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Atmospheric pressure DC-driven self-pulsing transient spark (TS) discharge operated in air and

pulse-driven dielectric barrier discharge plasma jet (PJ) operated in helium in contact with water

solutions were used for inducing chemical effects in water solutions, and the treatment of bacteria

(Escherichia coli), mammalian cells (Vero line normal cells, HeLa line cancerous cells), deoxyribo-

nucleic acid (dsDNA), and protein (bovine serum albumin). Two different methods of water solu-

tion supply were used in the TS: water electrode system and water spray system. The effects of

both TS systems and the PJ were compared, as well as a direct exposure of the solution to the dis-

charge with an indirect exposure to the discharge activated gas flow. The chemical analysis of

water solutions was performed by using colorimetric methods of UV-VIS absorption spectropho-

tometry. The bactericidal effects of the discharges on bacteria were evaluated by standard micro-

biological plate count method. Viability, apoptosis and cell cycle were assessed in normal and

cancerous cells. Viability of cells was evaluated by trypan blue exclusion test, apoptosis by

Annexin V-FITC/propidium iodide assay, and cell cycle progression by propidium iodide/RNase

test. The effect of the discharges on deoxyribonucleic acid and protein were evaluated by fluores-

cence and UV absorption spectroscopy. The results of bacterial and mammalian cell viability, apo-

ptosis, and cell cycle clearly show that cold plasma can inactivate bacteria and selectively target

cancerous cells, which is very important for possible future development of new plasma therapeutic

strategies in biomedicine. The authors found that all investigated bio-effects were stronger with the

air TS discharge than with the He PJ, even in indirect exposure. VC 2015 American Vacuum Society.

[http://dx.doi.org/10.1116/1.4919559]

I. INTRODUCTION

A large number of recent publications on various biomed-

ical applications of nonthermal (cold) atmospheric pressure

plasmas demonstrate a fast evolution and a great potential of

this new interdisciplinary field. Thanks to ionizations, disso-

ciations, excitations, production of chemically active species

and reactions occurring at relatively low gas temperatures,

the cold plasma bio-decontamination and sterilization has

been well established over the last 15 years. It is evident that

cold plasmas can efficiently kill various microbes, even

highly resistant forms such as bacterial spores and biofilms,

making cold plasmas are very suitable for disinfection and

sterilization of surfaces, medical instruments, water, air,

food, and even living tissues.1–3 Various cold plasma sources

have also been proven to induce interesting phenomena in

the cells of higher organisms, often leading to promising

therapeutic effects when carefully set and dosed. However,

despite numerous reported positive effects of plasma disin-

fection and therapeutic treatments, plasma interaction with

living cells and microorganisms still remains not well under-

stood and the plasma treatment of biomolecules, cells, and

tissues is still a subject of debate.3–5

The first reported plasma treatments of mammalian cells

was probably nondestructive manipulation of mammalian

cells by plasma leading to cell detachment from each other

and from the substrate in a reversible manner.6 Later, the

possibility of plasma-induced apoptosis in mammalian cells

has been described.7 Unlike necrosis, which is a premature

cell death caused by traumatic external factors, apoptosis or

‘‘programmed cell death’’ is a form of physiologic cell death

and a normal way of disposing of damaged or nonfunctional

cells in high organisms. Apoptosis is induced in response to

a variety of cellular stress factors including toxins, oxidative

stress, or DNA damage. Induction of apoptosis is one of the

therapeutic approaches for cancer treatment8 The possibility

to inactivate tumor cells via induction of apoptosis by

atmospheric-pressure plasma treatment in vitro wasa)Electronic mail: hensel@fmph.uniba.sk
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demonstrated repeatedly.9–11 The initial hypothesis that

plasma-induced apoptosis is triggered by plasma-generated

reactive oxygen species (ROS)7 was proved by several ex-

perimental studies using a variety of plasma sources. Other

experimental studies give rise to the assumption that at least

some types of cancerous cells are more sensitive to plasma-

induced inactivation compared to normal cells.11,12

Most plasma sources considered for direct biological

and medical applications have the following characteris-

tics: the contribution of electrode surfaces to the dis-

charge production is negligible, only strong volume

ionization takes place; and the plasma is confined to a

discharge channel of small diameter. It is difficult to gen-

erate large volume plasmas at atmospheric pressure with

parameters that will meet all criteria for medical devices

proposed for direct use in contact with tissues: low or no

thermal effects, nontoxic chemical effects, and electricity

and UV radiations limits. Reaction channels induced by

plasma in aqueous solutions and biological fluids, as well

as post treatment chemical dynamics in biological envi-

ronment need to be studied in detail in order to better

understand the mechanisms of plasma-cell and plasma-

tissue interactions, which would provide information

allowing standardized medical treatments and direct clini-

cal uses of atmospheric pressure cold plasma sources.

From molecular point of view, cells may be regarded are

complex supramolecular assemblies, stabilized by short

range interactions. The plasma agents (e.g., photons, electric

field, charged particles, and radicals) have individual or syn-

ergic effects on all biomolecular systems. In order to induce

a specific biological effect using single or repeated plasma

exposure it is necessary to explore all reaction channels that

can be triggered by the plasma action, including here not

only simple physical or chemical damage to biomolecules

but also soft structural modifications, and changes of biologi-

cal environment, e.g., acidification or local reactive oxygen

and nitrogen species (RONS) balance shift. Many studies

have investigated the effects of cold atmospheric plasmas to

biomolecules up to now. In general, plasma treatment of lip-

ids results in lipid peroxidation, with implications to changes

of cell membrane fluidity, integrity and transport.13–15 A lot

of attention has been devoted to plasma treatment of amino

acids and proteins, resulting typically in oxidations and

structural changes of amino acids and protein denatura-

tion.16–21 Even DNA and RNA have been subjected to

plasma treatments, with the observed effects such as double

strand breaks and fragmentation.22–25 DNA inactivation is

mainly caused by plasma-generated RONS, especially long-

lived species, such as organic peroxides generated in the liq-

uid cell environment.11

Cancer and its associated disorders is one of the most

spread diseases nowadays, with a high impact on the life

quality, health budgets, and a great emotional impact to the

relatives. A major problem of the current therapeutic strat-

egies for cancer treatment is the lack of major efficiency fol-

lowed by relapse of cancer due to acquired drug resistance.

