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ABSTRACT 

 

The effects of cold plasmas are due to charged particles, reactive oxygen species 

(ROS), reactive nitrogen species (RNS), UV photons, and intense electric field. In 

order to obtain a more efficient action on mammalian cells (useful for cancer therapy), 

we used in our studies chemically activated cold plasma (He and O2 gas mixture). 

V79-4 cells were exposed to plasma jet for different time periods (30, 60, 90, 120 

and 150s), using different combinations of helium and oxygen inputs (He:2.5l/min + 

O2:12.5ml/min; He:2.5l/min + O2:25ml/min; He:2.5l/min + O2:37.5ml/min). Using 

MTT test we demonstrated that plasma jet induce cell viability decrease in all cases. 

The effect of chemically activated cold plasma –apoptosis or necrosis - depends on gas 

mixture an treatment period. Taking into account that ROS density in cell 

microenvironment is related to O2 percent in the gas mixture and treatment period, we 

can presume that cell death is due to ROS produced in plasma jet. 
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INTRODUCTION 

Cold plasma undergoes multiple interactions with bacterial and mammalian cells, 

generally by means of charged particles, reactive oxygen species (ROS), reactive nitrogen 

species (RNS), UV photons, and intense electric field [1]. Depending on plasma 

characteristics, its therapeutic applications point towards the enhancement of 

regenerative/degradative processes: (wound healing for lesions non-responsive to standard 

treatment procedures-for example diabetic lesions)/ (surgery, oral cavity sterilization in 

stomatology, antitumor therapy). A maximum degradative effect is obtained  following 

plasma chemical activation by the presence of oxygen in the plasma content [2,3] 

Low energy plasma particles (ions, radicals etc) have a weak interaction with the 

surrounding air molecules. Energetic electrons however produce molecular dissociations by 

means of collision events leading to the formation of reactive oxygen species. Following these 

interaction processes, the electrons energy decreases [4].   

ROS generation processes starts with the dissociation of molecular oxygen (O2) and 

generation of atomic oxygen: 

e + O2   O
¯
 + O 

Little is known about the way in which atomic oxygen acts on bacteria and animal 

cells. It has been shown that the presence of atomic oxygen in plasma, together with other 

reactive oxygen species, leads to an increase in the destruction rate of Bacillus globigii spores 

(surrogate for Bacillus anthracis spores) al lower input energies [5]. F. Sohbatzadeh et al 

(2009) have shown the efficiency of atomic oxygen in destroying three species with high 

clinical significance: Escherichia coli, Pseudomonas aeruginosa and Bacillus cereus [6]. 

Atomic oxygen plays an important role in many other bacterial strains inactivation proving its 

applicability in sterilization of culture media, material surfaces and air [7-11]. This makes it 

ideal for cleaning surgical implants, which are often contaminated with fragments of bacteria 
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cells even after sterilization. Consequently, patients can become subjects for pain and 

inflammation and even implant failure [12].   

The ROS generation process based on the fact that atomic oxygen intensively reacts 

with the bioorganic molecules RH, producing R radicals and OH radicals: 

O + RH  R∙ + 
¯
OH 

Hydroxyl radical, a very reactive oxygen species, will continue the oxidative chain 

reactions.  

Nevertheless, by the reactive oxygen species that it produces, atomic oxygen is 

indirectly involved in the destruction of pathogens and induction of apoptosis or necrosis in 

mammalian cells, including cancer cells [8,9,13].  

Free radicals are very reactive and unstable chemical species that react with different 

organic or inorganic components, especially with molecules that have a key role in the 

structure of cell membranes and nucleic acids. They also generate self-catalytic reactions 

following which the molecules that they interact to become free radicals continuing the chain 

of reactions. 

First, a superoxide anion is generated from hydrated electrons either brought into the 

liquid medium by the plasma or formed at the plasma-medium interface: 

e(H2O) + O2(H2O) O2
¯

 (H2O).  

Mammalians immediately convert superoxide into less harmful hydrogen peroxide 

through a reaction termed “superoxide dismutation”, which is catalyzed by an enzyme 

appropriately termed superoxide dismutase (SOD):  

2 O2
¯ 

+ 2 H
+ 
 H2O2 + O2 

H2O2 is more stable than O2
¯
, this stability making its diffusion in biological 

membranes possible (contrary to the case of O2
¯
). H2O2 is however a weaker oxidant agent 

when compared to O2
¯
.   

