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Non-thermal atmospheric pressure plasma is a novel approach for wound healing, blood coagulation,
and cancer therapy. A recent discovery in the field of plasma medicine is that non-thermal atmospheric
pressure plasma not only directly but also indirectly affects cells via plasma-treated liquids. This
discovery has led to the use of non-thermal atmospheric pressure plasma as a novel chemotherapy.
We refer to these plasma-treated liquids as plasma-activated liquids. We chose Ringer’s solutions to
produce plasma-activated liquids for clinical applications. In vitro and in vivo experiments demonstrated
that plasma-activated Ringer’s lactate solution has anti-tumor effects, but of the four components in
Ringer’s lactate solution, only lactate exhibited anti-tumor effects through activation by non-thermal
plasma. Nuclear magnetic resonance analyses indicate that plasma irradiation generates acetyl

and pyruvic acid-like groups in Ringer’s lactate solution. Overall, these results suggest that plasma-
activated Ringer’s lactate solution is promising for chemotherapy.

Plasma, the fourth fundamental state of matter, is the most common form of matter in the universe and is visible
in such natural phenomena as lightning and the aurora. Non-thermal plasma, such as that found in fluorescent
lamps, is generated at low pressure because, in order for the gases to be ionized, the density of particles must
be low when energy is added to matter!=. In contrast, plasma like that used in arc welding is generated at high
temperature under atmospheric pressure*®. However, an innovative approach using non-thermal atmospheric
pressure plasma has been developed and used in industrial applications, such as the micro-fabrication of elec-
tronic substrates”™. Plasma medicine is a new field that uses non-thermal atmospheric pressure plasma for a vari-
ety of medical applications!'®-'?, such as sterilization?*-?%, wound healing?*-%, blood coagulation®**-*, and cancer
treatment®>-%°.

We previously developed non-thermal atmospheric pressure plasma for medical applications®**. Cold plasma
affects biological targets not only directly but also indirectly through the medium, which has broadened the
potential applications of non-thermal atmospheric pressure plasma in medicine*'->’. We have demonstrated
that plasma-irradiated medium, also called plasma-activated medium (PAM), has anti-tumor effects against
glioblastoma®*2, as well as ovarian®*4, gastric®, pancreatic®, and lung cancer cells”’. Plasma interacts with oxygen,
nitrogen, and water in air to produce various radicals, such as hydroxyl radicals and nitric oxide. In the liquid
phase, reactive species with a relatively long lifetime, such as hydrogen peroxide, nitrites, and nitrates, are pro-
duced by plasma-liquid interactions*"*®%. In addition to these species that are generally produced by plasma
irradiation of liquid, specific species that vary depending on the solution are important for anti-tumor effects.
Plasma-activated solutions with simple compositions, such as phosphate-buffered saline (PBS), might be better
for treating cancer than more complex solutions*’. However, the exact species responsible for the anti-tumor
effects remain unclear.

In this study, we created plasma-activated Ringer’s lactate solution and investigated its anti-tumor effects on
cancer cells. Ringer’s lactate solution has only four components in addition to water: lactate, NaCl, KCl, and
CaCl,. Systematic analyses demonstrated that lactate is the only anti-tumor component in Ringer’s lactate
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Figure 1. Plasma-activated Ringer’s lactate solution exhibited anti-tumor effects on glioblastoma cells.

(a) 8mL Ringer’s lactate solution (lactec) in a 60 mm dish was treated with plasma for 3 or 5 min, with a distance
of 3mm between the plasma source and the surface of the liquid. (b) 5000 or 10000 U251SP cells were seeded

in a 96-well plate. On the following day, 8 mL lactec in a 60 mm dish was treated with plasma (L =3 mm,
2.0slm), and the PAL was diluted 4, 16 or 64 times with lactec. The medium of the cells was replaced with

200 pL of these PALs. After 2h, PALs was replaced with 200 pL of culture medium. On the following day, cell
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viability was assayed. (c) 10000 U251SP cells were seeded in an 8-well chamber slide. On the following day,

8 mL lactec in a 60 mm dish was treated with plasma (L =3 mm, 2.0slm), and the PAL and untreated lactec

were diluted 16 times with lactec. The medium of the cells was replaced with 200 uL of the PAL and untreated
lactec. After 2h, the PAL and untreated lactec were replaced with 200 pL culture medium, Cell Event Caspase
3/7 detection reagent was added, and the cells were incubated for 2h at 37 °C. The cells were observed. (d)

The H,0, concentration of PAL (generated by irradiation for 5min) diluted 16 times was measured. Data are
mean + SEM. (e) 10000 U251SP cells were seeded in an 8-well chamber slide. On the following day, the medium
of the cells was replaced with 200 nL of CM-H,DCFDA (10 M) in PBS. Lactec (8 mL) in a 60 mm dish was
treated with plasma (L =3 mm, 2.0slm), and the PAL was diluted 16 times with lactec. After 1h, the 200 uL. CM-
H,DCFDA (10pM) in PBS was replaced with the PAL and untreated lactec. After 2h, the PALs or untreated
lactec were replaced with 200 uL culture medium. After 2 h, the cells were observed.

solution that is activated by plasma, and that plasma irradiation generates acetyl and pyruvic acid-like groups in
the solution. For clinical applications, the components of solutions should be as simple as possible, and the species
that are responsible for anti-tumor effects should be known. These results represent significant progress toward
the use of plasma-activated liquids for clinical applications.

