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Abstract 

Current bone cancer treatments include and may combine surgery, chemotherapy, radiation therapy 
or cryosurgery among others. However, these treatments are not completely effective and unspecific 
where patients relapse. In recent years, researchers have found a novel approach by means of cold 
atmospheric plasma that can selectively treat cancer cells without damaging the surrounding tissues 
but its effects on bone cancer are unknown. Cold plasmas generate reactive oxygen and nitrogen 
species in air, which seem to be related to their effects on cells. As biological tissues and cells are 
covered with biological fluids during plasma treatment, studies point out an implication of the liquid 
media in the effects of plasmas. Within this context, in this research project the effect of an atmospheric 
pressure plasma jet will be investigated in two different liquid media by implementing appropriate 
measurement protocols for three different reactive species: [H2O2]; [HO•] and [NO2

-]. To ascertain
its biological effects this atmospheric pressure plasma jet treated liquids will be put in contact with 
bone cancer cells (SaOs-2) and also with healthy bone cells (Hobs). Preliminary results show that 
the atmospheric pressure plasma jet treated liquids contain different amounts of the studied reactive 
species depending on the treatment conditions and the medium employed, and can selectively kill 
bone cancer cells while conserving the viability of healthy bone cells. 
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Resumen

En los últimos años se ha empezado a desarrollar una posible terapia contra el cáncer mediante 
plasmas fríos a presión atmosférica. Los efectos celulares que se han observado (toxicidad selectiva 
de células de cáncer frente a células sanas) indican una posible implicación de los líquidos tratados 
con plasma. El objetivo del presente trabajo es el de investigar los efectos del plasma a presión 
atmosférica en medios de cultivo celulares, en cuanto a la generación de distintas especies reactivas 
y sus posibles efectos en células óseas tanto sanas como cancerígenas. Se trataron dos medios de 
cultivo con un haz de plasma de helio a presión atmosférica y se determinaron tres especies reactivas 
[H2O2], [NO2

-]  y [HO•]  de manera cuantitativa. Se evaluó la citotoxicidad de un medio de cultivo
tratado en células óseas cancerígenas (SaOs-2) y sanas (Hobs). Los resultados muestran la generación 
progresiva de distintas especies reactivas en función del tiempo de tratamiento con plasma y son las 
principales responsables de la muerte celular de células de cáncer de forma selectiva. 

Palabras clave: Plasma, líquido, especies reactivas, células, cáncer de hueso.
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Introduction

During the last years a significant attention 
has been paid to the biomedical applications of 
Atmospheric Pressure Plasmas (APP). Some 
researchers point out that plasma properties 
selectively kill cancer cells without damaging 
the surrounding healthy tissues [1]. In fact, 
new APP devices were specially developed for 
biomedical applications. Plasmas generated at 
atmospheric pressure in APP devices can be 
directly touched by humans or be in contact 
with human tissues; hence it must be as safe 
as possible. These devices are a big source of 
a number of reactive species that can react 
with soft materials or liquids [2]. Plasma can 
be defined as a fully or partially ionized gas 
consisting of positive and negative ions, free 
electrons, free radicals, UV and visible radia-
tion. It does not usually exist on the natural 
environment but can be artificially generated 
from neutral gases [3]. 

Cold Atmospheric Plasma (CAP) is an im-
provement of the atmospheric plasma, where 
ion temperature is close to the room tempe-
rature that makes it attractive for biomedical 
applications [4]. Traditionally, CAP has been 
used for the surface treatment of materials and 
more recently for treatment of liquids, like in 
decontamination of water [5]. Furthermore, 
this technology allows treating living or heat-
sensitive surfaces, which makes this type of 
plasma useful for treatment of biological tis-
sues [6]. Actually, this type of plasma has been 
developed for biomedical applications. CAP 
have been evaluated in the sterilization of in-
fected tissues, inactivation of microorganisms, 
wound healing, skin regeneration, blood coa-
gulation, tooth bleaching and cancer therapy 
[7]. Different CAP sources can be directly 
applied to cancer cells. Therefore, the charged 
particles, electrical fields and reactive species 
produced by plasma can act on biological cells 
[8]. Alternatively, they can be used to treat li-
quid media, thereby generating plasma-acti-
vated medium (PAM), which is applied to the 
cancer cells afterwards. The plasma chemis-
try leads to the generation of an abundance 
of high secondary long living species. These 
species come from a first reaction between the 

gas-liquid interface interaction. Many of the 
radicals generated during the discharge can 
contribute to complex reactions: formation of 
other short and long-lived species in the solu-
tion [9]. In fact, more reactive species are ge-
nerated for the APP technique in comparison 
to other plasma sources [10]. Although the 
mechanisms involved in the biological action 
of plasmas, are not well understood, reactive 
species generated are known to be biological 
active [11]. 