Today, there is a dire need for novel cancer therapeutics and

combination strategies that could efficiently overcome cur-

rent treatment limitations.26 The main studies regarding the

effects of cold atmospheric plasmas on different types of

cancerous cells showed that cold plasma can induce apopto-

sis10,12,27–32 and cell cycle arrest,33,34 by generation of

RONS. Both types of reactive species induce a direct effect

on cells and also act as intracellular signaling triggers.35 In

addition, an important feature of cold atmospheric plasmas

is their selectivity for cancerous cell targets with a reduced

damaging impact on normal cells.11,35–39 This trait is a “must

have” of the oncolytic therapy, the nonselectivity of the cur-

rent therapeutics and the side effects being limiting factors

of the effectiveness. By increasing number of the cancerous

cells in the S phase of the cell cycle, their susceptibility to

the cold plasmas or another cytostatic action is higher,

allowing for a possible destruction of a larger population of

cancerous cells.33 Cold plasmas have been reported to

induce the detachment of cancerous cells from the extracel-

lular matrix, decrease migration velocity of cancerous

cells,40 stimulate the immune function and migration of

immune cells,41 modulate the blood flow and the tissue oxy-

gen partial pressure creating the conditions toward tumor

blood vessel normalization42 and inhibition of the metastatic

processes.29 From this point of view, cold plasma is a new

and promising alternative agent for classical oncology thera-

pies both as a single or associative agent of the current

oncochemotherapeutics.27,43–45

The most commonly used and studied plasma discharges

at atmospheric pressure are coronas and dielectric barrier

discharges easily operated in air, and plasma jets typically

operated in noble gases and blown into the air.46,47 The

apparent advantage of air plasmas is using the ambient

atmosphere as an operating gas, providing very easy and

cheap implementation. In addition, air is a precursor of

RONS generated in the plasma that turn out to be very im-

portant in biomedical applications.48,49 Numerous studies

have shown the importance of RONS in biological systems,

from the inactivation of bacteria50,51 to the intricacies of cell

signaling pathways.52 The disadvantage of air discharges is a

self-pulsing character and relatively easy transition to arc.

However, the pulsing character can be beneficial for repeti-

tive production of reactive species and radiation without los-

ing too much energy for undesirable gas heating. Arcing can

be prevented or controlled by using dielectric barriers (typi-

cal for dielectric barrier discharges) or electrical circuit lim-

iting the current or the discharged energy. One example of

limiting the discharge energy to avoid the plasma thermal-

ization and excessive gas heating, while taking advantage of

very reactive pulsing streamer and streamer-to-spark transi-

tion environment in atmospheric air is the transient spark

(TS): a dc-driven self-pulsing discharge with high current

pulses of extremely short duration (�10–100 ns) and the typ-

ical repetition frequency of 1–10 kHz. TS, originally

reported as prevented spark,53 is initiated by a streamer

transforming to a short spark current pulse. Streamers are

considered to be crucial for the efficiency of plasma induced

chemistry at atmospheric pressure, since the electric field in
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the streamer’s head reaches more than 200 kV/cm (Ref. 54)

allowing for the very efficient chemical and ionization proc-

esses. The TS has been successfully tested for multiple bio-

logical and environmental applications, such as bio-

decontamination of water, lean flame stabilization, or

exhaust gas cleaning.14,55

Atmospheric pressure plasma jet refers to a family of

plasma sources, driven by alternative high voltage with fre-

quency in kHz or MHz range or by high voltage pulses usu-

ally of ns to ms duration. Dielectric tubes, with internal or

external electrodes, host a flow of working gas (e.g., helium,

argon with optional oxygen, nitrogen, or water impurities),

and present millimeters or even centimeters long plasma

channels, of jet type appearance,56 blown out into the open

atmosphere. These plasma sources are relatively easy to han-

dle, show a gas temperature near to room temperature, and

their great advantage is that the active plasma is ejected out-

side from the interelectrode area. This secures no direct

physical contact of the treated target with the high voltage

electrodes, minimizing the possibility of electric shock and

allows for driving the plasma in long tubes.57 Despite no

contact of the target with the high voltage electrodes, an

electrical connection between them still exists. The propa-

gating plasma channel transports the intense electric field

and creates charged and neutral species and UV photons on

the target. The propagation of the plasma ionization front

and its consecutive recombination is affected by the presence

of the target when compared to the free jet propagation. One

possible way to generate plasma without direct contact from

the HV electrode to the target may be achieved by combina-

tion of perpendicularly set capillary tubes, where the plasma

generated in one tube is capable to generate secondary ioni-

zation wave in another spatially separated and electrodeless

tube by so called plasma transfer phenomenon.58,59 For these

advantages, plasma jets are being extensively investigated

and tested for many biomedical applications in direct contact

with living cells9,60,61 and tissues, e.g., for skin and wound

sterilization,62–65 or cancer treatment.33,66–68

The objective of this paper is to demonstrate some effects

of cold plasmas on bacteria, eukaryotic cells, and selected

biomolecules that are related to bio-decontamination and

potential cancer therapies. Furthermore, we compare the

direct and indirect effects of two different cold atmospheric

plasma sources: the self-pulsing transient spark discharge

generated in air as an efficient producer of RONS applicable

for water solutions and biomolecules, and the pulsed dielec-

tric barrier discharge (DBD) plasma jet (PJ) generated in he-

lium as a representative of the most convenient plasma

sources for direct cell/tissue treatments and medical in-vivo
applications. We investigate the interaction of the discharges

with water solutions containing bacteria, normal and cancer-

ous cells and selected biomolecules (DNA, protein).

Chemical effects induced by the discharges were investi-

gated and linked to the biophysical response of bacteria

(Escherichia coli), monkey kidney epithelial cells (Vero)

and human cervix epithelioid carcinoma cells (HeLa), and

the effect on DNA and protein (bovine serum albumin).

Direct exposure of the water solutions to the plasma was

compared with an indirect exposure of the solutions to the

plasma activated gas flow.

We are well aware that simple comparison of direct treat-

ment by air plasma streamer-to-spark discharge with the

plasma effluent of the He DBD plasma jet is impossible,

since they are completely different plasma sources with dif-

ferent electrical and gas parameters. Nevertheless, from the

point of view of the effects induced on specific targets (water

solutions, bacteria, mammalian cells, DNA and protein) such

comparison can stress out the important plasma agents and

parameters of the plasma sources used that are crucial for

achieving the specific effect. From this target-effect perspec-

tive, we can suggest that a specific plasma source that causes

substantially stronger effects (of course without damaging

the target) is obviously more suitable for the specific

application.

II. EXPERIMENT

A. Discharge systems

1. Air transient spark discharge

The first type of the discharge we used in the experiments

is the positive DC-driven TS discharge, a repetitive

streamer-to-spark transition discharge generated in ambient

air, described in detail in Refs. 55, 69, and 70. The discharge

was generated in ambient air in two different configurations:

the water electrode systems and the water-spray systems.