Results

Plasma-activated Ringer’s lactate solution has anti-tumor effects. We previously created PAM to
induce apoptosis in cancer cells®'. However, cell culture medium contains many components, and the reaction
products in PAM are complicated and unsuitable for clinical applications. To simplify the components of PAM,
we treated Ringer’s lactate solution (Lactec), which has only four components in addition to water, with plasma
(Fig. 1a). We called this solution plasma-activated lactec (PAL). When Ringer’s lactate solution was treated with
plasma for 3 min, a 16-fold dilution of PAL killed 5000 U251SP glioblastoma cells, and a 64-fold dilution of PAL
killed ~20% of 5000 U251SP cells. A four-fold dilution of PAL killed 10000 U251SP cells, and a 16-fold dilution
of PAL killed ca. 50% of 10000 U251SP cells (Fig. 1b). When Ringer’s lactate solution was treated with plasma
for 5 min, a 64-fold dilution of PAL killed 5000 U251SP glioblastoma cells, but a 256-fold dilution of PAL did not
kill any cells. A 16-fold dilution of PAL killed 10000 U251SP cells, but a 64-fold dilution of PAL did not kill any
U251SP cells (Fig. 1b). These results suggest that PAL has anti-tumor effects on glioblastoma cells.

We were interested in the mechanisms of cell death caused by PAL. We detected cleaved Caspase3/7 in
PAL-treated glioblastoma cells (Fig. 1c), suggesting that PAL induced apoptosis. H,0, is generally a major
anti-tumor factor in plasma-activated solutions. We measured the concentration of H,O, in PAL, and found that
PAL diluted 16 times contained 50 pM H,O, (Fig. 1d), which is sufficient to kill glioblastoma cells. However, inter-
estingly, we detected little intracellular ROS in PAL-treated glioblastoma cells, while plasma-activated medium
(PAM) diluted 16 times induced more ROS than did PAL diluted 16 times (Fig. 1e).

The duration of a solution's anti-tumor effectiveness is important for clinical applications, and we previously
found that the duration of the effectiveness of PAM is more than 8h but less than 18 h’!. However, if PAM is
frozen at less than —80 °C, PAM remains effective for more than 3 months (unpublished data). We are interested
in the effectiveness of plasma-activated solution after freeze-thaw cycles for clinical applications. Ringer’s lactate
solution treated with plasma for 5 min was subsequently frozen (at —150°C) and thawed twice. The viability of
cells treated with the frozen-thawed solutions was then measured using the MTS assay and compared with that of
cells treated with fresh PAL (see Supplementary Fig. 1). For both fresh and frozen/thawed PALs, a 16-fold dilution
of PAL killed 10000 U251SP cells, but a 64-fold dilution of PAL did not kill any U251SP cells. These results suggest
that PAL is effective after at least two freeze—thaw cycles, and that frozen PAL can be used for clinical applications.

Lactate is the only anti-tumor component in Ringer’s lactate solution. Ringer’s lactate solution
contains NaCl (6.0g/L), KCI (0.3 g/L), CaCl, (0.2g/L), and L-sodium lactate (3.1 g/L). To identify the anti-tumor
components, we systematically produced synthetic plasma-activated solutions (Fig. 2a). Water is the most impor-
tant component exhibiting anti-tumor effects in plasma-activated medium or solutions, so we carefully chose
conditions in which plasma-activated water does not exhibit anti-tumor effects. Each doubly concentrated NaCl,
KCl, CaCl,, and L-sodium lactate solution was treated with plasma for 2 min, and mixed with the complementary
doubly concentrated solutions. These solutions are referred to as gain of function (GOF) solutions: NaCl-GOF,
KCI-GOE, CaCl,-GOF, and L-sodium lactate-GOF (2-(®). Each doubly concentrated solution lacking NaCl
(KCl+CaCl,+L-sodium lactate), KCl (NaCl+CaCl,+L-sodium lactate), CaCl, (NaCl+ KCl +L-sodium lactate)
or L-sodium lactate (NaCl+4 KCl + CaCl,) was treated with plasma for 2 min, and mixed with the complementary
doubly concentrated solutions. These solutions are referred to as loss of function (LOF) solutions: NaCl-LOEF,
KCI-LOE, CaCl,-LOF, and L-sodium lactate-LOF (©-(9). Doubly concentrated Ringer’s lactate solution was
treated with plasma and mixed with the same volume of Milli-Q water ((9), and vice versa ({D). Of the GOF
solutions, only L-sodium lactate-GOF exhibited anti-tumor effects on U251SP cells. L-sodium lactate-LOF had
no anti-tumor effects on U251SP cells (Fig. 2b). The mixture of doubly concentrated plasma-treated water and
doubly concentrated Ringer’s lactate solution did not exhibit any anti-tumor effects. These results suggest that
L-sodium lactate is activated by plasma and that the activated form has anti-tumor effects on U251SP cells.

H,0, is an anti-tumor factor that is typically generated in solutions by plasma treatment*”>”%. To investigate
whether H,0, generated in PAL is responsible for the observed anti-tumor effects, we measured the H,O, con-
centrations of these solutions (Fig. 2¢). Interestingly, L-sodium lactate-GOF contained a higher concentration of
H,0, (~8uM) than plasma-treated water, NaCl-GOF, KCI-GOF or CaCl,-GOEF, while L-sodium lactate-LOF con-
tained a lower concentration of H,O, (~1 M) than plasma-treated Ringer’s lactate solution, NaCl-LOF, KCI-LOF
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Figure 2. Identification of components in PAL having anti-tumor effects. (a) Schematic of experiments

