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In plasma cancer therapy, the inactivation of cancer cells under plasma treatment is closely related

to the reactive oxygen and nitrogen species (RONS) induced by plasmas. Quantitative study on the

plasma-induced RONS that related to cancer cells apoptosis is critical for advancing the research of

plasma cancer therapy. In this paper, the effects of several reactive species on the inactivation of

LP-1 myeloma cancer cells are comparatively studied with variable working gas composition, sur-

rounding gas composition, and discharge power. The results show that helium plasma jet has a

higher cell inactivation efficiency than argon plasma jet under the same discharge power. By com-

paring the concentration of aqueous phase reactive species and the cell inactivation efficiency

under different working gases and discharge powers, it is demonstrated that the inactivation effi-

ciency of LP-1 myeloma cancer cells is strongly correlated with the concentration of peroxynitrite

(ONOOH/ONOO�). Published by AIP Publishing. https://doi.org/10.1063/1.5010724

I. INTRODUCTION

In recent years, the biomedical applications of cold

atmospheric plasmas (CAPs) have showed a thriving pros-

pect.1–3 As a strategy for cancer treatment, CAPs have

received increasing attention due to their effective induction

of cancer cell apoptosis and selectivity in killing cancer

cells.4–7 Among the various kinds of CAP sources, the atmo-

sphere pressure plasma jet (APPJ) is widely used because it

can directly deliver plasma onto treated tissues and cells.8

While modulating the cancer cells inactivation effect, some

studies focus on the external parameters of the plasma

source, such as the applied voltage, the discharge power, the

waveform and frequency of the voltage, and the electrode

structure.9–11 Some try to change the concentration of down-

stream reactive species.12,13 However, regardless of which

parameters are adjusted in the upstream gas region, the effect

of the application is achieved by regulating the type and con-

centration of reactive species in the downstream liquid

region where the tissues and cells exist. The reported studies

have shown that inactivation of cancer cells is a synergistic

effect,14 which is closely related to the reactive oxygen spe-

cies (ROS) and reactive nitrogen species (RNS) that exist in

extracellular and intracellular environment of the cancer

cells.15–17 The most concerned ROS include hydroxyl (OH),

hydrogen peroxide (H2O2), superoxide anion (O2
�),

etc.,18–22 and RNS include nitric oxide (NO), nitric acid,

nitrous acid, and peroxynitrite(ONOOH/ONOO�).23–25 The

current researches mainly focus on the effect of the whole

population of reactive oxygen and nitrogen species (RONS)

induced by plasmas26 and rarely focus on the role of a

specific reactive species. That is because, on the one hand,

plasma induces a variety of types of reactive species in the

aqueous phase at the same time, and it is difficult to sort out

the role of a specific species; on the other hand, due to the

complexity of chemical reactions, it is difficult to regulate

just one kind of species without change in the others.

Clarifying the role of a specific reactive species will not only

help to decouple the complexity of the effects of multiple

reactive species but also help to selectively regulate the func-

tion of the plasma for a specific biomedical application.

In this paper, the LP-1 myeloma cancer cell is treated by

helium and argon plasma jets. The RONS in aqueous phase are

detected under the same treatment conditions. By changing the

plasma parameters of working gas composition, discharge

power and surrounding gas composition, the dependence of

inactivation efficiency of LP-1 cells on the concentrations of

several reactive species is investigated. The results show that

under the same discharge power, He plasma jet shows a higher

cell inactivation efficiency than Ar plasma jet, and the inactiva-

tion efficiency of LP-1 myeloma cancer cells is closely related

to the concentration of peroxynitrite.

II. EXPERIMENTAL SETUP

A. Plasma jet device

Figure 1(a) shows the schematic diagram of the experi-

mental setup. The APPJ source is fixed in a polyethylene tube

by isolated upholders. The quartz tube is funnel-shaped. The

tube has a wall thickness of 1 mm. The high-voltage electrode

and the ground electrode are both ring-shaped. High-voltage

electrode and ground electrode closely adhere to the inside and

outside of the quartz tube, respectively. The details of the

dimensions are marked in the diagram. This electrode structure

a)Electronic addresses: dehuixu@hotmail.com; liudingxin@mail.xjtu.edu.cn;

and mglin5g@gmail.com
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facilitates reducing the discharge voltage and extending the

length of the jet plume. The working gas is pure helium

(purity¼ 99.99%) or pure argon (purity¼ 99.99%). A 10 kHz

sinusoidal power supply is applied on the jet device. The peak-

to-peak voltage of helium jet is 8 kV. Under the same discharge

power, the peak-to-peak voltage of argon jet is 8.6 kV. An

optional shield sleeve is utilized in some cases to isolate the

ambient air around the plasma plume. Cell culture dish is

placed on a grounded metal plate. The plasma jets are in direct

contact with the liquid surface. Figure 1(b) shows the voltage

and current waveforms of the discharge under the same dis-

charge power. Compared to that of the argon plasma jet, the

discharge current of the helium plasma jet has wider pulses but

the peak values are lower. Figure 1(c) shows the images of the

helium and argon plasmas with the same discharge power. In

comparison, the helium plasma plume is brighter.