Cancer therapy is one of the most promi-
sing applications of APP, as their efficacy was 
demonstrated in vitro and in vivo for various 
cancer types of soft tissues [12–15]. Many 
active species generated by APP that inclu-
de charged particles, radical, UV radiations 
among others, can interact with living mate-
rials. Researchers point out the responsibility 
of the multitude of reactive species generated 
by APP that may provide significant advanta-
ges over cancer therapies. During the last de-
cade, the anticancer capacity of APP has been 
illustrated in cancer cell lines of breast, skin, 
lung, pancreas, cervix and brain but not in 
bone cancer cells, except in our previous stu-
dy [16]. As this is a novel field of study, scar-
ce information is available in the literature to 
explain the mechanism by which the plasmas 
interact with cells. Some researchers [17,18] 
point out the role of reactive oxygen and nitro-
gen species (RONS) generated by APP which 
are supposed to be key players in this process. 
In fact, an excess of oxidative stress causes a 
disturbance of the cell oxidative balance [19]. 
Excessive production of oxidative stress mole-
cules, exceeding the cellular antioxidative me-
chanism, can lead to cell death in both normal 
and aberrant cells by activating intracellular 
signalling pathway [20]. However, in contrast 
to healthy cells, tumour cells contain higher 
steady state RONS concentrations and bear 
malfunctioning antioxidant mechanisms that 
lead to the cell death. The increase of RONS 
concentration can be used as an effective and 
selective treatment against cancer [21]. 

The main aim of this work is to evaluate 
the potential of the APPJ treated liquids for 
bone cancer therapy. Therefore, to evaluate the 
effects of APPJ on the generation of RONS in 
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different liquid media is of interest and how 
this relates to PAM effects on bone cancer and 
healthy cells will be investigated.

Materials and methods

Cell Culture
Two different types of cells were studied 

and grown in their own medium before any 
treatment. One kind of cancer cell was emplo-
yed: 

Sarcoma Osteogenic human cells lines 
(SaOs-2, ATCC, USA), passages 10-14, were 
grown in Mc Coy’s 5A medium  (Sigma Al-
drich) supplemented with 10 % of fetal bovine 
serum (FBS), 2 mM of L-glutamine, penici-
llin/ streptomycin (50 U/mL and 50 μg/mg, 
respectively) and 2 mM of sodium pyruvate 
(all from Invitrogen). 

The healthy cells employed were Human 
osteoblast primary cells (Hobs, 406-05A, 
Sigma-Aldrich, USA), passages 1-2, that were 
grown in Growth osteoblast medium (Life Te-
chnologies).

Advanced Dulbeccos’s Modified Eagle Me-
dium (AdvDMEM, Life technologies) supple-
mented with 10 % of FBS, 2 mM of L-glutami-
ne and penicillin/streptomycin (50 U/mL and 
50 μg/mg, respectively) was used for the APPJ 
treatments. 

All mediums were prepared before use and 
all types of cells were maintained at 37 °C in a 
humidified atmosphere containing 5% of CO2.

Plasma set-up
The APPJ set-up used here was a homema-

de plasma [22].The discharge electrode was a 
copper wire with a diameter (ϕ) of 1 mm inser-
ted in a ϕ 1.2 mm inner quartz capillary tube 
covered by a polytetrafluoroethylene holder. 
The electrode was connected to a high voltage 
power (Conrad Electronics, 6 W power con-
sumption) to generate the discharge. The gas 
employed was helium (He, 5.0 Linde, Spain) 
and the gas flow was regulated by a flow con-
troller (Bronkhorst Mass View). 