for identifying the anti-tumor components in Ringer’s lactate solution by plasma irradiation. Each doubly
concentrated NaCl, KCl, CaCl, and L-sodium lactate solution was treated with plasma for 2 min and then
mixed with the complementary doubly concentrated solutions. These solutions are referred to as NaCl-GOEF,
KCI-GOF, CaCl,-GOF and L-sodium lactate-GOF (2-®). Each doubly concentrated solution lacking NaCl
(KCI+CaCl,+L-sodium lactate), KCl (NaCl4-CaCl,+L-sodium lactate), CaCl, (NaCl+ KCI +L-sodium
lactate) or L-sodium lactate (NaCl+ KCl + CaCl,) was treated with plasma for 2 min, and mixed with the
complementary doubly concentrated solutions. These solutions are referred to as NaCl-LOF, KCI-LOE, CaCl,-
LOF and L-sodium lactate-LOF (©-(®). Doubly concentrated Ringer’s lactate solution was treated with
plasma and mixed with the same volume of Milli-Q water (19), and vice versa (@D). (b) 10000 U251SP cells
were seeded in 200 pL medium in a 96-well plate. On the following day, the medium of the cells in the 96-well
plate was replaced with 200 LL of the solutions described in (a). After 1h, these solutions were replaced with
200 pL culture medium. On the following day, cell viability was measured by the MTS assay and calculated as a
percentage of surviving cells relative to control. Data are mean & SEM. *P, 0.05, **P, 0.01 versus control. (c) The
H,0, concentrations of these solutions were measured. Data are mean + SEM.
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Figure 3. NMR analyses of plasma-activated lactate. (a) Chemical structure of lactate. (b) "H NMR spectra of
untreated lactate and plasma-activated L-sodium lactate. L-sodium lactate (8 mL) in a 60 mm dish was treated
with plasma (L =3 mm, 2.0 slm) for 5min. The 'H NMR and *C NMR spectra of 0.6 mL L-sodium lactate and
plasma-activated L-sodium lactate were measured. (c) Magnified "H NMR spectra of untreated lactate and
plasma-activated L-sodium lactate.

or CaCl,-LOF. These results suggest that L-sodium lactate contributes to the generation of H,0O, by plasma treat-
ment. However, according to our previous results, a H,O, concentration above 30 pM is needed to kill 10000
U2518P cells®. These results suggest that other components generated by plasma treatment are also responsible
for the anti-tumor effects of PAL.

NMR analyses reveal that plasma irradiation generates acetyl and pyruvic acid-like groups. To
investigate what products are specifically generated in plasma-activated Ringer’s lactate solution, the 'H-NMR
spectra of untreated and plasma-treated L-sodium lactate were compared. L-sodium lactate (8 mL) in a 60 mm
dish was treated with plasma (the distance between the plasma source and the samples: L =3 mm, 2.0 standard
liters/min (slm)) for 5min. L-sodium lactate contains OH, CH and CH, groups (Fig. 3a). These groups were
detected in both the untreated and plasma-activated L-sodium lactate (Fig. 3b), suggesting that most of the
plasma-treated L-sodium lactate was not activated by plasma treatment. However, plasma-activated L-sodium
contained more acetyl (CH;CO) and pyruvic acid-like groups (CH;COCOOH) (Fig. 3¢). These results suggest
that the acetyl and pyruvic acid-like groups are potential candidates for the anti-tumor factors generated by
plasma treatment.

Various cell lines display different sensitivities to plasma-activated Ringer’s lactate solution.
Selective killing of cancer cells is a desirable form of cancer therapy. To investigate the potential of
plasma-activated Ringer’s lactate solution, we treated MCF10A mammary epithelial cells and neonatal keratino-
cyte cells with PAL (Fig. 4). When Ringer’s lactate solution was treated with plasma for 405, the PAL effectively
killed U251SP cells, but did not affect the epithelial and keratinocyte cells. These results suggest that various cell
lines display different sensitivities to PAL.
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Figure 4. Effects of PAL on various cell lines. 10000 U251SP glioblastoma cells (a), MCF10A mammary
epithelial cells (b), and neonatal keratinocyte cells (c) were seeded in a 96-well plate. On the following day,
Ringer’s lactate solution (3 mL) in a 6-well plate was treated with plasma for 20 or 40 s using a distance of 13 mm
between the plasma source and the surface of the liquid. The medium of the cells in the 96-well plate was
replaced with 200 uL of these PALs. As the control, the medium was replaced with 200 pL of untreated Ringer’s
lactate solution. After 2h, PALs or untreated Ringer’s lactate solution was replaced with 200 pL of culture
medium. On the following day, cell viability was assayed.

Plasma-activated Ringer’s lactate solution exhibits anti-tumor effects in vivo.  To investigate the
effectiveness of PAL in vivo, we created a mouse xenograft model in which SiHa cells were injected into mice sub-
cutaneously, and the resultant tumors were treated with PAL three times a week for 6 weeks (see Supplementary
Fig. 2). PAL effectively reduced tumor volumes (Fig. 5a,b,d,e), and the weights of PAL-treated mice were nearly
the same as those of control mice (Ringer’s lactate solution-treated mice). No apparent adverse effects were
observed in the mice, which indicates that PAL is safe and effective.

Plasma-activated acetic acid Ringer’s solution exhibits anti-tumor effects. Several Ringer’s solu-
tions have been developed for clinical use. We investigated the anti-tumor effects against the ovarian cancer
cell line SK-OV-3 using plasma-activated acetic acid Ringer’s solution (PAA) and plasma-activated bicarbonate
Ringer’s solution (PAB) in addition to plasma-activated Ringer’s lactate solution (PAL) (Fig. 6). Interestingly,
PAL and PAA effectively killed SK-OV-3 cells, whereas PAB did not. These results suggest that PAL and PAA are
important products for obtaining anti-tumor effects.