The water electrode (WE) system, depicted in Fig. 1(a), con-

sisted of high voltage hollow needle electrode placed above

the inclined grounded plane electrode in point-to-plane ge-

ometry. In this system, the water solution was supplied via a

narrow channel in the plane electrode and circulated by a

peristaltic pump with a constant flow rate (14 ml/min).

The water spray (WS) system, depicted in Fig. 1(b) and

described in detail in Ref. 71 consisted of high voltage hol-

low needle electrode placed above the grounded mesh elec-

trode also in point-to-plane geometry. The water solution

was supplied via the needle with a constant flow rate (0.5 ml/

min). Thanks to the applied high voltage the solution was

electrosprayed through the active zone of the discharge and

then collected under the metallic mesh.

The chemical and biological effects of the direct dis-

charge action on water solutions were investigated and com-

pared to the indirect exposure to discharge activated gas

flow using the setup depicted in Fig. 1(c). The setup was

similar to Fig. 1(b), but instead of supplying the solution via

the discharge zone, the sample (water solution) was placed

1–2 mm under the grounded mesh electrode. The hollow

needle electrode was used to supply additional gas flow to

drive neutral active species generated by the discharge to-

ward the sample. The sample in this case was a phosphate-

buffered saline (PBS) solution of cells in well plates, each

well plate containing 100 ll PBS to prevent cell drying.

All three TS systems (WE, WS, and indirect system)

were operated in ambient atmospheric pressure air with the

interelectrode distance of 1 cm. Positive DC high voltage
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(HV) was applied through the ballast resistor R (10 MX) to

maintain the TS mode operating in the following typical con-

ditions: generator voltage �12–16 kV, spark pulse repetition

frequency �1–4 kHz, and exposure time up to 20 min.

Treated volume of water was 2–5 ml (for direct exposure)

and 100 ll (for indirect exposure). In the direct TS exposure,

several milliliters of collected solution was necessary in

order to perform all relevant chemical and biological analy-

sis. In the case of indirect TS, due to its smaller chemical ac-

tivity where direct discharge contact is supplemented by

discharge activated flow of active species toward the solu-

tion, much smaller volume of 100 ll was used instead. The

discharge voltage signal was measured by the HV probe

(Tektronix P6015A), the discharge current signal was meas-

ured on 1 X resistor or by current monitor (Pearson 2877)

while both signals were processed by the oscilloscope

(Tektronix TDS 2024).

2. He plasma jet

The second discharge type used in the experiments is pos-

itive pulse-driven DBD PJ generated in atmospheric pressure

helium, and depicted in Fig. 1(d). The device consists of a

quartz cylindrical tube (inner diameter 4 mm, outer diameter

6 mm, and length 7 cm) with two aluminum tape electrodes

(10 mm width for the high voltage electrode and 4 mm for

the ground electrode) wrapped around the external surface of

the tube. A 10 mm gap was fixed between the electrodes and

7 mm between the quartz tube tip and the first electrode

(ground). The system was operated with helium flow rate of

1.7–3 l/min. The PJ was excited using high voltage pulses

delivered by a high voltage amplifier (Trek PD07016) and a

digital waveform generator (Tektronix AFG3022B). Positive

high voltage pulses with amplitudes �3–9 kV and frequen-

cies �1–8 kHz were applied on the high voltage electrode.

The exposure time was 3–10 min and was adjusted to be sim-

ilar to the one used for indirect TS due to the common char-

acter of the two treatments (effect of discharge activated gas

flow). The plasma generated between the electrodes

expanded into the open air atmosphere forming a jet with a

typical length of few centimeters and a diameter of a few

millimeters. The distance between the jet nozzle and the

treated sample (surface of the liquid) was kept constant at

1 cm. The applied voltage and discharge current waveforms

were monitored and stored using a high voltage probe

(Tektronix P6015A) and a current probe (Pearson 6485) con-

nected to a digital oscilloscope (Tektronix TDS5034).

B. Measurements of chemical effects induced in water

Comprehensive studies on chemical environment gener-

ated in water solutions during plasma exposure are essential

in order to understand the plasmas effects on biological sam-

ples during direct or indirect exposure. Water solutions with

FIG. 1. Experimental systems of the TS in WE and WS configurations for direct plasma exposure; TS for indirect exposure to the plasma activated gas flow

and the system of the PJ. The reference photographs of the individual discharges are shown.
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different initial pH and electrolytic conductivities r were

used for plasma exposure. The solutions were prepared by

the dissolution of different salts in deionized water:

(1) deionized water (pH 5.5 and r¼ 1–2 lS/cm)

(2) “water” (pH 5–5.5 and r¼ 0.6 mS/cm)—solution of

Na2H2PO4 in deionized water that mimics the conductiv-

ity of tap water and has chemical composition similar to

the phosphate buffer but no buffering capacity

(3) saline (pH 6.7 and r¼ 6.35 mS/cm)—solutions of NaCl

salt in deionized water

(4) PB (pH 6.9 and r¼ 0.56 mS/cm) and PBS (pH 6.9 and

r¼ 5.95 mS/cm)—solutions of Na2HPO4/KH2PO4 buffer in

deionized water and saline solution, respectively, represent

the buffered counterparts to ‘water’ and saline solutions.

RONS generated by the discharge plasma in treated water

solutions were detected mostly by colorimetric methods

using UV/VIS absorption spectrometry (Shimadzu UV-1700)

and fluorescence spectroscopy. In general, we measure aque-

ous concentrations of H2O2, NO2
�, NO3

�, ONOO�, and O3

in the treated solutions,71 however here we do present only

the results on H2O2 and NO2
� as example to demonstrate the

chemical potential of the TS and its comparison with the PJ.

(1) Hydrogen peroxide (H2O2) was measured by titanium sul-

fate colorimetric method with the absorption maximum

407 nm. The method is independent of the pH since the

measurement of H2O2 is performed in strongly acidic solu-

tion of sulfuric acid. In the presence of nitrites (NO2
�), the

solution of sodium azide NaN3 was added to the samples

prior to mixing with titanium sulfate reagent to eliminate

decomposition of H2O2 by NO2
� under acidic conditions.