Treatment conditions
To determine the generation of RONS, Mc 

Coy and AdvDMEM cell culture media were 

studied. 4 ml of Mc Coy and AdvDMEM me-
dium respectively were contained in 2 cm pe-
tri dish and APPJ was applied directly on it 
for different times (10; 20 and 30 min). All the 
samples were on triplicate and all tests were 
triplicate. 

All the liquid samples were treated with a 5 
Ln/min flow with a constant working distan-
ce of 20 mm. The treatment time was scaled 
depending on the volume and surface of li-
quid to be treated, according to the following
equation: 

 
For the cell culture, 1.104 cells were see-

ded in a 96 well-plate and incubated during 
24 h with fresh medium before treatment. The 
APPJ treatment was on 4 ml of AdvDMEM 
medium during 10; 20 and 30 min. Then, only 
150 μl of plasma treated medium was replaced 
into cells.

Cytotoxicity
The cell viability was determined by a colo-

rimetric method [23] using the quantification 
of cells by the lactate dehydrogenase activity 
(Detection kit, LDH purchased from Roche 
Applied Science). Measurement were operated 
at 72 h post plasma treatment. Cells were lysed 
by removing the culture medium and adding 
100 μl of Mammalian Protein Extraction Rea-
gent (M-PER, Thermo-Scientific). A negative 
and a positive control were also evaluated. The 
negative control corresponds to an untreated 
culture medium with no cells. While, the po-
sitive control refers to the corresponding cell 
type with untreated medium; it was employed 
as a reference for 100 % cell viability. The ab-
sorbance was measured at a wavelength (λ) of 
492 nm with a micro-plate reader (Synergy 
HTX, BioTek) and the percentage cell viability 
was determined as follows: 

   
    
Detection of reactive species 

Nitrites: the nitrite concentration [NO2
-] 

was determined by adding 50 μl of Griess rea-
gent [24,25] to 50 μl sample introduced in 96 

tindirect treatment = surface petridish • tdirect treatment
surface well(96)

% cell viability =   sample - negative control
positive control - negative control
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well-plates. The Griess reagent was obtained 
by dissolving 1 % wt/v sulfanilamide (M.W: 
172.20 g/mol; Sigma-Aldrich; powder form), 
0.1 % wt/v N-(1-naphtyl)ethylenediamine 
(NEED, M.W: 172.20 g/mol; Sigma-Aldrich; 
powder form) and 5% wt/v phosphoric acid 
(85 %; M.W: 98 g/mol; Pancreac) in de-ioni-
zed water (H2Od) [26]. The plates were incu-
bated for 10 min at room temperature protec-
ted from light. The absorbance was measured 
at λ of 540 nm. The [NO2

-] in each sample was 
calculated by using a calibration curve with 
NaNO2 (M.W: 69 g/mol; powder form, Sigma- 
Aldrich) solution in the studied medium.

Peroxides: the concentration of peroxides 
[H2O2] was evaluated by a colorimetric method 
resulting of the reaction of H2O2 with titanyl 
sulphate by measuring the absorbance at λ of 
407 nm [27]. 100 μl of the sample were placed 
in a 96 well plate and 10 μl of NaN3 (M.W: 65 
g/mol; Sigma-Aldrich; powder form) solution 
at 60 mM were added to neutralise potential 
nitrites and nitrates present in the sample that 
can interact with peroxides [28]. Then 50 μL of 
TiSO4 reagent (M.W: 159.90 g/mol; 15% wt in 
H2SO4) were added. The reaction is immedia-
te and remains stable over 6 h. [H2O2] concen-
tration level in each sample was determined 
using a calibration curve with hydrogen pero-
xide (H2O2; M.W: 34.01 g/mol; 30 % wt/wt in 
H2O; Sigma-Aldrich) solution in each studied 
medium.

Hydroxide radical: to determine free hy-
droxyl radical concentration [HO•], an indi-
rect method was employed [29]. The degra-
dation of methylene blue (MB; M.W: 373.90 
g/mol; Sigma-Aldrich; powder form) was 
followed to evaluate the hydroxide radical 
concentration [HO•] generated by APPJ. MB 
solutions of 0.03 g/l were prepared, and after 
plasma treatment, the absorbance was measu-
red at λ of 664 nm. The MB concentration was 
determined using a calibration curve with MB 
solution in the corresponding liquid medium 
evaluated.