Discussion

New cancer therapies are needed to avoid the side effects commonly seen with traditional surgery, chemotherapy,
and radiation therapy. One new approach is the use of non-thermal atmospheric pressure plasma. Plasma can
affect cells both directly and indirectly. Direct treatment of cancer using plasma is an important approach, and the
first clinical application of plasma for cancer treatment has recently been reported®’. Indirect treatment of cancer
using plasma via solutions has been recently recognized as an important new chemotherapy*!=4>62,

We previously proposed plasma-activated medium (PAM) as a new chemotherapy*=#>°1:3363, Several studies
have demonstrated that plasma-activated solutions generally contain H,O, that is generated by the interaction
between plasma and water, and H,0, is responsible for the anti-tumor effect>>>”¢%; however, some studies have
suggested that components other than H,O, in PAM are also responsible for anti-tumor effects. Plasma-activated
solutions such as PAM, as well as direct plasma treatment, induce intracellular reactive oxygen species (ROS), and
ROS is responsible for the anti-tumor effects®*®*. Interestingly, PAL induced less ROS than did PAM. Even PAL
that contains around 50 pM H, O, induced little intracellular ROS in glioblastoma cells. PAL that contains around
8uM H,0, exhibited an anti-tumor effect on U251SP glioblastoma cells, whereas at least 30 uM H,0, is required
to observe anti-tumor effects on U251SP in the absence of plasma treatment®. PAL also induced apoptosis, as did
PAM. These results show that PAL induced apoptosis without inducing intracellular ROS, suggesting that PAL
induced apoptosis through different mechanisms than PAM-induced apoptosis.

As Ringer’s solutions are already used clinically, we developed a new PAM for clinical applications by irradi-
ating Ringer’s lactate solution with plasma. In the present study, we demonstrated that plasma-activated Ringer’s
lactate solution has anti-tumor effects in vitro and in vivo. Moreover, Ringer’s lactate solution is a simple solution
containing only four components in addition to water. We found that only the L-sodium lactate irradiated by
plasma had anti-tumor effects. This is a reasonable result because NaCl, KCI, and CaCl, are commonly found in
other solutions, and they do not show anti-tumor effects following plasma treatment. Interestingly, L-sodium
lactate but not NaCl, KCl, and CaCl, in solution contributes to the generation of H,O, by plasma irradiation,
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Figure 5. Anti-tumor effects of PAL in mice injected with SiHa cells (human cervical cancer cell line).
Female Balb/c nude mice inoculated with 1.5 x 10° SiHa cells with Matrigel in both hind flanks were
administered 200 pL of PAL, or Lactec as a control, three times weekly for six weeks. (a) Representative images
of tumors at the study endpoint, day 42. L and R indicate the location of the tumor (left- or right-side hind flank,
respectively). Bars =1 cm. (b) Starting at day 28 after inoculation, tumor size was calculated once a week.

(c) Body weight was measured once a week during the experiment. (d) Tumors were measured and weighed at
the endpoint of the study. Data are mean = SD. *P, 0.05, **P, 0.01 versus control.

suggesting that increased H,0, through activation of lactate might be partially responsible for the anti-tumor
effects by plasma-activated Ringer’s lactate solution.

Plasma treatment of lactate generates acetyl and pyruvic acid-like groups. The present study may be the first
demonstration that acetyl and pyruvic acid-like groups generated by plasma treatment exhibit anti-tumor effects.
Like PAL, plasma-activated acetic acid Ringer’s solution (PAA) also exhibits anti-tumor effects. Thus, plasma
treatment likely produces acetyl and pyruvic acid-like groups in acetic acid Ringer’s solution. These speculations
should be tested by NMR analyses of plasma-activated acetic acid in the future. These results suggest that it might
be possible to use plasma treatment to design specific chemical compounds with anti-tumor effects.
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Figure 6. Anti-tumor effects of various plasma-activated Ringer’s solutions. SK-OV-3 cells were treated with
serially diluted plasma-activated lactate (a), acetate (b) or bicarbonate (c) ringer for 1h. After treatment, the
Ringer's solution was replaced with fresh medium and the cells were incubated for another 24 h. Cell viability
was measured by the MTS assay and calculated as a percentage of surviving cells relative to control. Data are
mean = SD. *P, 0.05, **P, 0.01 versus control.

Methods

Cell lines and culture. U251SP cells (human glioblastoma cell line) and MCF10A cells (human mammary
epithelial cell line) were grown in Dulbecco's Modified Eagle Medium (Sigma-Aldrich, St. Louis, MO) supple-
mented with 10% fetal bovine serum (FBS) and penicillin (100 U/mL)-streptomycin (100 pg/mL; P/S). SiHa cells
(a human cervical cancer cell line) and SK-OV-3 cells (a human ovarian cancer cell line) were grown in Roswell
Park Memorial Institute 1640 (Sigma-Aldrich) supplemented with 10% FBS and P/S). Human neonatal keratino-
cyte cells (purchased from ATCC, Manassas, VA) were grown using a keratinocyte growth kit (purchased from
ATCC, Manassas, VA) under an atmosphere of 5% CO, at 37 °C.

Preparation of plasma-activated Ringer’s lactate solution. The experimental setup to prepare the
plasma-activated Ringer’s lactate solution is shown in Fig. 1a and has been previously described®. While argon
gas was flowing, plasma in the main discharge region was excited by applying 10kV from a 60-Hz commercial
power supply to two electrodes 20 mm apart. The flow rate of argon gas was set at 2 standard liters/min (slm), and
the distance between the plasma source and the samples was fixed at L=3 or 13 mm.

Measuring H,0, concentrations. H,0, concentrations were determined using a calibration curve con-
structed from known stock H,O, solutions (0, 5, 10, and 20 uM). The samples were measured in triplicate using
an Amplex Red reagent kit (Life Technologies, Carlsbad, CA, USA) and by monitoring the peak fluorescence
emission at 560 nm using a microplate reader (POWERSCAN HT, DS Pharma Biomedical, Kirkland, WA).

