oxygen species formed in the solution. These results
suggested that various reactive oxygen and nitrogen species
were formed in the gas phase by the batch-type in-liquid plasma
system and became fixed in the solution by coming into contact
with the liquid. Unlike in the emission spectrum obtained by
Mizukoshi et al., only the short-wavelength region of the N,
spectrum was acquired using the batch method.*” This was
because Mizukoshi et al. used air to generate plasma in water
but we used N,, which gave plasma containing a large amount
of nitrogen. The PAW was used not only as a cell and microbial
disinfectant but also as a liquid fertilizer, so it was very
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Fig. 1 Visible spectra of plasma generated in the batch-type in-liquid
plasma system. (a) No. 1-5. (b) No. 6-10.
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important to fix a large amount of nitrogen in the solution to act
as a nutrient source for the plants. The electron temperature
was calculated from the Ha and Hp peak intensities (Tables S1
and S27). The electron temperature varied depending on the
conditions but was ~1 eV. An electron temperature of 15 000 K
(1.29 eV) was previously found using the same measurement
method for a batch-type in-liquid plasma system, so the value
obtained in this experiment was considered to be reasonable.*
The electrodes melted or were lost in a short time when the
frequency was increased above 120 kHz. We therefore used 100
kHz and 0.18 ps (line 5 in Table S1t), which gave the highest
electron temperature and allowed a stable plasma treatment to
be maintained for a long time.

Investigation of PAW characteristics

Ion chromatography measurements were made and UV-vis
spectra acquired to quantitatively and qualitatively analyze the
active species in the PAW produced using the batch-type
submerged plasma method using nitrogen. The results are
shown in Fig. 2. NO, ™, NO;~, NH,", and H,0, were found to be
produced in the PAW. The NO, and H,O, concentrations
continued to increase until 60 min after the treatment started,
then the concentrations decreased. The NO;~ and NH,"
concentrations continued to increase as the treatment
continued. NO;~ and NO,  were probably produced through
the dissociation of nitrogen oxide species generated in the gas
phase of the plasma. The production of NH," suggested that
oxidation and reduction reactions occurred simultaneously.
The continuous increase in the NH," concentration indicated
that NH," did not decompose but remained in the system. The
reactions involved in the production of NH," are shown in eqn
(1) and (2). Dissociation of nitrogen oxide species in the liquid
phase would have proceeded as the treatment continued, and
the pH decreased markedly as the NO,, NO; , and H'
concentrations increased. The reactions involved in these
processes are shown in eqn (3)-(5).
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Fig. 2 Temporal changes in the NH4*, NO,", NOz~, and H,O,
concentrations during the plasma treatment. The pH change for
reaction time is also plotted.
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NH; + H" — NH," )

NO, + NO, + H,O — NO,™ + NO;~ + 2H" (3)
NO + NO, + H,0 — 2NO,™ + 2H" (4)
3NO,~ + 3H" — NO + NO;~ + H;0" (5)

In particular, the NO;™~ concentration increased for 60 min
after the plasma treatment started but the NO,” and H,O,
concentrations decreased markedly. We concluded that large
amounts of H,0, and NO,  were produced during the first
60 min of treatment and that NO,~ was oxidized by H,O, to give
large amounts of NO;™ as the treatment continued. H,O, is
a strong oxidant under acidic conditions, so it was expected that
H,0, acted as an oxidant in the PAW system. In other words,
H,0, started to act as an oxidant when the pH decreased as the
treatment time increased. The oxidizing ability of H,O,
increased markedly after 60 min, probably because the system
had become acidic.

Alga prevention experiment

Alga prevention experiments were performed using untreated
water and PAW produced for 30, 60, 90, and 120 min using
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Fig. 3 (a) Prevention of algae growth in plasma-activated water with
the different plasma-treatment times and (b) prevention of algae
growth in the mimic solutions with slightly different compositions
based on plasma-activated water with 120 min treatment.
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Table 1 Preparing conditions of mimic solution according to plasma
assisted water with 120 min treatment