Hydrogen peroxide is then converted to hydroxyl radicals through Fenton mechanism: 
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H2O2 + Fe
2+

  OH + OH
¯
 + Fe

3+
 

Fe
3+

 + O2
¯
  Fe

2+
 + O2  [11]  

Hydroxyl radicals can then react with nearby organics leading to chain oxidation and 

thus destruction of DNA molecules as well as cellular membranes and other cell components 

(here R is any organic molecule): 

¯
OH + RH  R· + H2O 

R· + O2  RO2 

RO2 + RH  RO2H + R· [9]  

Superoxide can react in water with nitric oxide (NO) producing another reactive 

oxidizing agent, peroxinitrite (OONO
¯
); ONO2

¯
 is also produced by the reaction of hydrogen 

peroxide with nitrite. 

O2
¯
 + ∙NO → ONO2

¯
  

H2O2 + NO2
¯
 → ONOO

¯
 + H2O  

Important molecular species such as DNA and proteins suffer peroxynitrite induced 

oxidative damages, the peroxynitrite generally acting as both oxidant and nitrating agent.   

Neutral reactive species produce important oxidation effects within the cell membrane 

structures. Although extremely reactive, some of the neutral species such as O, OH and O2 

can only be effective inside or within the plasma proximity because of their very short 

lifetimes.  Contrary, NO and NO2 have a lower reactivity but longer lifetimes and they can be 

effective in regions separated from that where they have been produced [11].  

Cells exposed to large amounts of ROS respond by either stopping their proliferation 

or by cell death (apoptosis or necrosis), depending on the phase of the cell cycle they undergo 

at the moment of cell lysis. Although at low concentrations of H2O2 and NO enhance cell 

proliferation, high concentrations of H2O2 and NO contributes to cell and tissue injury 

inducing apoptosis. In a concentration dependent manner, NO can either inhibit or enhance 

the hydrogen peroxide-mediated apoptosis in different cell types. ROS represent the major 
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cause for the spontaneous injury of DNA, proteins, lipids and carbohydrates. The two general 

mechanisms of ROS signaling are: alterations of the intracellular redox state and oxidative 

modification of proteins involved in signaling pathways [8].  

O2
¯
 and H2O2 promote loss of cell-cell adhesion and reorganization of actin 

cytoskeleton. 

Studies using endothelial and epithelial cells have shown that exogenous ROS act 

especially on intercellular junctions; hence, the information is transmitted to the cytoskeleton 

components. The H2O2 treatment of epithelial cells is followed by cadherin internalization 

(glycoproteic adhesion molecule) and decrease of the occludin expression level 

(transmembrane protein involved in intercellular junction structure). 

 ROS alter actin filaments directly (alteration of –COOH and subsequent altered 

interactions between actin and other proteins) or indirectly (oxidative stress lead to rapid 

decrease of ATP and breakage of actin filaments). This process is followed by actin filaments 

reorganization and morphological changes of the cells (size and shape). Moreover, the ROS 

lead to the formation of intercellular gap.  

All these factors contribute to alteration of intercellular adhesion and the subsequent 

increase of vascular permeability [14].   

Exogenous ROS can activate membrane receptors and subsequent signaling cascades, 

while endogenous ROS are involved in transduction pathways only.  

Activation of the “death receptors” – TNFR (tumor necrosis factor receptor) and Fas 

(CD95) induce apoptosis through activation of protein kinase and MAP kinase signaling 

pathways. PKC (protein kinase C), MAPK (mitogen activated protein kinase) and ERK 1/2 

(extracellular signal-regulated kinases) are enzyme families involved in apoptosis. These 

proteins are activated by exogenous or/and endogenous ROS [12].  

Transcription factors - NF-kB (nuclear factor kB), AP-1 (activator protein-1), STAT 

(signal transducers and activators of transcription) and HIF-1 alpha (hypoxia-inducible factor-
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1 alpha) – are final points of the signaling pathways. Their activity is dependent on the redox 

state of cells [15]. Transcription factors binds to specific DNA sequences, thereby controlling 

the transfer (or transcription) of genetic information from DNA to mRNA and the synthesis of 

proteins which lead to a specific cell response. 