Cell viability assay. The effect of PAL on cell viability was measured using an Aqueous One Solution Cell
Proliferation Assay kit (Promega, Madison, WI) according to the manufacturer’s instructions. Absorbance was
measured at 490 nm with a POWERSCAN HT microplate reader. Cells were seeded in 200 pL medium in a
96-well plate. On the following day, 8 mL Ringer’s lactate solution in a 60 mm dish or 3 mL Ringer’s lactate solu-
tion in a 6-well plate was treated with plasma (L =3 mm or 13 mm, 2.0 slm), and the medium of the cells in the
96-well plate was replaced with 200 uL of these PALs. After 2h or 1 h, PAL was replaced with 200 uL of the culture
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medium. On the following day, cell viability was assayed using the cell proliferation assay kit. The absorbance
values were averaged over three independent experiments, and data are expressed as the mean & SEM.

Detection of apoptosis. Cells were seeded in 200 mL medium in an 8-well culture slide. On the following
day, 8 mL Ringer’s lactate solution in a 60 mm dish or 3 mL Ringer’s lactate solution in a 6-well plate was treated
with plasma (L=3mm or 13 mm, 2.0 slm) and the plasma-activated Ringer’s lactate solutions were diluted 16
times with Ringer’s lactate solution. The medium of the cells in the 96-well plate was replaced with 200 L of these
PALs. After 2h or 1 h, PAL was replaced with 200 uL of the culture medium, and Cell Event Caspase 3/7 detection
reagent (5uM, Invitrogen, Carlsbad, CA, USA) was added and the cells were incubated for 2h at 37 °C. The cells
were observed using a Keyence BZ9000 microscope (Osaka, Japan).

Detection of intracellular ROS. Ten thousand U251SP cells were seeded in an 8-well chamber slide in
200l of culture medium. On the following day, the medium of the cells in the 8-well chamber slide was replaced
with 200 pL of CM-H,DCFDA (Life Technologies, Carlsbad, CA, USA) (10 pM) in PBS. Eight milliliters Ringer’s
lactate solution in a 60 mm dish was treated with plasma (L =3 mm, 2.0 slm) and the plasma-activated Ringer’s
lactate solution was diluted 16 times with Ringer’s lactate solution. After 1h, 200 pL of CM-H,DCFDA (10pM) in
the cell culture chambers was replaced with this 16 times diluted PAL. As a control, 200 pL of the CM-H,DCFDA
(10pM) in the cell culture chambers was replaced with 200 pL of untreated Ringer’s lactate solution. After 2h,
these PALs and untreated Ringer’s lactate solution were replaced with 200 uL culture medium. After 2 h, the cells
were observed using the Keyence BZ9000 microscope.

NMR analyses. L-sodium lactate (8 mL) in a 60 mm dish was treated with plasma (L =3 mm, 2.0 slm) for
5min. The '"H NMR and *C NMR spectra of 0.6 mL L-sodium lactate and plasma-activated L-sodium lactate
were measured using a JNM-ECX 400 (JEOL RESONANCE, Tokyo, Japan). The spectrometer was operated at
399.8 MHz for 'H nuclei and 100.5 MHz for *C nuclei.

Animal studies. Eight-week-old female nude mice (BALB/C) (N =10) were obtained from Japan SLC
(Nagoya, Japan). A total of 1.5 x 10° SiHa cells were suspended in 150 pL of serum-free medium and 150 pL of
Matrigel (BD Biosciences, San Jose, CA), and subcutaneously injected into both hind flanks of the mice. The mice
were then randomly divided into two equal-sized groups. One group of mice received 200 pL of PAL by subcuta-
neous injection in each hind flank and the other group received the same volume of non-plasma-irradiated Lactec
as a control group. In this animal study, PAL was prepared as follows: 5.5 mL of Lactec was placed in a 21-mm
dish and irradiated with plasma for 10 min. Treatment with PAL injections was repeated three times a week
starting 24 h after cell injection. To evaluate the anti-tumor effects, the tumor volume was calculated using the
formula: /6 x (largest diameter) x (smallest diameter)®. At 42 days after cell injection, the mice were sacrificed
and the tumor tissues were harvested and weighed. This animal experiment protocol was approved by the Animal
Experimental Committee of the Graduate School of Medicine, Nagoya University (Permission No. 28268). The
animal study was carried out in accordance with the Guidelines for Animal Experiments of the Nagoya University
School of Medicine. The protocol for these animal experiments was published previously>**°.