Content

Entry pH=3 NO,~ H,0,
1 O O O

2 @] X O

3 O O X

4 X O O

5 O X X

6 X X @]

7 X O X

a batch-type in-liquid plasma system and control samples. The
results are shown in Fig. 3(a). The cell concentrations in the
samples treated for 60, 90, and 120 min on the second day were
lower than the initial concentration of 80 x 10" cells per mL,
indicating that treatment for >50 min effectively prevented
algae growing. After 8 d, only the samples treated for 120 min
contained a cell concentration lower than the initial concen-
tration. These results indicated that a long-term algicidal effect
only occurred in the sample treated for 120 min. The results
shown in Fig. 3 indicated that the pH, NO, , NO; ™, and H,0,
were responsible for preventing algae growing in the sample
treated for 120 min. PAW containing nitrogen oxides has
previously been found to have an algicidal effect,** and this has
been found to be associated with synergistic effects between
NO, , NO; ™, and H,0,. We investigated the factors contrib-
uting to preventing algae growing by focusing on the pH and
NO,, NO;, and H,0, concentrations in the PAW treated for
120 min that prevented algae growing for about one week. We
prepared mimic solutions and used them to perform experi-
ments to investigate the prevention of algal growth. The pH of
each solution was adjusted by adding nitric acid. The NO,™ and
H,0, concentrations were 0.1 and 0.4 mmol L™, respectively,
which were the same concentrations as the PAW for 120 min.
Seven solutions were prepared under the different conditions
shown in Table 1, and algal growth in their solutions and the
control were compared. The results are shown in Fig. 3(b). The
algal cell concentrations were lower in the samples at pH 3 and
containing NO,™ and H,O0, than the initial concentration of 80
x 10* cells per mL after 8 d. This confirmed that algae were
prevented from growing only under acidic conditions and in the
presence of NO, , NO;~, and H,0,. This suggested that algae
were prevented from growing in the PAW by these four factors.
Algae being prevented from growing under acidic conditions
and in the presence of NO, , NO; ™, and H,O, suggested that
NO, ™ and H,O0, react in an acidic solution to give peroxynitrite
(ONOOH, ONOO™), which has a strong algicidal effect. ONOOH
is formed through a reaction between O,  and H,O, under
strongly acidic conditions, and dissociates into NO;, and OH’,
which exert strong algicidal effects under neutral conditions.*
The reactions involved are shown in eqn (6)-(8).
Acidic conditions

© 2022 The Author(s). Published by the Royal Society of Chemistry
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N027 + 2HJr > H2N02 + o NOJr + HzO (6)
NO™ + H,0, & ONOOH + H* 7)

Neutral conditions

ONOOH —2NO;, + OH- 8)

The interiors of cells are kept at neutral pH values, so we
assumed that the interiors of the algal cells were at neutral pH
values. The ONOOH generated in the PAW system could pene-
trate the membranes of an algal cell and dissociate into active
algicidal species inside the cell, which would destroy the algal
cell from within. ONOOH is produced through a reaction
between NO, and H,0,, which both have longer lifetimes than
many other active species. We therefore concluded that PAW
has a long-lasting algicidal effect because the reaction between
NO, ™~ and H,0, occurs gradually.®**** The aim of this study was
to use PAW as a liquid fertilizer for growing plants while pre-
venting the growth of algae. The possibility of using PAW for
growing plants was investigated by performing basil growth
tests. The results are shown in Fig. S1. The results indicated
that PAW can be used to grow plants while suppressing the
growth of algae. We concluded that PAW is a liquid fertilizer
that can be used to grow plants while preventing algae growing.
It is very interesting that the algae were killed but the basil grew
normally. We hypothesized that this may have been because,
unlike for the algae, the pH near the basil cells was not acidic
and peroxynitrite was not produced. One possible reason for
this is that, like algal cells, basil cells will release protons
through a proton pump, but the protons released will diffuse
more quickly in all directions from basil plants than algae
because basil plants are larger than algae. This means that
peroxynitrite will not be produced near the basil cells. Another
possible reason is that protons are consumed by basil plant cell
walls during growth, preventing acidification around the cell
and therefore preventing peroxynitrite forming. Plants grow by
cell division and cell elongation. Each plant cell has a cell wall,
which is acidified and softened by proton pumps in the cell
membrane and then stretched (the acid growth theory).*® The
proton pump in the cell membrane acidifies the cell wall,
softens it, and stretches it. These possible reasons led us to
predict that the pH near the cells of plants such as basil will
decrease enough for ONOOH to be produced but that ONOOH is
produced only near the algal cells. If the pH in the vicinity of the
algal cells was found to become low enough for ONOOH to form
it may be possible to firmly conclude that ONOOH in PAW
destroys algal cells and plays an important role in the algicidal
effect of the PAW. Microelectrodes were fabricated to allow the
pH in the vicinity of algal cells to be measured to investigate
this.