Results

Detection of reactive species
The effects of APPJ on two different cell cul-

ture media were evaluated with regard to the 
generation of RONS. The generation of pero-
xides [H2O2], nitrites [NO2

-] and the decrease 
of [MB] concentration - which is related to the 
amount of [HO•] - were measured following 
APPJ treatment as a function of the treatment 
time. In fig.1, two liquid media usually emplo-
yed for cell culture were compared depending 
on the APPJ treatment time. It can be observed 
that the concentration of [H2O2] and [NO2] 
was progressively increasing, while the MB 
concentration was decreasing as a function of 
the treatment time with APPJ in both media 
evaluated. Differences in the response of both 
media studied were recorded: In AdvDMEM 
medium more peroxides were generated than 
in Mc Coy medium (fig.1.a)). Five times more 
peroxides were formed in each media than ni-
trites. It is shown in fig.1.b) that more nitri-
tes are generated in Mc Coy medium than in 
AdvDMEM medium. MB shows a decreasing 
concentration with increasing treatment time 
and is similar for both cell culture media with 
the APPJ treatment time. Similar results were 
found when treating low volumes (2 ml) of li-
quid in a smaller surface (1 cm2) with shorter 
APPJ treatment times (5; 10 and 15 min), as 
in greater volume of liquid (4ml) in a bigger 
surface, as roughly the same amount of RONS 
was generated (fig.1). Conversely, with much 
lower volumes, 150 µl of liquid media were 
treated at much shorter APPJ times of 0.5; 1 
and 1.5 min. In that case, even if the gene-
ration of RONS follows the same trend, the 
effective concentration generated by APPJ is 
much lower than in the case of treatment of 
higher volumes. 

Cytotoxicity
The effect of plasma treated liquid was 

evaluated on both cancer and healthy bone 
cells. To ascertain the influence of the modi-
fication produced in the liquid media by the 
plasma treatment, the PAM was transferred 
onto adherent bone cancer cells (SaOs-2), and 
bone healthy cell (Hobs) immediately after 
treatment. APPJ treatment of 4 ml of AdvD-
MEM media and 150 μl of these treated me-
dia were transferred on the top of the cells 
and the viability was measured after 72 h. The 
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results are reported with respect to a positi-
ve control of the cells without plasma treated 
medium which are set as the 100 % viability. 
Fig.2 shows that the plasma treated liquid in 
contact with cells reduces the cell viability, the 
more the longer the plasma treatment time. 
In contrast, the plasma treated liquid doesn’t 
affect the viability of the healthy cells (viability 
between 92% and 98%). It can also be obser-
ved that cells are affected by the RONS doses/
treatment time; cancer cells viability decrease 
from 50% to 5% in treatment times ranging 
from 10 to 30 min.

Discussion
 
The diffusion of reactive species produced 

by the reaction formed at the plasma-liquid 

interface leads to some reactions and proces-
ses which depend on the nature of the liquid 
as shown in fig.3. Reactive species generated 
by plasma are the result of a cascade of reac-
tions created with the interaction plasma-li-
quid medium [30]. The concentration increase 
of RONS measured ([H2O2] and [NO2

-]) was 
related to the plasma treatment time and the 
chemical composition of the medium. The 
[MB] decrease may be related to the genera-
tion of [HO•] in the medium by the decom-
position of the MB (fig.1c) and previously 
reported in the literature [31]. The APPJ gene-
rates reactive species directly at the gas-liquid 
interface which react with the liquid composi-
tion. The reactive species amount is controlled 
through the gas used for the plasma dischar-
ge and also the liquid medium composition 

Figure 1. Evaluation of the generation of RONS in 4ml of Mc Coy (blue full dot) and AdvDMEM 
(empty dot) cell culture media following APPJ treatment: a)[H2O2]; b) [NO2-] and c) [MB].
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plays an important role [32]. It is observed in 
this work a progressive formation of H2O2and 
NO2

- in both cell culture media studied (Mc 
Coy and AdvDMEM) (fig.1.a) and b)) with 
APPJ treatment time. The creation of many 
other species can be expected through the 

contact of liquid with APPJ, considering the 
complex composition of the cell culture me-
dia. In fact, in addition to the species mea-
sured here (H2O2, NO2

- and indirectly HO•) 
many other RONS have been described and 
may be formed. In this kind of cell culture 

Figure 2. Cell viability of bone cancer cells (SaOs-2, red dense bar) and bone healthy cell (Hobs, 
green bar) in contact with APPJ treated medium (4 ml of AdvDMEM medium) following 72 h of 
incubation in contact with this medium.