References
1. Lin, D. Y., Yan, W,, Zissis, G. & Hui, S. Y. R. A Simple Physical Low Pressure Discharge Lamp Model. 2009 Ieee Energy Conversion
Congress and Exposition Vols 1-6, 1971-1978 (2009).
2. Dakin, J. T. Nonequilibrium Lighting Plasmas. leee T Plasma Sci. 19, 991-1002, doi: 10.1109/27.125026 (1991).
3. Lapatovich, W. P. Recent advances in lighting science. Aip Conf Proc 730, 255-264 (2004).
4. Boselli, M. et al. Investigation of Thermal Nonequilibrium in a Plasma Arc Welding Process: Modeling and Diagnostics. Ieee T
Plasma Sci. 42, 1237-1244, doi: 10.1109/Tps.2014.2301598 (2014).
5. Tanaka, M. et al. Time-dependent calculations of molten pool formation and thermal plasma with metal vapour in gas tungsten arc
welding. ] Phys D Appl Phys. 43, doi: Artn 434009 10.1088/0022-3727/43/43/434009 (2010).
6. Zhang, G. K., Wu, C. S. & Liu, Z. M. Experimental observation of both keyhole and its surrounding thermal field in plasma arc
welding. Int ] Heat Mass Tran. 70, 439-448, doi: 10.1016/j.ijheatmasstransfer.2013.11.036 (2014).
7. Goto, T. & Hori, M. Radical behavior in fluorocarbon plasma and control of silicon oxide etching by injection of radicals. Japanese
Journal of Applied Physics Part 1-Regular Papers Short Notes & Review Papers. 35, 6521-6527, doi: Doi 10.1143/Jjap.35.6521 (1996).
8. Kurt, H. Y, Inaloz, A. & Salamov, B. G. Study of non-thermal plasma discharge in semiconductor gas discharge electronic devices.
Optoelectron Adv Mat. 4,205-210 (2010).
9. Hori, M. & Goto, T. Progress of radical measurements in plasmas for semiconductor processing. Plasma Sources Sci T. 15, S74-S83,
doi: 10.1088/0963-0252/15/2/S10 (2006).
10. Laroussi, M. Low temperature plasma-based sterilization: Overview and state-of-the-art. Plasma Process Polym. 2, 391-400, doi:
10.1002/ppap.200400078 (2005).
11. Fridman, G. et al. Applied plasma medicine. Plasma Process Polym. 5, 503-533, doi: 10.1002/ppap.200700154 (2008).
12. Kong, M. G. et al. Plasma medicine: an introductory review. New J Phys. 11, 115012, doi: Artn 115012 10.1088/1367-
2630/11/11/115012 (2009).
13. Weltmann, K. D. et al. Atmospheric-pressure plasma sources: Prospective tools for plasma medicine. Pure Appl Chem 82,
1223-1237, doi: 10.1351/Pac-Con-09-10-35 (2010).
14. Morfill, G. E., Kong, M. G. & Zimmermann, J. L. Focus on Plasma Medicine. New J Phys. 11, 115011, doi: Artn 115011 10.1088/1367-
2630/11/11/115011 (2009).
15. Laroussi, M. Low-Temperature Plasmas for Medicine? Ieee T Plasma Sci. 37, 714-725, doi: 10.1109/Tps.2009.2017267 (2009).
16. von Woedtke, T., Reuter, S., Masur, K. & Weltmann, K. D. Plasmas for medicine. Phys Rep. 530, 291-320 (2013).
17. Weltmann, K. D. & von Woedtke, T. Campus PlasmaMed-From Basic Research to Clinical Proof. Ieee T Plasma Sci. 39, 1015-1025,
doi: 10.1109/Tps.2011.2112674 (2011).
18. Weltmann, K. D. & von Woedtke, T. Basic requirements for plasma sources in medicine. Eur Phys J-Appl Phys. 55, 13807, doi: Artn
13807 10.1051/Epjap/2011100452 (2011).

SCIENTIFICREPORTS | 6:36282 | DOI: 10.1038/srep36282 9



www.nature.com/scientificreports/

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.
39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Yousfi, M., Merbahi, N., Pathak, A. & Eichwald, O. Low-temperature plasmas at atmospheric pressure: toward new pharmaceutical
treatments in medicine. Fundamental & clinical pharmacology. 70-90, doi: 10.1111/fcp.12018 (2013).

Laroussi, M. Nonthermal decontamination of biological media by atmospheric-pressure plasmas: review, analysis, and prospects.
Ieee T Plasma Sci. 30, 1409-1415, doi: 10.1109/TPS.2002.804220 (1992).

Iseki, S. et al. Rapid inactivation of Penicillium digitatum spores using high-density nonequilibrium atmospheric pressure plasma.
Appl Phys Lett. 96, 153704, doi: Artn 153704 10.1063/1.3399265 (2010).

Fortsch, M. et al. [H202 low temperature plasma sterilization. New possibilities for use with eye surgery instruments]. Der
Ophthalmologe: Zeitschrift der Deutschen Ophthalmologischen Gesellschaft 90, 754-764 (1993).

Holler, C., Martiny, H., Christiansen, B., Ruden, H. & Gundermann, K. O. The efficacy of low temperature plasma (LTP) sterilization,
a new sterilization technique. Zentralblatt fur Hygiene und Umweltmedizin = International journal of hygiene and environmental
medicine. 194, 380-391 (1993).

Graham, G. S. & Mielnik, T. J. Industrial low-temperature gas plasma sterilization. Medical device technology. 8, 28-30 (1997).
Awakowicz, P. et al. Biological Stimulation of the Human Skin Applying Health-Promoting Light and Plasma Sources. Contrib Plasm
Phys. 49, 641-647, doi: 10.1002/ctpp.200910068 (2009).

Heinlin, J. et al. Plasma medicine: possible applications in dermatology. ] Dtsch Dermatol Ges. 8, 968-976, doi: 10.1111/j.1610-
0387.2010.07495.x (2010).

Isbary, G. et al. A first prospective randomized controlled trial to decrease bacterial load using cold atmospheric argon plasma on
chronic wounds in patients. Brit ] Dermatol. 163, 78-82, doi: 10.1111/j.1365-2133.2010.09744.x (2010).

Mitra, A. et al. Applications in plasma medicine: a SWOT approach. Compos Interface. 19, 231-238, doi: Doi
10.1080/15685543.2012.700200 (2012).

Masur, K. et al. Human Skin Cell Activity Is Modulated by Cold Atmospheric Pressure Plasma. Wound Repair Regen. 20, A102—
A102 (2012).

Kalghatgi, S. U. et al. Mechanism of blood coagulation by nonthermal atmospheric pressure dielectric barrier discharge plasma. Jeee
T Plasma Sci. 35, 1559-1566, doi: 10.1109/Tps.2007.905953 (2007).