ROS also act on the membrane ion transport systems: ion channels, ion pumps, ion 

exchangers, cotransporters. Either the inhibition or activation of these membrane transport 

mechanisms is followed by changes in the homeostasis of the main cell ions (Na
+
, Ca

2+
, K

+
, 

Cl
-
) leading to dramatic consequences for its functioning [16]. 

 Genomic injuries produced by ROS through chromatin degradation, unavoidably lead 

to apoptosis through the generation of some signaling cascades, including poly(ADP-ribose) 

polymerase (PARP). This nuclear enzyme is activated by DNA strand breaks to catalyze the 

addition of poly(ADP-ribose) to a variety of nuclear proteins involved in DNA repair. In the 

case of massive DNA destruction, excessive PARP activity depletes its substrate NAD and, 

resynthesis of NAD depletes ATP.  The eventual loss of energy (due to ATP depletion) leads 

to cell death [17]. Sublethal oxidative stress induces partial chromatin degradation only. This 

fact involves a high mutagenetic risk in surviving cells [18].  

 

MATERIAL AND METHODS 

Plasma jet generator 

The cold atmospheric plasma is produced in a discharge chamber, by applying a 

voltage between high-voltage and ground electrodes. An inert gas (He) is the main 

atmospheric plasma forming gas. For bio-medical applications it is however necessary for the 

plasma to be chemically activated. That is why minute amounts of an additional gas as the 

source of reactive species are used. The reactive plasma is generated as a jet, which allows for 

the rapid transport of the excited species on the treated object (Fig. 1).  
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Fig. 1.  The final device, generating high-voltage pulsed, cold atmospheric plasma jet. 

 

In our cold atmospheric plasma jet generators, the inter-electrodes voltage applied for 

obtaining the plasma is pulsed high-voltage, with amplitudes of 20 – 30 kV, 100 – 500 ns 

width at half maximum, and frequencies of tens-hundreds of pulses per second [2,3,19,20]. 

Molecular oxygen is used as the source of reactive species in our research.  

The chemical processes start with a generation of atomic oxygen, produced by 

electron impact dissociation, by dissociative attachment [21], and by Penning ionization [22]. 

In order to obtain higher quantities of atomic oxygen, it is necessary to increase the 

concentration of molecular oxygen (O2) in plasma-forming gas (He, in our case). 

Unfortunately, this increase brings along the decrease of the plasma current. Consequently the 

quantity of atomic oxygen produced within the plasma has an initial increase along with the 

concentration of molecular oxygen, and then it drops as a result of the decrease of the plasma 

jet current. Therefore there is an optimal concentration of O2 in He/Ar that maximizes the 

quantity of atomic oxygen.  

Experimental works [2,3,23,24] have determined an optimal concentration of 0.5 – 0.6 

% vol. O2 / He. Using a model that considers 35 dominant chemical reactions in the RF He/O2 

plasma, an optimal theoretical value of 0.5 % vol. O2 / He [25] has been obtained.  
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In all the papers mentioned above, a coaxial device with only one high-voltage 

electrode was used for generating the plasma jet. The ground electrode was mounted on the 

exterior, separated from the hig-voltage electrode by a dielectric barrier.  

Our newest device [20] allows for the increase of the optimal concentration of 

molecular oxygen in He and, consequently, for the increase of the quantity of atomic oxygen 

in the plasma jet. Using the new device, the optimal value of the concentration of O2 in He is 

1.5 %. The obtained value is 3 times higher than in the case of experiments in [2,3,23,24] and 

of theoretical simulation in [25]. Accordingly, the quantity of atomic oxygen in the plasma jet 

increases and the plasma jet becomes more chemically active. The explanation for this 

increase of chemical activity is that our new device has in the discharge room three high 

voltage electrodes, which are placed in such a manner that three independent discharges take 

place. Each discharge has an optimal percentage of 0.5 % O2 in He that maximizes the 

quantity of atomic oxygen in the plasma. The plasmas of the three discharges unite in a single 

jet, which contains a quantity of atomic oxygen that is a lot higher of that of the plasma of 

each discharge. 