(2) Nitrites (NO2
�) were measured by the reaction with

Griess reagents (Cayman Chemical Nitrate/Nitrite
Colorimetric Assay Kit) resulting into formation of azo-

dye with the absorption maximum at 540 nm. The results

obtained using Griess reagents were verified by the

measurements of NO2
� concentration by ion chromatog-

raphy (Shimadzu LC-Avp with UV 210 nm) and sup-

pressed conductivity detection. All treated samples for

ion chromatography analysis were fixed by buffer to stop

the acidic decomposition of nitrites.

C. Measurements of bactericidal effects

Bactericidal effects of the studied plasma discharges were

tested on Gram-negative bacteria E. coli (CCM3954) sus-

pended in deionized water in planktonic form with initial

populations from 107 to 108 colony forming units per ml

(CFU ml�1). The microbial cultivation was carried out in a

sterile environment in the following steps: an overnight bac-

terial culture was prepared in a shaker with sterile liquid nu-

trient. They were then centrifuged several times and diluted

in “water”/saline solutions to obtain desired concentrations.

The plasma experiments with bacteria suspensions were per-

formed with the TS in both WS and WE systems and repli-

cated 10–15 times. The bactericidal tests with the PJ were

repeated up to three times. The number of bacteria cells in the

suspension was evaluated by counting colony forming units

(CFUs) cultivated on agar plates (MFC, HiMedia, Mumbai,
India, and Biolab) during 12–24 h at 37 �C. Several tenfold

dilution series were used to achieve optimum number of

CFUs grown on agar plates (30–300), especially for controls

and low inactivation rates. For high inactivation rates of

plasma treated water no dilutions were needed. Usually, three

to four agar plates from each sample were taken for statistical

evaluation. The viability of bacteria was determined as the ra-

tio of the population of surviving bacteria in plasma treated

samples to the total population in reference samples.

D. Measurements of mammalian cell viability
and apoptosis

The HeLa (human cervix epithelioid carcinoma) and Vero

(monkey kidney epithelial cells) cells were grown in

Dulbecco’s modified Eagle’s medium, supplemented with

10% fetal bovine serum, 100 lg/ml streptomycin, and 100 IU/

ml penicillin. The cell culture reagents were purchased from

Biochrom AG. In the case of direct TS exposure, the cells were

seeded at a density of 3� 105 cells/flask in 25 m2 flasks, while

in the case of indirect TS and PJ exposure, the cells were

seeded at the density of 5� 104 cells/well in 100 lL wells

(TPP Techno Plastic Products AG). The cells were maintained

in a CO2 incubator (Binder CB 150) at 37 �C with 5% CO2

and 95% humidified atmosphere and allowed to divide for

24 h to attain the log stage. Before the direct TS exposure, the

cells were detached by trypsinization and resuspended in 5 mL

of PBS to set the initial concentration to 5� 105 cells/mL. In

the case of indirect TS and PJ exposure, the culture media in

wells was only replaced by 100 lL of PBS to keep the same

initial concentration to 5� 105 cells/mL. After the plasma ex-

posure in all TS and PJ systems, the cells were centrifuged to

discard PBS, covered with culture medium and allowed to

recover for 4 or 24 h. After the incubation, the cells were

detached by trypsinization, resuspended in culture medium,

centrifuged, resuspended in PBS, stained with different fluoro-

chromes and finally analyzed.

Viability of the cells exposed to the plasma was deter-

mined by trypan blue exclusion test using a Turk hemocytom-

eter,72 while apoptosis was assessed with Annexin V-FITC/

propidium iodide kit (eBioscience). For the apoptotic evalua-

tion, the cells were harvested by trypsinization and washed

twice with cold PBS. After the final wash the cell pellet was

resuspended in binding buffer (provided with the kit) and

stained successively with Annexin V–FITC and propidium

iodide. After 30 min of incubation in dark, the samples were

immediately analyzed by flow cytometer (Beckman Coulter
CellLab Quanta SC) using blue laser for excitation and fluo-

rescence was collected for FITC using 525 nm bandpass filter

and for PI using 670 nm long pass filter.

For cell cycle analysis, the cell suspension was pipetted

in cold 70% ethanol and incubated overnight at �20 �C. The

ethanol permeabilizes the cell membranes, while low tem-

perature preserves the cell integrity. After ethanol was
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discarded by centrifugation, cell pellet was suspended in

staining solution (propidium iodide, RNase A, Triton X-

100), incubated for 40 min at 37 �C, pelleted and suspended

in PBS for analysis on flow cytometer (Beckman Coulter
CellLab Quanta SC) using blue laser for excitation and fluo-

rescence was collected using 670 nm long pass filter.

E. Measurements of effect on biomolecules

Tests of plasma exposure on various biomolecules,

including dsDNA (double strand deoxyribonucleic acid) and

protein (bovine serum albumin) were performed. UV absorp-

tion spectroscopy and fluorescence spectroscopy were used

to quantify the DNA damage and the protein inactivation

(conformation changes) caused by the plasma exposure.

The DNA used in the experiments was isolated from mus-

cle tissue of Bison bonasus using the Wizard Genomic DNA

Purification Kit (Promega) according to the producer specifi-

cations. The total DNA was eluted and both reference and

treated samples were quantified (ng/ll) with ACTGene absorp-

tion spectrophotometer, before and after plasma exposure in

order to estimate the degree of DNA integrity. The solutions

used in the experiments contained 9 ng/ll of DNA in 2 ml of

deionized water. An amount of tDNA previously isolated, was

subjected to PCR using a specific primers pair for cytochrome

b gene (approximately 1140 bp), followed by purification step

using Wizard SV Gel and PCR Clean Up System (Promega).

The obtained amplicons solution was divided into unexposed

samples (reference) and exposed samples (plasma treated). For

each sample, the amount of double strand DNA was estimated

using average fluorescence emitted by SYBR Green fluoro-

chrome (Corbett RotorGene 6000). DNA-dye-complex

absorbs light at 497 nm and emits light at 520 nm.

Protein solution of 3–4 ml was prepared from a 1 mg/ml

stock solution of bovine serum albumin (BSA, Sigma Aldrich
A4503–5G). In the case of the PJ exposure, the BSA solution

was gently stirred at about 25 �C. After the plasma treatment,

the BSA structural modification was monitored using fluores-

cence measurements. Intrinsic fluorescence of native and

plasma modified BSA was carried out using a double mono-

chromator spectrofluorometer (SLM Instruments SLM 8000)

with an excitation wavelength of 280 nm and maximum fluo-

rescence intensity at 345 nm. Although the protein posses a

natural absorption band at 268 nm, the UV absorption spec-

troscopy was not used to determine its concentration, as the

species produced by the plasma in the water solution masked

the UV spectra in the region below 350 nm.