Measurements of the pH in the vicinity of algal cells

The results of the algicide experiments and the experiments
performed to investigate the factors involved led to the
conclusion that the algicidal effect of PAW was caused by
ONOO™ forming through a reaction between NO,~ and H,0, in
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the PAW under strongly acidic conditions. ONOO™ dissociates
into OH'" and NO;, which can penetrate the algal cells at neutral
pH and kill the cells. We thought that the mechanism pre-
venting algae growing could be determined by making direct
observations of the pH near the algal cells. However, direct
observations of the pH near cells in a liquid at neutral pH (e.g.,
hydroponic nutrient solution) have not previously been made.
First, microelectrodes for measuring the pH were fabricated
and characterized. The characterization results are shown in
Fig. S2.1 A sigmoidal current-potential curve was found. This is
a characteristic of microelectrodes and confirmed that the
microelectrodes had been fabricated successfully. Next, stable
pH-responsiveness even under strong acidic conditions was
achieved by electrodepositing iridium oxide (an inorganic metal
oxide) on the tip of each microelectrode. The current was
measured using the fabricated microelectrode to perform cyclic
voltammetry (CV), and the pH responsivity was evaluated. The
results are shown in Fig. S3.1 The slope of the straight line (y =
—45.454x + 707.77) indicated that the pH response gradient was
—45.45 mV pH ' unit. The error was very low, confirming that
the successfully fabricated electrode gave very reproducible
results. The reversibility of the microelectrode measurement
was assessed by measuring the open-circuit potential difference
(OCP) when the microelectrode was moved from a neutral to an
acidic solution and then back to a neutral solution. The results
are shown in Fig. S4.F The OCP was almost constant at all pH
values except approximately pH 3, suggesting that the micro-
electrode was reversible. The pH values found near algal cells
using microelectrodes electrodeposited with iridium oxide are
shown in Fig. 4. The OCP near the cells was 606.2 mV, which
indicated that the solution was at pH 2.23 (calculated from the
calibration curve). The UV-vis measurement results shown in
Fig. S57 allowed the pH region in which ONOOH could be
generated to be identified. The ONOOH concentration was
calculated from the fluorescence intensity using a calibration
curve (Fig. S61). The results indicated that ONOOH formed
slowly at approximately pH 2-3 and rapidly at pH 1. We
concluded that the solution near an algal cell needed to between
pH 1 and 3 for ONOOH to form and that the best performance
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Fig. 4 Cell proximity measurements performed using microelec-
trodes with iridium oxide electrodeposited on the tips.
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Fig. 5 Scheme showing how plasma-activated water (PAW) is cyto-
toxic only to microorganisms.

was achieved at pH 1-2. The results suggested that the solution
near each algal cell was at ~pH 2 and that peroxynitrite was
likely to be produced in the vicinity of each algal cell. The pH
may have been low in the vicinity of each algal cell because algal
cells have proton pumps in their cell membranes and use the
electrochemical potential difference of protons to convert
energy to allow metabolic activities. When a cell releases
a proton, the pH in the vicinity of the cell will decrease because
movement of a proton released from the cell surface will be rate-
limited because of the small size of the cell (a 2-10 um sphere).
The results suggested that the acidic conditions in the vicinities
of the cells caused a reaction between NO, and H,O,
(components of the PAW) to occur to produce peroxynitrite only
in the vicinities of the cells. The peroxynitrite generated in the
vicinities of the algal cells will have dissociated into NO, and
OH’ (eqn (8)), which would have been transported to within the
cells and killed the cells, as shown in Fig. 5. We concluded that
the PAW system had a long-term and strong antialgal effect.

Experimental

Production of PAW using a batch-type in-liquid plasma
system

In-liquid plasma was generated using a pulsed plasma system
(MPP-HV04, supplied by Kurita Industries) in a batch-type in-
liquid plasma device shown in Fig. S7.f Two electrodes were
placed facing each other in the electrolyte solution, and an
electric current was applied to the electrodes. This superheated
the electrodes, and the liquid around them started to boil.*”**
The liquid produced bubbles in the water and plasma was
generated within the bubbles. A hollow tungsten rod (outer
diameter 3 mm, inner diameter 1 mm) was used for each elec-
trode to allow N, to flow through. Plasma was generated in the
bubbles around the electrodes and in bubbles produced by N,
from outside the electrodes. The system was expected to prevent
the temperature of the solution increasing and minimize wear-
and-tear of the electrode. Each electrode was covered with an
insulated tube (outer diameter 5 mm) placed so that the
distance between the electrode surface and the inner surface of
the insulated tube was 1 mm. N, was passed through the tip of
each hollow electrode at a flow rate of 100 mL min ™" so that the
N, directly encountered the plasma. The plasma treatment was
applied to a K;PO,4 solution (100 mg L', 350 mL; Sigma-
Aldrich, St. Louis, MO, USA). K;PO, is used as a liquid fertil-
izer when growing plants hydroponically. The solution was