B. Measurements on aqueous reactive species

The phosphate buffer solution (PBS) is treated with the

plasma jet to investigate the aqueous phase species for PBS

can resist the changes in pH induced by the plasma jet like

the cell culture medium. There are two reasons for the use of

PBS instead of the culture medium in the diagnosis of aque-

ous phase species. First, some of the nutrients in the culture

medium may interfere with the chemical probes used in the

experiments, making it impossible to accurately measure the

concentration of some reactive species in the aqueous phase.

Second, under the same treatment condition, the concentra-

tions of RONS in PBS will change proportionally from cul-

ture media to PBS. Thus, the concentration relationship of

the reactive species measured in the cell culture medium can

be reflected in the PBS. A 300 ll culture medium or PBS is

added in one well of the cell culture dish before the plasma

treatment. ROS such as OH and reactive nitrogen species

such as peroxynitrite are short-lived species, which are mea-

sured by an electron spin resonance (ESR) spectrometer

(Bruker BioSpin GmbH, EMX).27 For the measurements of

peroxynitrite, a spin trapping reagent, namely, TEMPONE-

H (1-Hydroxy-2,2,6,6-tetramethyl-4-oxo-piperidine, Enzo) is

added into the PBS before the plasma treatment with a con-

centration of 10 mM, and after plasma treatment the spin

adduct of TEMPONE is measured by ESR spectrometer. It

should be noted that O2
� can also react with TEMPONE-H

to produce the same adduct TEMPONE. In this regard,

CYPMPO ((5-(2,2-imethyl-1,3-propoxycyclophosphoryl)-5-

methyl-1-pyrroline N-oxide, Cayman), a specific spin trap-

ping reagent for O2 is also used to distinguish O2
� and perox-

ynitrite.28 The usage of CYPMPO is similar to TEMPONE-H,

and the spin adduct is CYPMPO-OH. Another spin trapping

reagent, DMPO (5,5-dimethyl-1- pyrrolineN-oxide, Dojindo)

is employed to detect OH in aqueous phase with a concentra-

tion of 1 mM. DMPO can react with both OH and O2
� to pro-

duce DMPO-OH, but the reaction with OH is much faster,

and hence the DMPO will bind quicker with OH in the pres-

ence of the same amount of OH and O2
�.29 All the spin trap-

ping reagents are added into the solution before the plasma

treatment. After the treatment, the treated solution is loaded

into a 50 ll capillary quartz tube and then detected by the ESR.

The center field of ESR is set to 3360 G, and the sweep width

is 100 G. The g-Factor here is 2. The receive gain is 30 dB, and

each spectrum is scanned for five times. The Amplex
VR

Red

reagent is employed to detect H2O2. It reacts with H2O2 to pro-

duce red-fluorescent oxidation product, which is excited at

k¼ 550 nm and the emission at k¼ 595 nm and measured by a

microplate reader (Thermo Scientific Varioskan
VR

Flash

Reader). Coumarin Boronic Acid (CBA) (Item No. 14051) is a

fluorescent probe, which can react with peroxynitrite, H2O2

and HClO with an excitation wavelength of 332 nm and an

emission wavelength of 420 nm. CBA was incubated with sam-

ples at 100 lM for 30 min and then measured by the microplate

reader as well. Because the PBS and working gas used here do

not contain any chlorine element, the fluorescent intensity at

420 nm reflects the concentrations of both H2O2 and peroxyni-

trite. The results in Sec. III D proved that the reaction efficiency

of hydrogen peroxide with CBA is very slow in the reaction

time of 30 min, and the fluorescence intensity represents the

concentration of peroxynitrite.

C. Measurements of cell viability and apoptosis

Human myeloma LP-1 cells are cultured in Roswell

Park Memorial Institute (RPMI)1640 medium supplemented

with 10% fetal calf serum, 100 U/ml penicillin, 50 lg/ml

FIG. 1. (a) The schematic diagram of

the experimental setup, (b) the voltage

and current diagram and (c) the image

of the discharge of helium and argon

under the same discharge power

conditions.
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streptomycin, and 2 mM l-glutamine (all from Hyclone,

Logan, UT, USA), in an atmosphere of 5% CO2 at 37 �C.