III. RESULTS AND DISCUSSION

A. Discharge systems

Two different cold atmospheric plasma sources were used

and tested in this study for their chemical, biocidal and cyto-

toxic effects—the self-pulsing TS generated in air and the

DBD PJ generated in helium.

1. Air transient spark discharge

Electrical and optical characteristics of the TS operating

in atmospheric air were published in detail in our previous

works.69–71 The typical voltage and current waveforms of

FIG. 2. Typical current and voltage waveforms of the TS in air [(a) and (b)] and the PJ in helium [(c) and (d)] in different time scales.
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the positive TS discharge in 1 cm gap with electrospray of

water are shown in Figs. 2(a) and 2(b) in two different time

scales. When a positive high voltage of a few kV is applied

to the point electrode streamer corona appears. With further

increase of the voltage (up to �12 kV), the streamers estab-

lish a conductive channel that leads to a spark breakdown

with excessive current pulse. During the spark, the internal

circuit capacity C (in our case of order of 10 pF) discharges

completely and the potential V on the HV electrode drops to

almost zero. Thus, when the sparks forms, it is only transient

since the energy discharged from C is small. Due to the very

short spark current pulse duration (�10–100 ns) and small

amount of dissipated energy, the plasma could not reach

equilibrium conditions.70 After the spark, the potential V
starts to gradually increase as the capacity C recharges. The

TS becomes then a self-pulsing repetitive streamer-to-spark

transition discharge with spark pulses (�10 A) preceded by

one or a sequence of streamer pulses. The repetitive fre-

quency of the TS is usually 0.5–10 kHz and it can be well

controlled by the increasing applied voltage. The amplitude

of TS current pulses depends on the internal capacity C, TS

repetition frequency, and the breakdown voltage (determined

mostly by the distance between the electrodes d). The cur-

rent pulses amplitude increases with increasing C and d,

while the increasing TS repetition frequency has the opposite

effect. The smaller and broader pulses at higher TS frequen-

cies are related to the gas preheating and decrease of the

breakdown voltage with growing frequency.69,70 For

d¼ 1 cm, C� 35 pF, and f� 1 kHz, the current pulse ampli-

tude can be as high as �25 A [Figs. 2(a) and 2(b)].

In case of water solutions electrosprayed through the TS

discharge zone (WS), a great care was taken to keep the con-

stant electrical parameters throughout each experiment since

the water substantially perturbed the discharge regularity

(especially the pulse frequency), while in the WE system the

discharge was affected by the regularity of water flow driven

by the peristaltic pump. In order to keep the constant power

dissipated into the discharge, water flows were adjusted care-

fully (0.5 ml/min for the WS, and 14 ml/min for the WE) to

obtain highly repeatable discharge pulses with the almost

regular frequency. In addition, the radius of curvature of the

needle deteriorated in time, which influenced the streamer

formation and subsequent streamer-to-spark transition that is

essential in this discharge mechanism. In order to keep the

constant power dissipated into the discharge, the pulse fre-

quency was controlled at the given frequency. The typical

applied average power of the TS used in this work was

1–4 W, with energy 1–4 mJ per pulse. Optical emission spec-

troscopy confirmed nonthermal character and high reactivity

of TS plasma.70,73,74 The emission of excited atomic radicals

(O*, N*), molecules N2* and ions N2
þ* was observed and

the electron density as high as 1017 cm�3 was determined.

2. He plasma jet

Electrical parameters, discharge dynamics, and emission

spectra of the PJ were presented in detail in previous

works.75–77 Distinct current pulses of mA order amplitude

and microsecond duration [Figs. 2(c) and 2(d)] appeared dur-

ing each increasing and decreasing edge of the applied high

voltage signal. The typical applied average power of the PJ

was 2–20 mW, and depended on the applied voltage in the

range of 3–9 kV. The average power per pulse was equal to

1–2.5 W and the energy 25–50 lJ per pulse. With no target

facing the PJ, an apparently continuous plasma channel of a

length of few centimeter and a diameter � 2–3 mm was gen-

erated. The summary of the typical electrical parameters of

both the PJ are the TS are presented side-by-side in Table I.

In the case of the PJ, a great care was also taken to minimize

the effect of water target placed in the front of the jet. The water

electrolyte acts as a conductive tagret and collected some elec-

trical current during each discharge pulse. Nevertheless, the

electrical current intensity is strongly affected by the distance

between the plasma generation region (i.e., electrodes region)

and the water surface. The 10 mm distance used in this study

was selected in order to minimize the electrical current effect

and to still have a plasma channel with acceptable dimensions.

No other parameters (i.e., frequency and power) were affected

by the presence of water solution in front of plasma channel.

High speed camera imaging enabled us to gain more infor-

mation on the plasma temporal dynamics. Localized plasma

structures (so called “plasma bullets”) are generated in differ-

ent spatial positions, and the apparent propagation velocity of

these bullets is being of the order of 105 m/s. Any tagret facing

the plasma jet is exposed to these bullets, assuring a different,

pulsed, reaction environment in comparison with continuous

wave plasmas. The analysis of the light emitted by the PJ

demonstrated the presence of helium lines along with lines

and bands of air impurities: atomic oxygen, neutral and ion-

ized molecular nitrogen, and hydroxyl radical. Although the

fast helium flow rate assures the formation of a long gas chan-

nel outside the quartz tube, impurities penetrate the channel

and then plasma electrons mediate processes such as dissocia-

tion and excitation. The gas temperature in the PJ was esti-

mated using a Boltzmann plot analysis of rotational spectra

corresponding to molecular nitrogen positive ion, using a

method reliable for neon and helium DBD discharges.78 The

temperatures of �350 K were estimated for the external jet

facing the tagret. Recent results have shown that exploitation

of barrier discharge principles and the use of capillary dielec-

tric tubes allowed the design and operation of a very low vol-

ume plasma source able to induce controllable effects on

proteins and amino acids.79

TABLE I. Typical electrical parameters of the TS in air and the PJ in helium.