© 2022 The Author(s). Published by the Royal Society of Chemistry
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mixed using a pump to give a circulation rate of 250 revolu-
tions min~" to ensure uniform plasma treatment of the solu-
tion. The solution was kept at 3 °C using a Liebig cooler. A
pulsed power supply was connected to the electrodes, and the
plasma treatment was performed using 10 different conditions
with different pulse frequencies and widths to allow the
optimum power supply conditions to be identified. A plasma
emission spectrometer (c7460; Hamamatsu Photonics) was
attached to the batch-type plasma system and used over the
wavelength range 300-900 nm to investigate excited active
species in the plasma. The Ha and HP peak intensities and the
electron temperature measured using the emission analyzer
were calculated. The results led to PAW being produced using
a pulse frequency of 100 kHz, a pulse width of 0.18 us, and
a voltage of 4 kv, which allowed stable plasma treatment to be
performed for a long time. PAW was produced by treating water
for 30, 60, 90, and 120 min at a pulse frequency of 100 kHz,
pulse width of 0.18 ps, and voltage of 4 kV. Once the PAW was
prepared, the pH of the liquid was measured using a pH meter
(D-210PD; HORIBA). Ion chromatography measurements and
UV-vis spectra were acquired to allow qualitative and quantita-
tive analyses of the active species in the PAW to be performed.
The ion chromatograph was used with a suppressor current of
30 mA for anions and of 60 mA for cations, a flow rate of 1.5
mL min~* for anions and of 1.0 mL min~* for cations, and
a column temperature of 30 °C for both anions and cations. The
ion chromatograph was a Dionex ICS-1100 system (Thermo
Fisher Scientific, Waltham, MA, USA) fitted with a Dionex AS12A
column for anions or a Dionex CS12A column for cations, and
the suppressor was a Dionex ERS-500 system. The H,O,
concentration in the PAW was determined using a colorimetric
method.*** For liquid A, 1 g of sodium hydroxide (Wako Pure
Chemical Industries, Osaka, Japan), 33 g of potassium iodide
(Wako Pure Chemical Industries), and 0.1 g of heptamolybdic
acid hexammonium tetrahydrate (Wako Pure Chemical Indus-
tries) were added to a 500 mL flask, then the flask was filled with
water to dissolve the salts. Liquid B was prepared by adding 10 g
of potassium hydrogen phthalate (Tokyo Chemical Industry,
Tokyo, Japan) to a 500 mL flask, then the flask was filled with
water to dissolve the salt. Solutions A and B were mixed with
a sample at a ratio of 1:1: 1, and the absorption intensity at
a wavelength of 350 nm was determined using a UV-vis spec-
trophotometer. The scanning speed was 100 nm min~* and the
scanning range was 500-300 nm. The UV-vis spectrophotometer
was a V-670 system (Japan Spectroscopic Co).

Alga prevention experiment

Experiments in which algae were prevented from growing were
performed using Chlorella vulgaris (NIES-2170) purchased from
the National Institute for Environmental Studies. A 5 mL aliquot
of 1/10 Hoagland solution and 0.5 mL of a Chlorella vulgaris
suspension were added to an autoclaved test tube to give
a Chlorella vulgaris concentration of 80 x 10" cells per mL. The
Hoagland solution was used to reproduce a growing solution
used in a plant growing factory. The Hoagland solution was
prepared using stock solutions of six components, as shown in

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table S3.1 The stock solutions were added to 1 L of ultrapure
water in the appropriate ratios to give a 1/10 Hoagland solution
at pH 5.6-5.8. The solution was autoclaved at 120 °C before
being used in the experiments. Six samples were used in the
experiments. These were the unmodified culture medium
(control), untreated K;PO, solution, and PAW treated for 30, 60,
90, and 120 min. The culture medium was liquid C medium,
purchased from the National Institute for Environmental
Studies. Each sample was incubated at 25 °C under white light
(1000 Ix) produced by light-emitting diodes. Samples of the cells
in the solutions were collected every two days until 8 d had
passed. The cells in each sample were counted using the colony
counting method using a blood cell calculator (DHC-NO01; Air
Brown).

The PAW treated for 120 min gave a good algicidal effect, so
we prepared a solution to mimic the PAW solution. The mimic
solutions were at pH 3 and contained NO,  and H,0,. The
mimic solutions were used in experiments to investigate the
prevention of algal growth. A control and seven PAW mimic
solutions were used as samples. The sample compositions are
shown in Table 1. The pH was adjusted using nitric acid, and
the NO,™ and H,O, concentrations were 0.1 and 0.4 mmol L™,
respectively, to mimic the concentrations found in PAW after
120 min of plasma treatment. The other experimental condi-
tions were the same as in the previous experiment that was
performed to investigate the prevention of algal growth.

A basil seed was placed on top of an aliquot of each sample
in a cup containing Styrofoam and medium to determine
whether plants could be grown in PAW while preventing algal
growth. A small amount of the test solution was added to the
seed to moisten it, then the cup was filled with the solution.
Adjusted Hoagland solution and the test solutions were used.
The pH of the PAW treated for 120 min decreased to ~3, so a pH
adjustment agent (OAT Agrio) was used to adjust the pH to 6.
The plants were grown for 10 d at 25 °C under white light (1000
Ix) emitted by light-emitting diodes.