Ikehara, S. et al. Plasma Blood Coagulation Without Involving the Activation of Platelets and Coagulation Factors. Plasma Process.
Polym. 12, 1348-1353 (2015).

Miyamoto, K. et al. Red blood cell coagulation induced by low-temperature plasma treatment. Archives of biochemistry and
biophysics. 605, 95-01, doi: 10.1016/j.abb.2016.03.023 (2016).

Kieft, I. E., Kurdi, M. & Stoffels, E. Reattachment and apoptosis after plasma-needle treatment of cultured cells. Ieee T Plasma Sci. 34,
1331-1336, doi: 10.1109/Tps.2006.876511 (2006).

Fridman, G. et al. Floating electrode dielectric barrier discharge plasma in air promoting apoptotic behavior in melanoma skin
cancer cell lines. Plasma Chem Plasma P. 27, 163-176, doi: 10.1007/s11090-007-9048-4 (2007).

Iseki, S. et al. Selective killing of ovarian cancer cells through induction of apoptosis by nonequilibrium atmospheric pressure
plasma. Appl Phys Lett. 100, 113702, doi: Artn 113702 10.1063/1.3694928 (2012).

Vandamme, M. et al. Antitumor Effect of Plasma Treatment on U87 Glioma Xenografts: Preliminary Results. Plasma Process Polym.
7, 264-273, doi: 10.1002/ppap.200900080 (2010).

Keidar, M. et al. Cold plasma selectivity and the possibility of a paradigm shift in cancer therapy. Br ] Cancer. 105, 1295-1301, doi:
10.1038/bjc.2011.386 (2011).

Jurgen Schlegel, . K. Veronika Boxhammer. Plasma in cancer treatment. Clinical Plasma Medicine. 1, 2-7 (2013).

Kaushik, N. K., Uhm, H. & Choi, E. H. Micronucleus formation induced by dielectric barrier discharge plasma exposure in brain
cancer cells. Appl Phys Lett. 100, 084102, doi: Artn 084102 10.1063/1.3687172 (2012).

Iwasaki, M. et al. Nonequilibrium atmospheric pressure plasma with ultrahigh electron density and high performance for glass
surface cleaning. Appl Phys Lett. 92, 081503, doi: Artn 081503 10.1063/1.2885084 (2008).

Tanaka, H. et al. Plasma Medical Science for Cancer Therapy: Toward Cancer Therapy Using Nonthermal Atmospheric Pressure
Plasma. Ieee T Plasma Sci. 42, 3760-3764, doi: 10.1109/Tps.2014.2353659 (2014).

Tanaka, H. et al. Cancer therapy using non-thermal atmospheric pressure plasma with ultra-high electron density. Phys Plasmas. 22,
122003, doi: 10.1063/1.4933366 (2015).

Tanaka, H. et al. Plasma with high electron density and plasma-activated medium for cancer treatment. Clinical Plasma Medicine. 3,
72-76 (2015).

Yokoyama, M., Johkura, K. & Sato, T. Gene expression responses of HeLa cells to chemical species generated by an atmospheric
plasma flow. Biochemical and biophysical research communications 450, 1266-1271, doi: 10.1016/j.bbrc.2014.06.116 (2014).

Yan, D. Y. et al. Controlling plasma stimulated media in cancer treatment application. Appl Phys Lett. 105, 224101, doi: Artn 224101
10.1063/1.4902875 (2014).

Mobhades, S., Laroussi, M., Sears, ]., Barekzi, N. & Razavi, H. Evaluation of the effects of a plasma activated medium on cancer cells.
Phys Plasmas. 22, 122001, doi: Artn 122001 10.1063/1.4933367 (2015).

Yan, D. Y. et al. Stabilizing the cold plasma-stimulated medium by regulating medium's composition. Sci Rep-Uk. 6, 26016, doi: Artn
26016 10.1038/Srep26016 (2016).

Adachi, T. et al. Iron stimulates plasma-activated medium-induced A549 cell injury. Sci Rep. 6, 20928, doi: 10.1038/srep20928
(2016).

Kumar, N. et al. The action of microsecond-pulsed plasma-activated media on the inactivation of human lung cancer cells. ] Phys D
Appl Phys. 49, 115401, doi: Artn 115401 10.1088/0022-3727/49/11/115401 (2016).

Yan, D. et al. Principles of using cold atmospheric plasma stimulated media for cancer treatment. Sci Rep-Uk. 5, 18339, doi: 10.1038/
srep18339 (2015).

Tanaka, H. et al. Plasma-Activated Medium Selectively Kills Glioblastoma Brain Tumor Cells by Down-Regulating a Survival
Signaling Molecule, AKT Kinase. Plasma Medicine. 1, 265-277, doi: 10.1615/PlasmaMed.2012006275 (2013).

Tanaka, H. et al. Cell survival and proliferation signaling pathways are downregulated by plasma-activated medium in glioblastoma
brain tumor cells. Plasma Medicine 2, 207-220, doi: 10.1615/PlasmaMed.2013008267 (2014).

Utsumi, F. et al. Effect of Indirect Nonequilibrium Atmospheric Pressure Plasma on Anti-Proliferative Activity against Chronic
Chemo-Resistant Ovarian Cancer Cells In Vitro and In Vivo. Plos One 8, 81576, doi: 10.1371/journal.pone.0081576 (2013).
Utsumi, E et al. Selective cytotoxicity of indirect nonequilibrium atmospheric pressure plasma against ovarian clear-cell carcinoma.
SpringerPlus 3, 398, doi: 10.1186/2193-1801-3-398 (2014).