Transient spark Plasma jet

Applied voltage 12–16 kV 3–9 kV

Current pulse amplitude Imax �10 A 1–10 mA

Current pulse duration �10 ns �1 ls

Current pulse frequency 1–4 kHz 2–8 kHz

Mean current Imean 0.1–1 mA 1–10 lA

Mean power Pmean 1–4 W 2–20 mW

Energy in a single pulse 1–4 mJ/pulse 25–50 lJ/pulse
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B. Chemical effects induced in water

The TS discharge was generated in ambient air at atmos-

pheric pressure in the direct contact with treated water solu-

tions or in the indirect contact where samples were exposed

to plasma activated gas flow. In direct plasma treatment, it

was shown that the bactericidal effects on bacterial suspen-

sions were accompanied with the decrease of pH, increase of

solution conductivity and the chemical changes in water sol-

utions, i.e., formation of various RONS: H2O, NO2
�, NO3

�,

O3, and ONOO�.71 Figure 3(a) shows typical concentration

of H2O2, and NO2
� as determined in water and PB solutions

after treatment by the WS system. The concentration of other

active species generated in the same conditions as those pre-

sented in Fig. 3(a) were as follows: NO3
� (900–1000 lM;

analyzed after enzymatic conversion to NO2
� by Griess

reagents), ozone (negligible; analyzed by phenol chemical

probe80). The aqueous species measured in WS and WE sys-

tems showed very similar concentrations.

In general, gas-phase plasma generated by the TS in con-

tact with liquid efficiently produces nitrogen oxides NOx and

hydroxyl OH radicals. Upon entering the water solution, OH

radicals produce hydrogen peroxide H2O2, while NOx dis-

solve and form NO2
�, NO3

� responsible for the acidification

of the treated solution. Under acidic conditions the subse-

quent decay of NO2
� may happen either via the reaction

with H2O or H2O2. The first one leads to an increase of NO3
�

concentration, the second one into formation of peroxynitrous

acid O¼NOOH or its conjugate base peroxynitrite

O¼NOO�.71,80 Peroxynitrites are relatively strong oxidants

with a large bactericidal effect that may significantly contrib-

ute to the cytotoxic effect induced by air plasma in water, as

proposed by several researchers.71,80,81 Under acidic condi-

tions, their bactericidal effect is determined mainly by OH•

and NO2
• radicals formed during the decomposition reaction of

peroxynitrous acid.80 Therefore, we can hypothesize that the

so called acidified nitrites posses strong and often long-tem

bactericidal properties due to the peroxynitrite chemistry.48,51

The comparison of the concentrations of selected RONS

generated by the TS in air [Fig. 3(a)] and the PJ in helium [Fig.

3(b)] shows that the concentrations generated by the TS were

much higher than those generated by the PJ system. Relatively

low concentrations of the active species generated in water

and overall limited plasma chemical activity of the PJ sub-

sequently resulted in its limited bactericidal and cytotoxic

effects toward the cells, as shown in Secs. III C and III D.

C. Bactericidal effects

E. coli suspended in nonbuffered and buffered water solu-

tions with different initial pH and electrolytic conductivity

were treated by TS discharge. The bactericidal efficiency

expressed as a logarithmic reduction is depicted in Fig. 4. In

both TS WE and WS systems, the stronger bactericidal

effect was observed in nonbuffered water solution (3–5 log)

than in PB solutions (1–2 log). In the WS system, the effi-

ciency was slightly higher than in the WE system. This was

probably due to the effect of the electrospray, where the

treated water solution is sprayed to micrometric size drop-

lets, which enhances the surface-to-volume ratio and thus

the mass transfer of RONS formed in the gas phase into the

solution. The higher efficiency observed in nonbuffered sol-

utions was linked with the different RONS chemistry

FIG. 3. Typical concentration of H2O2 and NO2
2 generated in water and PB solutions after plasma exposure to the TS and the PJ systems: (a) TS WS system

in water and PBS solutions [sample volume 5 ml, applied voltage �12 kV, frequency � 1 kHz, exposure time 10 min], (b) PJ system with frequency of 1 and

2 kHz [water, sample volume 2 ml, He gas flow rate 1.7 l/min, applied voltage �9 kV, exposure time 5 min].

FIG. 4. Bactericidal effect of direct exposure on E. coli to the TS discharge

in the WE system [liquid volume 5 ml, liquid flow rate 14 ml/min, exposure

time 10 min] and the WS system [liquid volume 5 ml, liquid flow rate

0.5 ml/min, exposure time 10 min].
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associated with acidification (down to pH� 3) and increase

of the conductivity (0.6 ! 0.8 mS/cm; 6 ! 6.5 mS/cm)

observed in both systems. In PB and PBS solutions, the bac-

tericidal efficiency was lower with almost no decrease of pH

and very low increase of conductivity, which showed the im-

portant role of pH in plasma induced bactericidal effects.71

The bactericidal effect of the PJ in water solutions was

also tested. In the same conditions as those presented in Fig.

3(b), a fair log reduction <1 was usually observed. It is the

result of a limited chemical activity of the PJ and generation

of much lower concentrations of the active species in water

solutions than in the TS as shown in Fig. 3.

D. Effects on mammalian cells

This chapter presents the main results of direct and indi-

rect plasma exposure of mammalian cells to the air TS dis-

charge and the He PJ. Viability, apoptosis, and cell cycle of

both normal and cancerous cells were assessed.

1. Cell viability

Figure 5 shows the results of the direct TS treatment of

HeLa cells. The initial concentration of the cells was approxi-

mately 5� 105 cells/ml in 5 ml of PBS. Comparison of WE

and WS systems [Fig. 5(a)] shows that similar cytotoxic effect

of �50%–60% was achieved after 10 min of plasma exposure

in both systems. In all experiments, cell viability decreased

with increasing exposure time and discharge power. The max-

imal cytotoxicity of 94% was observed with frequency of 4

kHz and 20 min exposure time and [Fig. 5(b)].

Direct exposure of the cells to the TS discharge was com-

pared with the indirect exposure of the cells to the TS activated

gas flow (30% O2 in N2, 0.5 l/min) supplied via syringe needle

toward the solution of cells. The cells with the same initial con-

centration of 5� 105 cells/ml were placed in well plates, each

well containing 100ll PBS to prevent cells from drying. Figure

6 shows the viability of Vero and HeLa cells indirectly exposed

to the plasma for 2 and 4 min after 4 and 24 h of subsequent

incubation. The incubation is the time interval the cells were

allowed to grow in an incubator after the plasma exposure to

enter to the log phase. After that, the cells were detached, resus-

pended in PBS, and their number determined by propidium

iodide flow cytometry. As the figure shows, the total cytotoxic

effect of indirect exposure was much smaller compared to the

direct exposure. The cytotoxic effect increased with the treat-

ment time, where after 4 min of plasma exposure and 4 h of

subsequent incubation 25% of both HeLa and Vero cells were

found dead [Fig. 6(a)]. While for HeLa cells the cytotoxic

effect observed after 4 and 24 h of incubation remained rela-

tively stable [Fig. 6(b)], in the case of Vero cells the cyto-

toxic effect was significantly attenuated with prolongation

of the incubation period to 24 h. Lack of dead cells after 24 h

FIG. 6. Viability of HeLa and Vero line cells after indirect exposure to the TS and 4 h (a) vs 24 h (b) incubation time [cells in PBS, sample volume 100 ll,

applied voltage 12.5 kV, frequency� 2 kHz].