Cell lines 

In our experiments we used V79-4 cell line (ECACC no 93010723, normal fibroblasts 

isolated from Hamster Chinese Lung). 

Plasma Jet treatment 

The V79-4 cells were cultured (1 x 10
6
) in DMEM-F12 culture medium (Sigma) 

supplemented with 1mM L-glutamine (Sigma), antibiotics and 10% fetal calf serum 

(Biochrom). When cells formed a monolayer, they were exposed to plasma jet (Fig. 2) for 

different time periods (30, 60, 90, 120 and 150s), using different combinations of helium and 

oxygen inputs (He:2.5l/min + O2:12.5ml/min; He:2.5l/min + O2:25ml/min; He:2.5l/min + 

O2:37.5ml/min). 
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In order to exclude the pH decrease (data not shown), the culture medium was 

removed immediately before the treatment and re-added after plasma action time. Another 

reason for culture medium removal was the fact that the density of active oxygen species 

(produced by plasma and diffusing into medium) significantly decreased with increasing 

distance from the liquid interface) [Stoeffels et al, 2005]. In order to decrease, as much as 

possible, all the effects that the surrounding air might have upon the culture medium (pH 

changes, etc) and consequently upon the cells, all wells except for those being treated were 

covered (Fig.2). 

 

 

Fig. 2.  Cell treatment with cold atmospheric plasma jets 

 

Microscopic analysis 

Shortly after plasma treatment, the culture plate was studied using a Krüss optical 

microscope (magnification 10X). The cells were photographed using a Canon PowerShot 

A510 digital camera. After the culture medium was removed, pictures of each well were taken 

(using the camera mentioned above) in order to emphasize possible modifications of cell 

distributions. 
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MTT viability test 

The V79-4 cells (1 x 10
5 

cells/50 µl DMEM-F12 culture medium supplemented with 

1mM L-glutamine, 10% fetal calf serum and antibiotics) were incubated with MTT  (100µl) 

for 4 hours at 37°C, 5% CO2 and about 90% relative humidity.  Then 100µl DMSO (Aldrich) 

were added in each well in order to solubilize the formazan crystals. The optic density of 

purple formazan compound produced only in the presence of living cells has been measured 

using a Thermo Multiskan spectrophotometer at 540nm.  

Taking into account the fact that proliferating cells are metabolically more active than 

non-proliferating cells, the MTT assay can be used not only for the determination of cell 

viability and factor mediated cytotoxicity but also for the determination of cell activation and 

proliferation. However, the MTT response may vary greatly in viable cells due to the 

metabolic state of the cells. For this reason the experimental results are analyzed by only 

taking into account the percentage values obtained by normalizing the optical densities of the 

samples to that of the control (Garn et al, 1994). Each sample was analyzed in triplicate.  

 Apoptosis analysis 

The V79-4 cells were detached with trypsin and washed twice (2 min, 2000 rpm), the 

samples being afterward analyzed using the ApoGlow Assay Kit (Lonza). This assay is based 

on the fact that cell death is an energy driven process. Apoptosis is accompanied by ATP 

degradation and an increase in the cellular levels of ADP. Using an ADP:ATP ratio-based 

indicator, ApoGlow allows to distinguish between apoptosis, necrosis and cell proliferation. 

Apoptosis is characterized by a moderate increase of the ADP/ATP ratio vs control, while 

necrosis can be recognize for a significantly higher ADP/TP ratio than the control. Each 

sample was analyzed in triplicate. 

In some cases, cells detached by plasma action keep their characteristics and become 

adherent again reentering the normal cell cycle if they are transferred to another culture plate 
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[26].  For this reason, in our study we used cells detached by the plasma jet as well as cells 

that remained adherent after the plasma exposure and were detached afterward using trypsin.    

Statistical analysis 

Data presented here has been calculated as the average value +/- s.e.m. for three 

identical samples in each experiment. Coefficient of variation (CV) for each sample did not 

exceed 25% in both MTT test and apoptosis assay. 