Torii, K. et al. Effectiveness of plasma treatment on gastric cancer cells. Gastric cancer: official journal of the International Gastric
Cancer Association and the Japanese Gastric Cancer Association 18, 635-643, doi: 10.1007/s10120-014-0395-6 (2014).

Hattori, N. et al. Effectiveness of plasma treatment on pancreatic cancer cells. International journal of oncology 47, 1655-1662, doi:
10.3892/ij0.2015.3149 (2015).

Adachi, T. et al. Plasma-activated medium induces A549 cell injury via a spiral apoptotic cascade involving the mitochondrial-
nuclear network. Free radical biology & medicine 79C, 28-44, doi: 10.1016/j.freeradbiomed.2014.11.014 (2014).

Graves, D. B. The emerging role of reactive oxygen and nitrogen species in redox biology and some implications for plasma
applications to medicine and biology. ] Phys D Appl Phys. 45, 263001, doi: Artn 263001 10.1088/0022-3727/45/26/263001 (2012).
Bruggeman, P. & Leys, C. Non-thermal plasmas in and in contact with liquids. ] Phys D Appl Phys. 42, 053001, doi: Artn 053001
10.1088/0022-3727/42/5/053001 (2009).

SCIENTIFICREPORTS | 6:36282 | DOI: 10.1038/srep36282 10



www.nature.com/scientificreports/

60. Kurake, N. et al. Cell survival of glioblastoma grown in medium containing hydrogen peroxide and/or nitrite, or in plasma-activated
medium. Archives of biochemistry and biophysics, 5, doi: 10.1016/j.abb.2016.01.011 (2016).

61. Hans-Robert, Metelmann et al. Head and neck cancer treatment and physical plasma. Clinical Plasma Medicine 3, 17-23, doi:
10.1016/j.cpme.2015.02.001 (2015).

62. Kajiyama, H. et al. Perspective of strategic plasma therapy in patients with epithelial ovarian cancer: A short review of plasma in
cancer treatment. Jpn ] Appl Phys. 153, 1-4 (2014).

63. Tanaka, H., Mizuno, M., Kikkawa, F. & Hori, M. Interactions between Plasma-activated medium and Cancer Cells. Plasma Medicine
in press, doi: 10.1615/PlasmaMed.2016015838 (2016).

64. Kalghatgi, S. et al. Effects of Non-Thermal Plasma on Mammalian Cells. Plos One 6, 16270, doi: ARTN e16270 10.1371/journal.
pone.0016270 (2011).

Acknowledgements

This work was partly supported by Grants-in-Aid for Scientific Research on Innovative Areas “Plasma Medical
Innovation” (Grant Nos 24108002 and 24108008), a Grant-in-Aid for Young Scientists (A) (Grant No. 15H05430),
and a Grant-in-Aid for Challenging Exploratory Research (Grant No. 15K13390) from the Ministry of Education,
Culture, Sports, Science and Technology of Japan.

Author Contributions

H.T., KN, M.M,, EK. and M.H. designed the research; H.T. (Figure 1~4 and S1) and K.N. (Figures 5, 6, and S2)
conducted the experiments; H.T., K.N., M.M., EK. and M.H. wrote the paper; H.T., KN., M.M., K.I, K.T.,, HK,,
EU., EK. and M.H. joined discussions regarding the final draft of the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Tanaka, H. et al. Non-thermal atmospheric pressure plasma activates lactate in Ringer's
solution for anti-tumor effects. Sci. Rep. 6, 36282; doi: 10.1038/srep36282 (2016).

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

or other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2016

SCIENTIFICREPORTS | 6:36282 | DOI: 10.1038/srep36282 11


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Non-thermal atmospheric pressure plasma activates lactate in Ringer’s solution for anti-tumor effects

	Results

	Plasma-activated Ringer’s lactate solution has anti-tumor effects. 
	Lactate is the only anti-tumor component in Ringer’s lactate solution. 
	NMR analyses reveal that plasma irradiation generates acetyl and pyruvic acid-like groups. 
	Various cell lines display different sensitivities to plasma-activated Ringer’s lactate solution. 
	Plasma-activated Ringer’s lactate solution exhibits anti-tumor effects in vivo. 
	Plasma-activated acetic acid Ringer’s solution exhibits anti-tumor effects. 

	Discussion

	Methods

	Cell lines and culture. 
	Preparation of plasma-activated Ringer’s lactate solution. 
	Measuring H2O2 concentrations. 
	Cell viability assay. 
	Detection of apoptosis. 
	Detection of intracellular ROS. 
	NMR analyses. 
	Animal studies. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Plasma-activated Ringer’s lactate solution exhibited anti-tumor effects on glioblastoma cells.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Identification of components in PAL having anti-tumor effects.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ NMR analyses of plasma-activated lactate.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Effects of PAL on various cell lines.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Anti-tumor effects of PAL in mice injected with SiHa cells (human cervical cancer cell line).
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Anti-tumor effects of various plasma-activated Ringer’s solutions.



 
    
       
          application/pdf
          
             
                Non-thermal atmospheric pressure plasma activates lactate in Ringer’s solution for anti-tumor effects
            
         
          
             
                srep ,  (2016). doi:10.1038/srep36282
            
         
          
             
                Hiromasa Tanaka
                Kae Nakamura
                Masaaki Mizuno
                Kenji Ishikawa
                Keigo Takeda
                Hiroaki Kajiyama
                Fumi Utsumi
                Fumitaka Kikkawa
                Masaru Hori
            
         
          doi:10.1038/srep36282
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 The Author(s)
          10.1038/srep36282
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep36282
            
         
      
       
          
          
          
             
                doi:10.1038/srep36282
            
         
          
             
                srep ,  (2016). doi:10.1038/srep36282
            
         
          
          
      
       
       
          True
      
   