FIG. 5. Viability of HeLa line cells after direct exposure to the TS discharge: (a) comparison of WS and WE systems efficiency [cells in PBS, sample volume

5 ml, frequency � 1 kHz, exposure time 10 min], (b) effect of discharge frequency in WS system [frequency 1 and 4 kHz, exposure time 10 min].
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despite apoptosis activation identified after 4 h can be

explained by fast structural disintegration of cells. The result

indicates that the cancerous cells can be selectively targeted

and killed as they are more sensitive to the plasma exposure,

while normal cells are more resistant to external injuries and

more easily able to repair eventual damages.

A similar test of cytotoxicity was performed also with the

PJ system. Figure 7 shows the results for Vero and HeLa cells

exposed to the PJ for 4 min at two different applied voltages

followed by 24 h of incubation. Also, in this experiment, the

cells of the same initial concentration of 5� 105 cells/ml were

located in well plates containing 100 ll PBS to prevent them

from drying. After plasma exposure 1 ml of cell culture me-

dium was added to the sample. The cells were treated without

culture medium because for the PJ exposure of 1 ml culture

medium no effects on viability were observed. The cytotoxic

effect of the PJ system in the presented conditions was less

than 10%, i.e., smaller than even compared with the results

achieved with the indirect TS exposure.

2. Cell apoptosis

In order to probe the cell behavior before their dead, the

test of cell apoptosis was performed. The apoptosis was ana-

lyzed by apoptotic assay utilizing bivariate staining analysis

by Annexin V-FITC and propidium iodide. Annexin V-FITC

was used to identify the preapoptotic and apoptotic behavior,

while propidium iodide was used to distinguish between live

and dead cells. Figure 8 shows the results of the test per-

formed on HeLa cells with indirect TS plasma exposure and

for different incubation times. The analysis of the cells

exposed to plasma and incubated for 4 h showed the number

of cells that became apoptotic (27%). The analysis of the cells

incubated for 24 h showed apoptotic cells disappearing from

cell culture due to high disintegration of their structures and

the corresponding increase of dead cells (32%) as a result of

defective function of reparatory mechanisms in cancerous

cells. Nonaffected cells or the remaining cells are able to pro-

liferate, especially in the case of cancerous cells where prolif-

eration is very intense. Also, depending on the moment of the

cell cycle, some cells can trigger apoptosis, while others are

not affected (especially in quiescent phase of cell cycle).

Figure 9 shows results for Vero cells obtained with indirect

TS plasma exposure in similar conditions. The results show that

4 h after the exposure, a significant number of Vero cells were

also determined as apoptotic (23%). However, with 24 h after

the plasma exposure, the apoptotic effect vanished, values being

similar with the reference, suggesting implication of an identifi-

cation and reparation mechanism which decreased the negative

impact of the plasma exposure on this type of normal cells.

Compared with HeLa cells, Vero cells are less sensitive to

plasma exposure and the occurrence of small number of dead

cells after 24 h suggests that the part of Vero cells that were dam-

aged by plasma were eliminated while a fraction of cells fol-

lowed reparatory mechanisms. In normal cells, the proliferation

is strictly controlled and if an error occurs the cell is halted and

verified. After verification, if the error can be repaired then it

will be repaired, if not, the cell is directed to apoptosis.

3. Cell cycle analysis

The cell cycle is a strictly controlled series of events in a

mother cell leading to its division and duplication in two

daughter cells. The cycle can be divided into three periods:

interphase, the mitotic (M) phase, and cytokinesis. Cell cycle

checkpoints are used by the cell to monitor and regulate the

progress of the cell cycle. The main cell checkpoints are G0/

G1 (ensures that everything is ready for DNA synthesis), S

FIG. 7. Viability of Vero and HeLa cells after exposure to the PJ [cells in PBS,

sample volume 100ll, frequency 4 kHz, exposure time 4 min, incubation 24 h].

FIG. 8. Percentage distribution of the live, preapoptotic, apoptotic, and dead HeLa cells after indirect exposure to the TS and 4 h (a) and 24 h (b) of incubation

[cells in PBS, sample volume 100 ll, applied voltage, 12.5 kV, frequency � 2 kHz, exposure time 4 min].
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(synthesis, duplication of chromosomes), G2/M (ensures that

everything is ready to enter the mitosis phase and divide),

and M (ensures that the cell is ready to complete cell divi-

sion). If a cell does not meet quality standards to pass

through any checkpoint, then the cell cycle is stopped and

cell is directed to apoptosis. The analysis of the cell viability

and apoptotic behavior induced by plasma exposure was sup-

plemented by the analysis of the cell cycle. The analysis of

the cell cycle distribution was performed 24 h after plasma

exposure to the PJ. The results of the analysis are presented

in Fig. 10.

The results [Fig. 10(a)] show that in the case of Vero cells

the plasma was responsible for the induction of a block in

G2/M stage and perturbation of cell cycle progression. The

occurrence of G2/M block, justified by a higher frequency of

the cells in G2/M stage compared to the reference, indicates

the induction of DNA lesions by the plasma that have to be

repaired before the cells pass to mitosis. The results on apo-

ptosis suggested a fraction of cells seriously damaged by

plasma were eliminated while a fraction of cells were in G0

phase (and reactivated for proliferation) and few other frac-

tions of cells (with minor errors) followed reparatory mecha-

nism. The unrepairable cells were directed to apoptosis and

finally to death.

On the other hand, the impact of the plasma on progres-

sion of cell cycle in HeLa cells has determined a block in

G0/G1 stage [Fig. 10(b)] and of frequency in G2/M stage,

explained by the occurrence of G0/G1 block. Due to high

proliferation rate, HeLa cells are more sensitive to plasma

because a higher number of cells are in S phase. Overall

damage impact is higher and prolonged in time. Not all dam-

ages occur immediately after plasma exposure but could be

generated by secondary metabolites or other mechanisms.

E. Effects on biomolecules

The TS in WE and WS systems and the PJ were also

applied for the treatment of various biomolecules normally

present inside the cells (DNA and protein).