 

RESULTS AND DISCUSSION 

Microscopic analysis 

Following the microscopic analysis, cells detach from the plate was shown (Fig.3a), 

accordingly to other literature data [26]. In control sample a cell monolayer can be observed 

(Fig 3c).  

After the removal of the culture medium, we have seen a large area which was not 

covered with cells at the center of the well, exposed to the direct action of the plasma jet (Fig. 

3d). For the control sample, the cell distribution on the bottom of the well appeared to be 

homogeneous (Fig 3b). 

MTT viability test 

Concerning the effect of cold plasma jet on V79-4 cells viability, the results have 

shown that the number of viable cells was reduced in a treatment duration dependent manner 

only for the case of He:2.5l/min + O2: 25ml/min gas mixture (Fig.4a). This type of behavior 

was not observed for the other two cases (He:2.5l/min + O2: 12.5ml/min si He:2.5l/min + O2: 

37.5ml/min) (Fig. 4a and b). Moreover, the He:2.5l/min + O2: 37.5ml/min gas combination 

drastically decreased the cells viability but however no significant treatment duration 

dependent variations could be observed. 
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a)       b)  

c)    d)    

Fig.3. Cold plasma jet treatment (He: 2.5l/min + O2: 25ml/min, 90s) is followed by V79-4 cells 

detachment from substrate (a, b) while control (untreated) cells remain adherent (c, d). 

Apoptosis analysis 

For the He: 2.5l/min + O2 12.5ml/min and He: 2.5l/min + O2 25ml/min cases, we 

observed an increase of ADP/ATP ratio depending on the treatment period. For the first gas 

combination we obtained a significant increase of ADP/ATP ratio (necrosis) after 60s of 

treatment; the second case shown a moderate increase of ADP/ATP ratio (apoptosis) after 30 

and 60s of treatment and a significant increase for 90, 120 and 150s treatment durations. In 

the third case (He: 2.5l/min + O2 37.5ml/min) we observed a drastic increase of ATP/ADP 

ratio for 30, 60 and 90s and a small decrease vs control for 120 and 150s. The results obtained 

for 120 and 150s may be a consequence of the total destruction of cells after plasma treatment 

(Fig.5). 
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Fig. 4. The effect of cold plasma jet on V79-4 cells viability (MTT test) 
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Fig. 5. Cold plasma jet induces V79-4 cell death; CV did not exceed 25%;  
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Taking into account that ROS density in cell microenvironment depends on O2 percent 

in the gas mixture and treatment period, we can presume that cell death is due to ROS 

produced in plasma jet. 

The clinical use of atmospheric pressure plasma jet in skin tumor treatment requires 

for fine plasma action control possibilities, a more invasive treatment inside the tumor mass 

and a less invasive treatment at its edges in order to avoid the unnecessary destruction of 

healthy cells. For this reason we focused our attention on the use of (He: 2.5l/min + O2 

12.5ml/min and He: 2.5l/min + O2 25ml/min) gas combinations and we discarded the third 

alternative (He: 2.5l/min + O2 37.5ml/min) since for that case we obtained a sharp decrease 

(approx. 50%) in cell viability after only 30 seconds of treatment.    

Since for therapeutic purposes the plasma jet should only produce cell apoptosis, the 

clinical implementation procedures should only consider short and repetitive treatment 

sessions instead of applying a single long time plasma exposure. 

 

CONCLUSIONS 

Our results showed that chemically activated cold plasma was able to induce death in 

the V79-4 cell line. This effect proved to be dependent of gas contents and treatment duration 

for our experimental settings. Apoptosis was obtained for: He2.5l/min + O2 12.5ml/min – 30s, 

He2.5l/min + O2 25ml/min – 30s, 60s and necrosis for He2.5l/min + O2 12.5ml/min – 60, 90, 

120, 150s, He2.5l/min + O2 25ml/min – 90, 120, 150s and He2.5l/min + O2 12.5ml/min – 30s, 

He2.5l/min + O2 37.5ml/min – 30, 60, 90s. We consider the possibility that the ROS produced 

in the plasma jet are responsible for all cell death events. Tacking into account that ROS 

destroy the cells in a non-selective manner, the relevant parameters of the plasma jet device 

must be carefully set for each treatment case.  
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