Cell viability is assessed using the CellTiter-Glo assay

(Promega, Madison, WI, USA) according to the manufac-

turer’s instructions. Cell Titer-Glo measures luminescence to

quantify the level of ATP, which is positively correlated

with cell viability. Briefly, 100 ll reagent is added to 100 ll

cells and the mixture is lysed by placing on an orbital shaker

for 2 min, followed by a 10 min incubation at room tempera-

ture. Luminescence is measured with the microplate reader.

The apoptosis of LP-1 cells after plasma treatment is

detected by flow cytometry using an Annexin-V/PI apoptosis

kit (BD). After the treatment for 24 h, cells are harvested

and washed twice with Dulbecco’s PBS without calcium

and magnesium (Corning). Cells are resuspended in 50 ll

1� binding buffer (0.01 M Hepes/NaOH (pH 7.4), 0.14 M

NaCl, 2.5 mM CaCl2) with 2 ll annexinV-APC (2 lg/ml)

and 2 ll PI (50 lg/ml) and incubated at room temperature in

the dark for 15 min. An additional 400 ll 1� binding buffer

is added, and samples are analyzed by flow cytometry using

a Accuri C6 (BD Biosciences).

The influence of plasma jets on the cell cycle is studied.

After treated by He or Ar plasma jet, the cells are cultured

for 24 h. Then the cells are collected and stained with propi-

dium iodide solution (50 lg/ml propidium iodide, 100 lg/ml

RNase A, 0.05% Triton X-100 in NaCl). Finally, the cells

are incubated at 37 �C in the dark for 30 min. The DNA con-

tent of the treated cell is detected by a flow-cytometry, and

the data is analyzed by FLOWJO software.

III. RESULTS AND DISCUSSIONS

A. Inactivation effect comparison between helium and
argon plasma jets

Even under the same experimental condition, the impact

of He and Ar plasma jets on cells, such as the total concentra-

tion of intracellular ROS, are not the same.30 Figure 2 shows

the viability of LP-1 cancer cells after being treated by the

helium and argon plasma jets. The cells are treated for 20, 30,

and 40 s by helium plasma jet with a peak-to-peak voltage of

8 kV and Ar plasma jet with a peak-to-peak voltage of 8.6 kV,

respectively. Under these voltages, the discharge powers of

the two jets are the same. After the treatment, the cells are

cultured in 37� incubator. Figures 2(a) and 2(b) show the rela-

tive cell viability after culturing for 24 and 48 h, respectively,

and the data is normalized to the control group. The cell via-

bility is dramatically decreased both in the Ar and He plasma

treatment groups. He plasma treatment shows a greater reduc-

tion of cell viability compared to Ar plasma, indicating that

helium plasma jet has a stronger effect on the inactivation of

cancer cells at the same discharge power.

B. Comprehensive RONS in aqueous phase

Helium plasma jet and argon plasma jet are different in

their working gases, but under the same discharge power, the

energy they act on cells is the same. The reason for the dif-

ferent cell inactivation effect is attributed to the different

composition and concentration of the reactive species in the

aqueous phase generated by these two types of plasma jets.

Figure 3 shows the concentrations of several reactive species

in aqueous phase. PBS instead of the cell culture medium is

treated by helium or argon plasma jet for 40 s. The results of

the ESR spectrum show that the TEMPONE concentration in

PBS treated by the He plasma jet is about twice of that for

Ar plasma jet. The concentration of TEMPONE represents

the concentration of two species: short-lived species O2
� and

peroxynitrite. It is vital to distinguish the origin species of

TEMPONE, so another spin trap CYPMPO is used here. The

ESR spectrum of CYPMPO-OH is not detected in PBS

treated by both plasma jets. So the concentration of O2
� is

ignorable in this experiment. At the same time, the concen-

tration of DMPO-OH in PBS treated with helium plasma jet

is higher than that for argon plasma jet, indicating that the

concentration of OH is higher in PBS treated by helium

plasma jet. The fluorescence intensity of the microplate

reader shows that the concentration of H2O2 in the PBS

treated by Ar plasma jet is higher than that of He plasma jet.