Peroxynitrite quantification experiment

The pH in the vicinity of Chlorella vulgaris cells was measured
using the pH-responsive microelectrodes. Each microelectrode
was made as described previously.”>** A copper wire (Nilaco)
and a platinum wire (diameter 76 pm; Nilaco) were connected
using silver paste (D-550; Fujikura Kasei). The connection was
coated with UV-curing resin (3035B; ThreeBond) and then the
resin was cured. The copper/platinum wire was then inserted
into a capillary made from a Pasteur pipette. The capillary was
filled with UV-curing resin (40416, Pajco), then the resin was
cured. The platinum wire was exposed only at the tip to keep the
tip as thin as possible. The tip was covered with UV-curing resin,
then the resin was cured. The microelectrode was then finished
by cutting the tip. The prepared electrodes were characterized
using 0.1 M KClI aq. (Wako Pure Chemicals) containing 0.5 mM
K,[Fe(CN)¢] and 0.5 mM K;[Fe(CN)¢] (Wako Pure Chemicals). A
Ag/AgCl electrode (RE-1CP; ABS) was used as the reference
electrode and a Pt mesh was used as the counter-electrode. CV
measurements were performed. Iridium oxide, an inorganic
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metal oxide, was electrodeposited on the microelectrode to give
a stable pH response even under strongly acidic conditions. The
electrodeposition solution contained 2.0 mM K,IrCls aq.
(Sigma-Aldrich), and 10 wt% NaOH aq. (Wako Pure Chemicals)
was added to bring the solution to pH 13. The solution was then
heated to 90 °C for 20 min and then cooled in ice before 3 M
HNO; aq. (Wako Pure Chemicals) was quickly added to the cold
solution to bring the solution to pH 1. The solution was then
stirred for 80 min. Finally, 10 wt% NaOH aq. was added to bring
the solution to pH 13.>* UV-vis measurements were performed
to confirm that IrOx-nH,O nanoparticles were dispersed in the
electrodeposition solution. The scanning range was 750-
350 nm, and the other conditions and the devices used were the
same as for determining H,0,.

Electrodeposition was performed using the prepared elec-
trodeposition solution and a scanning rate of 20 mV s '. CV
measurements were performed for 20 cycles. Before electro-
polymerization, the electrodes were cleaned by performing CV
on 0.5 M H,SO, at a scanning rate of 30 mV s™'. The prepared
electrodes were characterized by performing CV measurements
for 20 cycles using the prepared electrodeposition solution and
a scanning rate of 20 mV s~ . Before electropolymerization, the
electrodes were cleaned as described above. The responsiveness
of the electrodes to the pH was evaluated by performing OCP
measurements. A standard pH solution (HORIBA) and in-house
buffer solutions were used as standards for preparing a cali-
bration curve. The standard samples used are shown in Table 2.
The in-house buffer solutions were at pH 5 and 3. The pH 5
buffer solution was prepared by mixing 1.54 mL L' acetic acid
and 6.11 g L™ " sodium acetate, and the pH 3 buffer solution was
prepared by mixing 0.42 mL L~ " phosphoric acid and 6.84 g ™"
sodium dihydrogen phosphate dihydrate. A pH 1 solution was
prepared by adding nitric acid to ultrapure water.

A standard pH solution was brought to 25 £+ 5 °C in a ther-
mostatically controlled bath, then the pH was measured using
a pH meter before an OCP measurement was made. The
prepared electrode was fixed using a manipulator and trans-
ferred to a Petri dish containing cultured Chlorella vulgaris. The
dish was placed in a microscope (NDL-6LED; Carton) and C
medium and a phosphate buffer solution were added. The
electrode was sited so that it could be inserted into the Petri
dish, and the position was adjusted using a manipulator while
observing the position using the microscope so that the tip of
the electrode was in contact with an algal aggregate. A Ag/AgCl
electrode (RE-1CP; BAS) was used as the reference electrode and

Table 2 Solutions used as pH standards

Sample Solution

pH=7 Neutral phosphate standard
solution

pH=5 Acetic acid buffer

pH=14 Phthalate standard solution

pH=3 Acid phosphate buffer

pH=2 Oxalate standard solution

pH=1 Nitric acid aqueous solution
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a Pt mesh was used as the counter-electrode. These were placed
in the phosphate buffer solution in the Petri dish, as shown in
Fig. S8.17 The pH in the vicinity of the cells was then measured
by performing OCP measurements.