Figure 3. Scheme of the interaction of atmospheric plasmas with liquids, with spheres representing 
the different reactive species.
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media, proteins and sugars, among others, 
present in the medium composition can be 
decomposed by the electrical discharge from 
the APPJ and also by chemical decomposition 
or reaction from the radicals formed during 
the process. Especially, positive and negative 
ions from the post-discharge largely combine 
or neutralize prior to diffusing into the liquid. 
Moreover, lifetimes of this neutral radicals are 
much longer, so that these reactive species are 
able to diffuse into liquids without significant 
losses [33].

The determination of long-living species 
generated by APPJ in the liquid media pro-
duced by a cascade of reactions the interface 
gas/liquid was useful to start understanding 
and identifying the processes beyond the be-
haviour of cells following exposure to plasma 
treated media.

The cytotoxicity of PAM on both cancer 
and healthy bone cells was investigated to as-
certain potential selective effects of the APPJ 
treated media. The APPJ treated liquid media 
were effective in selectively killing bone can-
cer cells. Therefore, the aqueous state of the 
RONS in generated by plasma clearly play an 
important role in the anti-tumour effects as 
shown in other works [34]. As shown here, 
liquids can mediate the cytotoxicity effects of 
APPJ towards cancer cells, as in the biologi-
cal environment, cells are covered by physio-
logical liquids. In literature, direct treatment 
of cancer cells with plasmas has been shown 
effective, but also in some cases, treating cell 
culture media or liquid medium showed to be 
an effective anti-tumour fluid in vitro and in 
vivo [35]. Our results confirm the efficiency of 
treatment of liquids with APPJ for cancer cell 
death. Two effects can be highlighted; First, it 
can be observed that there is a significant de-
crease in the viability of cancer cells (50 % for 
the SaOs-2) for the shortest treatment time of 
10 min, and down to 5% of viability for 30 min 
treatment of the liquid medium. This decrease 
in cell viability is comparable to that found in 
other studies focused also in bone cancer cells 
but following chemotherapeutical approa-
ches [36]. Secondly, the healthy osteoblastic 
cells Hobs, treated in the same condition were 
completely viable and unaffected by the trea-

ted liquid. 
This result highlights one of the advanta-

ges of this indirect treatment with APPJ trea-
ted medium, as it avoids the effects of electric 
fields, UV light, etc. that might potentially 
have harmful effects on healthy cells if uncon-
trolled. This treatment of liquids with plasma 
allows only the long living reactive species 
generated from APPJ or metastable species 
produced in reactions of the plasma with the 
liquid to interact with cells. It has been shown 
in literature that in fact, RONS generated in 
the liquid media can promote oxidative stress 
and trigger different signaling pathways in 
cells. 

Conclusions 

Atmospheric pressure plasma jet generates 
different gaseous reactive species that were 
transmitted to the liquid phase through for-
mation of secondary species. Protocols have 
been successfully implemented to determine 
the [H2O2], [NO2

-] and [HO•] reactive spe-
cies generated during the APPJ treatment of 
liquid media. This has allowed recording a ti-
me-dependent increase in the amount of these 
species in cell culture medium due to plasma 
treatment, which depend on the volume of li-
quid treated, as well as on the chemical com-
position of the cell culture medium treated. 
This cocktail of reactive species generated by 
APPJ exhibits lethal effects selectively towards 
bone cancer cells without harmful effects for 
healthy bone cells. The APPJ treated cell cul-
ture media is cytotoxic to bone cancer cells, 
producing a cell viability reduction between 
50 and 95% depending on the RONS doses. 
Healthy cells remain fully viable after the same 
treatment. Therefore, this indirect methodo-
logy may be considered as being effective and 
selective, and avoiding electric fields like UV 
radiation of the APPJ. The lethal effects seem 
to be related with the RONS activity in the li-
quid media into the cells. 
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