The current study concludes that the inactivation efficiency

of cancer cells is closely proportional and related to the con-

centration of reactive species. The results of cell inactivation

show that the helium plasma jet has a higher efficiency. But

among the above several reactive species, the concentration

of hydrogen peroxide is not consistent with the cell inactiva-

tion effect. Hydrogen peroxide is regarded as the most

important species in the inactivation of cancer cells in many

studies.21,22,33 However, the inactivation efficiency is not

consistent with the concentration of H2O2 in this paper. But

this is not contrary to experiments with other plasma jets, for

the inactivation of cancer cells induced by plasmas is a syn-

ergistic effect. H2O2 in this experiment do have contribution

to the inactivation effect, but other reactive species also

affect the efficiency of cancer cells inactivation.24 We think

it is the concentration difference of other species that cause

the diversity of the inactivation efficiency.

FIG. 2. The viability of LP-1 cancer cell

after the treated by helium and argon

plasma jets for (a) 24 h and (b) 48 h.
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The concentration of the reactive species such as nitrate,

nitrite, and ozone are detected in the experiments, but their

concentrations are too low to be distinguished from the con-

trol group (untreated PBS). The NO2
� and NO3

� are detected

by a microplate reader (Thermo Scientific Varioskan
VR

Flash

Reader) using Griess reagent and nitrate reductase enzyme.

O3 is detected by a spectrophotometer (Hach, DR3900) using

indigo reagent. The protocol is the same as presented in our

group’s previous paper.32 That is probably because the

funnel-shaped quartz tube constrains the working gas flow

and little air diffuses into plasma plume, so there is little those

species generated.

C. Cell inactivation effect and liquid species
concentration under unequal power condition

In order to further investigate the relationship between

the concentrations of reactive species and the diversity of

inactivation efficiency, the applied voltage of Ar plasma jet is

adjusted to 10 kV, and the voltage of He plasma jet remains

constant. The cells are treated for 40 s under the above condi-

tions, and cell viability is measured after incubation for 24 h.

At the same time, aqueous reactive species are diagnosed

under the two different working gases. Figure 4(a) is the cell

viability after plasma treatment. When the discharge voltage

of Ar plasma jet is adjusted to 10 kV, the cell viability is

smaller than that of helium plasma jet of 8 kV, indicating that

the inactivation effect of Ar plasma is stronger. Figure 4(b)

shows the concentration of TEMPONE and DMPO-OH in

aqueous phase. Concentration of DMPO-OH in PBS treated

by Ar plasma jet with 10 kV is still less than that of He plasma

jet, which is not consistent with the result of cell viability,

indicating OH is not the key factor in cancer cells inactivation.

So peroxynitrite is most likely to be the key species that

causes the inactivation of cancer cells, for the concentration of

TEMPONE is consistent with the cell inactivation efficiency.

D. Measurement of the key species peroxynitrite

If peroxynitrite is a key factor in the process of cell

inactivation, its concentration in the liquid phase should be

consistent with the effect of cell inactivation. Here, the con-

centration of peroxynitrite is detected by another reagent,

CBA. Figure 5(a) shows the fluorescence intensity of PBS

containing 100 lM CBA under three treating conditions.

The black bar represents Ar plasma jet with an applied volt-

age of 8.6 kV, the deep gray bar represents He plasma jet of

8 kV, and the light gray bar represents Ar plasma jet of

10 kV. It is found that the intensity of fluorescence is consis-

tent with the efficiency of cell inactivation under these three

conditions. Figure 5(b) is the fluorescence intensity curve of

different concentration of H2O2 reacted with 100 lM CBA

solution after incubated for half an hour. The line shows that

the reaction efficiency of hydrogen peroxide with CBA is

very slow in the reaction time of 30 min, and the fluores-

cence intensity of hydrogen peroxide is almost the same as

that of PBS. So the fluorescence intensity represents the

concentration of peroxynitrite, excluding the impact of

H2O2. Therefore, the above deduction further suggests that

the cell inactivation effect is closely related to the concen-

tration of peroxynitrite.

E. Direct evidence: Regulate peroxynitrite
concentration and the cell inactivation effect

Further experiments are made to directly correlate the

effect of cell inactivation with the concentration of peroxyni-

trite. The peroxynitrite in aqueous phase mainly forms in the

gas phase and diffuses into the aqueous phase. The reactions

are given31,33

NO2 þ OH! ONOOH; (R1)

NOþ HO2 ! ONOOH: (R2)

FIG. 4. (a) The cells inactivation effect

of helium plasma jet in 8 kV and argon

plasma jet in 10 kV compared to con-

trol group. (b) The concentration of

TEMPONE and OH in aqueous phase

correspondingly.