Peroxynitrite was quantified using a fluorescent probe
specific to peroxynitrite (DAX-J2TM PON Green99; AAT Bio-
quest). A calibration curve was prepared before using the fluo-
rescent probe. A 1 mL aliquot of a peroxynitrite solution
(unknown concentration; Dojin Chemical Research Institute)
was diluted by a factor of 100 with 0.1 M NaOH aq. (Wako Pure
Chemicals) and used as a stock solution. The stock solution was
further diluted by factors of 2 and 5. The concentrations in the
stock solution and diluted solutions were estimated from the
intensities of the UV-vis spectrophotometry peaks at 300 nm.
Fluorescence spectroscopy was performed after mixing 0.3 mL
of a solution with 0.3 mL of the fluorescent probe. A peroxyni-
trite concentration—fluorescence intensity calibration curve was
prepared. The UV-vis measurements were made using a scan-
ning range of 450-200 nm, and the other conditions and
equipment used were the same as for determining H,0,. The
FP-8300 fluorescence spectrophotometer (Japan Spectroscopy)
was used with a scanning speed of 500 nm min ', a wavelength
range of 500-650 nm, an integration time of 2, an excitation
wavelength of 490 nm, an excitation bandwidth of 5 nm,
a fluorescence bandwidth of 10 nm, and a Xe light source. A
peroxynitrite concentration-fluorescence intensity calibration
curve was prepared, then the pH range in which peroxynitrite
could be produced was identified using a fluorescent probe. A
0.1 mL aliquot of HCl aq. (Wako Pure Chemicals) at pH 1, 2, 3, 5,
or 7 was mixed with 0.1 mL of 0.6 M H,0, aq. (Wako Pure
Chemicals). A 0.1 mL aliquot of 0.6 M NaNO, aq. (Wako Pure
Chemicals) was then added, then 3 M NaOH aq. (Wako Pure
Chemicals) was quickly added.”* A 0.4 mL aliquot of the fluo-
rescent probe was then added, and the solution was subjected
to fluorescence spectroscopy.*® The fluorescence bandwidth was
10 nm, and the other conditions and equipment used were the
same as for preparing the calibration curve.

Conclusions

A batch-type in-liquid plasma system was used to produce PAW
that prevented algae growing. NO, , NO;~, and H,O, in the
PAW were found to be critical to the algicidal effect, and the
peroxynitrite produced by the reactions between these active
species played an important role in the algicidal effect. The pH
near algal cells was measured using an iridium oxide micro-
electrode, and the solution in the vicinity of each cell was found
to be very acidic (pH 2.23). Peroxynitrite could be generated in
this area because it can be produced at pH 1-3. The PAW can be
used as a liquid fertilizer to grow plants while preventing algal
growth, and it could be used to prevent contamination of the
solutions and cultivation tanks used in plant growing factories.
The results indicated that it will be possible to develop an
environmentally friendly disinfectant using common materials.
The PAW could contribute to solving food shortages and
sustainable development.

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ra07774k

Open Access Article. Published on 08 March 2022. Downloaded on 3/15/2026 11:03:08 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Author contributions

KM, MS, SS and KH: data curation, formal analysis, investiga-
tion. KM and VRG: writing-original draft. NI, NS, KK, TK and
MY: investigation, methodology. AF and KT: conceptualization,
supervision. CT: conceptualization, funding acquisition, project
administration, supervision.

Conflicts of interest

There are no conflicts of interest to declare.

Acknowledgements

This work was supported by the Japan Science and Technology-
Strategic International Collaborative Research Program (JSTSI-
CORP) (grant no. JPMJSC18H1) and a Private University
Research Branding Project (2017-2021) funded by the Ministry
of Education, Culture, Sports, Science and Technology.

References

1 A. Zille, F. R. Oliveira and A. P. Souto, Plasma Processes
Polym., 2015, 12, 98-131.

2 G. Friedman, A. Gutsol, A. B. Shekhter, V. N. Vasilets and
A. Fridman, Plasma Processes Polym., 2008, 5, 503-533.

3 M. Laroussi, D. A. Mendis and M. Rosenberg, New J. Phys.,
2003, 5, 41.1-41.10.

4 K. D. Weltmann and T. V. Woedtke, Plasma Phys. Controlled
Fusion, 2017, 59, 014031.

5 M. Ito, J.-S. Oh, T. Ohta, M. Shiratani and M. Hori, Plasma
Processes Polym., 2018, 15, 1700073.

6 N. Iwata, V. Gamaleev, J.-S. Oh, T. Ohta, M. Hori and M. Ito,
Plasma Processes Polym., 2019, 16, 1900023.

7 N. Pua¢, M. Gherardi and M. Shiratani, Plasma Processes
Polym., 2018, 15, €1700174.

8 J. Li, R. Zhou, R. Zhou, X. Zhang and S. Yang, Innovative Food
Sci. Emerging Technol., 2018, 53, 36-44.

9 P. Ranieri, N. Sponsel, J. Kizer, M.-R. Pierce, R. Hernandez,
L. Gatiboni, A. Grunden and K. Stapelmann, Plasma
Processes Polym., 2021, 18, €2000162.

10 T. Royintarat, P. Seesuriyachan, D. Boonyawan, E. H. Choi
and W. Wattanutchariya, Curr. Appl. Phys., 2019, 19, 1006—
1014.

11 G. Uchida, A. Nakajima, T. Ito, K. Takenaka, T. Kawasaki,
K. Koga, M. Shiratani and Y. Setsuhara, J. Appl. Phys., 2016,
120, 203302.

12 S. Ikawa, A. Tani, Y. Nakashima and K. Kitano, J. Phys. D:
Appl. Phys., 2016, 49, 425401.

13 I. Adamovich, S. D. Baalrud, A. Bogaerts, P. J. Bruggeman,
M. Cappelli, V. Colombo, U. Czarnetzki, U. Ebert,
J. G. Eden and P. Favia, J. Phys. D: Appl. Phys., 2017, 50,
323001.

14 Y. Mizukoshi, Y. Matsuda, S. Yamanaka, T. Ikeno,
K. Haraguchi, N. Goda, Y. Nishimura and K. Yamamoto,
Chem. Lett., 2018, 47, 116-118.

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

15 P. Shaw, N. Kumar, H.-S. Kwak, J. H. Park, H. S. Uhm,
A. Bogaerts, E. H. Choi and P. Attri, Sci. Rep., 2018, 8, 11268.

16 S. lkawa, K. Kitano and S. Hamaguchi, Plasma Processes
Polym., 2010, 7, 33-42.

17 M. Moreau, M. G. J. Feuilloley, N. Orange and J.-L. Brisset,
Appl. Microbiol., 2005, 98, 1039-1046.

18 G. Kamgang-Youbi, J.-M. Herry, J.-L. Brisset, M.-N. Bellon-
Fontaine, A. Doubla and M. Naitali, Appl Microbiol.
Biotechnol., 2008, 81, 449-457.

19 H. I. Yong, J. Park, H.-J. Kim, S. Jung, S. Park, H. J. Lee,
W. Choe and C. Jo, Plasma Processes Polym., 2018, 15,
1700050.

20 J. Luo, W. Yan, M. M. Nasiru, H. Zhuang, G. Zhou and
J. Zhang, Sci. Rep., 2019, 9, 13793.

21 L. Sivachandiran and A. Khacef, RSC Adv., 2017, 7, 1822-
1832.

22 S. Kitazaki, K. Koga, M. Shiratani and N. Hayashi, /pn. J. Appl.
Phys., 2012, 51, 01AE01.

23 H. Tanaka, S. Iseki, K. Nakamura, M. Hayashi, H. Tanaka,
H. Kondo, H. Kajiyama, H. Kano, F. Kikkawa and M. Hori,
Appl. Phys. Lett., 2012, 100, 113702.

24 H. Tanaka, K. Nakamura, M. Mizuno, K. Ishikawa,
K. Takeda, H. Kajiyama, F. Utsumi, F. Kikkawa and
M. Hori, Sci. Rep., 2016, 6, 36282.

25 H. Tanaka, M. Mizuno, K. Ishikawa, S. Toyokuni,
H. Kajiyama, F. Kikkawa and M. Hori, Plasma, 2018, 1,
150-155.

26 R. Zhou, R. Zhou, K. Prasad, Z. Fang, R. Speight, K. Bazaka
and K. Ostrikov, Green Chem., 2018, 20, 5276.

27 T. Sugiyama, J. Jpn. Soc. Precis. Eng., 1984, 50, 1709-1714.

28 H. Shimizu, K. Fukuda, Y. Nishida and T. Ogura, Plant
Factory, 2016, 313-319.

29 M. Matuso and M. Takahashi, Shokubutsu Kojo Gakkaishi,
1994, 6, 23-26.

30 P. ékarpa, D. Klofa¢, F. Kréma, J. Simetkova and
Z. Kozakova, Water, 2020, 12, 3545.

31 J.-S. Song, S. Jung, S. Jee, J. W. Yoon, Y. S. Byeon, S. Park and
S. B. Kim, Sci. Rep., 2021, 11, 2924,

32 M. J. Traylor, M. J Pavlovich, S. Karim, P. Hait, Y. Sakiyama,
D. S. Clark and D. B. Graves, J. Phys. D: Appl. Phys., 2011, 44,
472001.

33 C. Szabo, H. Ischiropoulos and R. Radi, Nat. Rev. Drug
Discovery, 2007, 6, 662-680.

34 J. Su and J. T. Groves, Inorg. Chem., 2010, 49, 6317-6329.

35 J. S. Beckman, T. W. Beckman, J. Chen, P. A. Marshall and
B. A. Freeman, Proc. Natl Acad. Sci. U. S. A., 1990, 87,
1620-1624.