FIG. 3. (a) The concentration of several

reactive species in aqueous phase. (b)

ESR spectrum of TEMPONE, DMPO-

OH and CYPMPO-OH detected in this

paper.
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In the same time, peroxynitrite can form by another reaction

in the aqueous phase33

NO�2 þ H2O2 þ Hþ ! O@NOOHþ H2O; (R3)

O@NOOH $ ONOO� þ Hþ: (R4)

In either case, NO2 and NO formed in gas phase by the dis-

sociation of N2 and O2 are necessary.32 If the air diffused

into the plasma plume is reduced, then the reactants that gen-

erate peroxynitrite will be reduced. If the cell inactivation

effect is weakened correspondingly, the key role of peroxy-

nitrite in cell inactivation will be directly demonstrated. A

shielding sleeve is employed to regulate the concentration of

peroxynitrite in the aqueous phase. The shielding sleeve iso-

lates the discharge area from the outside air, and only a small

amount of nitrogen diffuses into the plasma plume. LP-1

cells and PBS that contains 100 lM CBA is treated by the

He plasma jet of 8 kV, with and without the shielding sleeve,

respectively. Figure 6 shows the cell inactivation effect and

the fluorescence intensity. It can be seen that when the shield

sleeve is employed [the legend is He(s)], the concentration

of peroxynitrite in aqueous phase decreases and the cell inac-

tivation effect is also reduced, correspondingly. The above

results show that peroxynitrite as one of the reactive species

produced by plasma is directly related to the inactivation

effect of cancer cells.

F. The mechanism of inactivation of LP-1 cancer cells:
Apoptosis

To confirm the inactivation efficiency of LP-1 cancer

cells by He and Ar plasma, cell apoptosis is measured by

using annexin-V/PI double staining by flow cytometry. As

shown in Figure 7, the cells in the upper right area are consid-

ered as late apoptosis cells and that in the bottom right area

were considered as early apoptosis cells. The percentage of

early apoptosis cells has no significant difference after He and

Ar plasma treatment with different applied voltage. But the

percentage of later apoptosis cells was increased after differ-

ent plasma treatment of 40 s. Ar plasma jet at 8.6 kV resulted

in 25.7% of later apoptosis cells, while increasing the power

supply to 10 kV could significantly enhance the later apopto-

sis cells to a percentage of 51.7%. He plasma jet at 8 kV,

which is at the same power supply of Ar plasma jet at 8.6 kV,

showed a moderate induction of cell apoptosis (32.8% of later

apoptosis cells).As for the mechanism of apoptosis of cancer

cells induced by peroxynitrite, the current study suggests that

peroxynitrite will cause DNA damage and weaken the antiox-

idant system.34–36 In the meantime, the influence of plasma

jets on the cell cycle is studied. Figure 7(b) shows the cell

DNA content of each phase after being treated by He or Ar

plasma jet for 40 s. As shown in the figure, more cells accu-

mulate in G1 phase after the treatment of the plasma jets.

IV. CONCLUSION

In order to find the key reactive species in cancer cell

inactivation induced by plasma, LP-1 cancer cells are treated

by helium and argon plasma jets for comparative study in this

paper. The results show that helium plasma jet has higher cell

inactivation efficiency than argon plasma jet under the same

discharge power. The main reactive oxygen and nitrogen spe-

cies (RONS) measured in the plasma-activated medium are

H2O2, OH and peroxynitrite (ONOOH/ONOO�). The concen-

trations of aqueous OH and peroxynitrite induced by He

plasma jet are higher than that for Ar counterpart, implying

that these two species might be largely responsible for the cell

inactivation. When the discharge voltage for Ar plasma jet is

increased from 8.6 kV to 10 kV, the cell activation efficiency

changes to be higher, and in this case, the concentration of

aqueous OH is still larger, but the concentration of peroxyni-

trite changes to be lower. These results demonstrate that it is

peroxynitrite that is closely related to the cell inactivation.

Direct evidence is given by regulating the concentration of

peroxynitrite with a shielding tube to reduce the inclusion of

surrounding air, especially N2, in the plasma region, and as a

result, the concentration of aqueous peroxynitrite is greatly

reduced. In that case, the cell inactivation efficiency is dra-

matically weakened. Although there may be other reactive

FIG. 5. (a) The fluorescence intensity

of PBS containing 100 lM CBA under

three treatment conditions. (b)The

fluorescence intensity curve of differ-

ent concentrations of H2O2 in PBS

after mixed with 100 lM CBA for half

an hour.

FIG. 6. The cell inactivation effect and the CBA fluorescence intensity with

(legend as He) and without the shield sleeve [legend as He(s)].
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species that may also contribute to the inactivation of cancer

cells, the results in this paper provide a research clue that the

inactivation efficiency of LP-1 myeloma cancer cells is

strongly correlated with the concentration of peroxynitrite

(ONOOH/ONOO�).
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