36 Z. Liu, D. Xu, D. Liu, Q. Cui, H. Cai, Q. Li, H. Chen and
M. G. Kong, J. Phys. D: Appl. Phys., 2017, 50, 195204.

37 F. Girard, V. Badets, S. Blanc, K. Gazeli, L. Marlin, L. Authier,
P. Svarnas, N. Sojic, F. Clément and S. Arbault, RSC Adv.,
2016, 6, 78457-78467.

38 S. H. Ji, T. Kim, K. Panngom, Y. J. Hong, A. Pengkit,
D. H. Park, M. H. Kang, S. H. Lee, J. S. Im, J. S. Kim,
H. S. Uhm, E. H. Choi and G. Park, Plasma Processes
Polym., 2015, 12, 1164-1173.

RSC Adv, 2022, 12, 7626-7634 | 7633


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ra07774k

Open Access Article. Published on 08 March 2022. Downloaded on 3/15/2026 11:03:08 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

39 Y. Mizukoshi, T. Tamai, S. Seino, H. Horibe and Y. Nisimura,
J. Surf. Finish. Soc. Jpn., 2016, 67, 302-305.

40 S. Mukasa, S. Nomura, H. Toyota, T. Maehara, F. Abe and
A. Kawashima, J. Appl. Phys., 2009, 106, 113302.

41 C. Chen, F. Li, H.-L. Chen and M. G. Kong, J. Phys. D: Appl.
Phys., 2017, 50, 445208.

42 Y. Mizukoshi, R. Katagiri, H. Horibe, S.-I. Hatanaka,
M. Asano and Y. Nishimura, Chem. Lett., 2015, 44, 495-496.

43 T. Namihira, S. Sakai, M. Matsuda, D. Wang, T. Kiyan,
H. Akiyama, K. Okamoto and K. Toda, Plasma Sci. Technol.,
2007, 9, 747.

44 J. Shen, Y. Tian, Y. Li, R. Ma, Q. Zhang, J. Zhang and ]. Fang,
Sci. Rep., 2016, 6, 28505.

45 C. E. Anderson, N. R. Cha, A. D. Lindsay, D. S. Clark and
D. B. Graves, Plasma Chem. Plasma Process., 2016, 36,
1393-1415.

7634 | RSC Adv, 2022, 12, 7626-7634

View Article Online

Paper

46 K. Takahashi, K. Hayashi and T. Kinoshita, Plant Physiol.,
2012, 159, 632-641.

47 K. Takahashi and K. Takai, Vac. Surf. Sci., 2018, 61, 131-142.

48 Y. Kouichi, J. Inst. Electr. Eng. Jpn., 2011, 131, 72-75.

49 A. O. Allen, C. Hochanadel, J. A. Ghormley and T. Davis, J.
Phys. Chem., 1952, 56, 575-586.

50 M. Stylidi, D. I. Kondarides and X.-E. Verykios, Appl. Catal.,
B, 2004, 47, 189-201.

51 R. Song, Q. Xiong, T. Wu, X. Ning, F. Zhang, Q. Wang and
P. He, Anal. Bioanal. Chem., 2020, 412, 3737-3743.

52 M. Khalil, S. Wang, J. Yu, R. L. Lee and N. Liu, J. Electrochem.
Soc., 2016, 163, B485-B490.

53 K. M. Robinson and J. S. Beckman, Methods Enzymol., 2005,
396, 207-214.

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ra07774k

	Interactions between pH, reactive species, and cells in plasma-activated water can remove algaeElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra07774k
	Interactions between pH, reactive species, and cells in plasma-activated water can remove algaeElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra07774k
	Interactions between pH, reactive species, and cells in plasma-activated water can remove algaeElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra07774k
	Interactions between pH, reactive species, and cells in plasma-activated water can remove algaeElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra07774k
	Interactions between pH, reactive species, and cells in plasma-activated water can remove algaeElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra07774k
	Interactions between pH, reactive species, and cells in plasma-activated water can remove algaeElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra07774k
	Interactions between pH, reactive species, and cells in plasma-activated water can remove algaeElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra07774k

	Interactions between pH, reactive species, and cells in plasma-activated water can remove algaeElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra07774k
	Interactions between pH, reactive species, and cells in plasma-activated water can remove algaeElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra07774k
	Interactions between pH, reactive species, and cells in plasma-activated water can remove algaeElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra07774k
	Interactions between pH, reactive species, and cells in plasma-activated water can remove algaeElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra07774k

	Interactions between pH, reactive species, and cells in plasma-activated water can remove algaeElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra07774k
	Interactions between pH, reactive species, and cells in plasma-activated water can remove algaeElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra07774k
	Interactions between pH, reactive species, and cells in plasma-activated water can remove algaeElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra07774k
	Interactions between pH, reactive species, and cells in plasma-activated water can remove algaeElectronic supplementary information (ESI) available. See DOI: 10.1039/d1ra07774k