Figure 11 shows the effect of the TS operated in WE sys-

tem on the solution of DNA. The analysis by UV spectrome-

try [Fig. 11(a)] showed the increase of the absorbance of the

solution that corresponds to the fragmentation of total DNA

molecules, where smaller fragments are responsible for

higher absorbance. The effect of plasma exposure on DNA

increased with the applied voltage amplitude and exposure

time. The UV spectroscopic analysis was supplemented by

fluorometric analysis of 1140 bp amplicons. As Fig. 11(b)

shows, the average fluorescence of the exposed samples was

lower compared to the reference sample. With the known af-

finity of SYBR Green for double stranded DNA,82 the regis-

tered decrease in fluorescence could be linked to the DNA

denaturation with the occurrence of single stranded frag-

ments or to the DNA degradation, leading to a decrease in

the number of fluorochrome binding sites.

FIG. 9. Percentage distribution of live, preapoptotic, apoptotic, and dead Vero cells after indirect exposure to the TS and 4 h (a) and 24 h (b) of incubation

[cells in PBS, sample volume 100 ll, applied voltage, 12.5 kV, frequency � 2 kHz, exposure time 4 min].

FIG. 10. Cell cycle analysis of Vero (a) and HeLa (b) cells after exposure to the PJ [applied voltage 4 kV, frequency 4 kHz, exposure time 4 min, incubation

time 24 h]. The coefficient of variation of the peaks was <8%. *p< 0.05; **p< 0.01 by Student’s test.
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BSA was used as a model protein to be exposed to the TS

and the PJ systems. Several exposure times (3, 5, and 10 min)

and repetition frequencies of driving voltage pulses were

investigated in the PJ system, while effect of the applied volt-

age (15, 18 kV) and exposure time was investigated for the TS

systems. Figure 12(a) shows that the concentration of BSA in

the TS WS system decreased with the applied voltage. The

voltage 0 kV refers to the solution supplied through the system

without discharge application. The results show that the con-

centration of BSA decreased by 47% after 6 min exposure

with 18 kV. The identical test was also performed in the WE

system, with a slightly stronger effect observed.

Figure 12(b) shows treatment of BSA solution performed

in the PJ system. With plasma exposure of 10 min, high volt-

age pulses amplitude 8 kV, and frequency 2 kHz, the concen-

tration of BSA decreased only within a few percentage. The

decrease of the concentration corresponds to the protein

gradual unfolding during plasma treatment. The effect was

reported by Takai,19,20 where plasma treatment inactivated

lysozyme, a model protein, in the aqueous solution, which

was accompanied by a conformational change and increase

of molecular weight. Furthermore, the lysozyme structural

modification was affected by the pH value of the solution.

IV. SUMMARY AND CONCLUSIONS

Self-pulsing DC TS discharge operated in air and pulsed

DBD PJ operated in helium in contact with water solutions

were used for the treatment of bacteria (E. coli), mammalian

cells (Vero and HeLa line), and selected biomolecules (DNA

and protein). Direct exposure of biological structures to the

TS in WE and WS systems were compared with indirect ex-

posure to the TS activated gas flow and to the effect of

pulsed He DBD plasma jet.

The two TS systems of direct exposure showed similar

chemical effects, water solution acidification, and compara-

ble concentrations of RONS generated in water solutions,

which were by one order of magnitude higher than concen-

trations of species generated by the PJ.

The TS systems showed strong bactericidal effects, stron-

ger in nonbuffered (3–5 log) than in buffered solutions (1–2

log), as well as cytotoxic effects on mammalian cells.

Cytotoxicity increased with treatment time and discharge

power in both TS and PJ systems. The maximum of 94%

was found with frequency of 4 kHz and 20 min exposure

time in the TS WS system. Small concentrations of active

species generated in water solutions by the PJ resulted in rel-

atively weak bactericidal activity (<1 log reduction) and

FIG. 11. Analysis of DNA after plasma exposure in the WE TS system analyzed by UV absorption spectroscopy (a) and 1140 bp amplicon fluorescence

(b) [9 ng/ll of DNA in 2 ml of DI water, solution flow rate 5 ml/min].

FIG. 12. Concentration of BSA in water solutions after plasma exposure to the TS WS system (a) [1 mg/ml of BSA in 3 ml of DI, solution flow rate 0.5 ml/

min, exposure time 6 min] and to the PJ (b) [1 mg/ml of BSA in 4 ml of DI, applied voltage 8 kV, frequency 2 kHz].
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cytotoxic effects on cells (<10%) compared with the TS

direct exposure. The effect of the PJ was also smaller when

compared with the indirect exposure to TS plasma. The

results showed the discharges induced a cytotoxic effect on

both normal and cancerous cells with similar result observed

4 h after plasma. However, 24 h after exposure, the cytotoxic

effect was persistent only for HeLa cells, while the effect on

Vero cells decreased. This suggests the plasma can selec-

tively target and kill cancerous cells, while normal cells can

effectively recover after the exposure. The cytotoxic effect

was induced by activation of apoptotic mechanism, where

the speed of the apoptosis induction was dependent on the

characteristics of the discharges. In case of HeLa cells, the

apoptotic cell cultures initially observed 4 h after plasma ex-

posure were found dead 24 h after plasma exposure. The cell

cycle analysis showed cell cycle block in G2/M stage for

normal cells, and in G0/G1 for cancerous one. The results of

viability, apoptosis, and cell cycle clearly show the plasma

can selectively target cancerous cells, which is very impor-

tant for possible future development of new plasma thera-

peutic strategies in biomedicine.

The treatment of various biomolecules was also investigated

to demonstrate the potential of plasma for successful fragmen-

tation of DNA and denaturation of protein. The denaturation/

degradation effect of DNA molecules was observed both on

big molecules such as tDNA, as well as on short fragments.

The denaturation of protein increased with the discharge power

and exposure time up to 40%–50% in maximum with the TS

system compared with only up to 10% in case of the PJ.

Our comparisons of the air TS discharge and the He PJ

show that the chemical, bactericidal, cytotoxic, fragmentation,

and denaturation effects are stronger in the air plasma of the

TS than in He plasma jet and this is dominantly due to produc-

tion of larger RONS concentrations in air TS plasma. Despite

He plasma jets are very convenient for localized treatments

and their main advantage is easy operation, little risk of arcing,

and that the active plasma can be blown out from the interelec-

trode region to the target, the air plasmas demonstrate stronger

biologically relevant effects, as shown here. The stronger for-

mation of RONS, direct contact of the discharge with the liq-

uid solution and therefore a better transport of the gas-phase

active species generated by the air discharge into a water solu-

tion seem to be the key factors in plasma biomedical treat-

ments. In our comparison, even indirect exposures to TS air

plasma activated gas flow resulted in stronger effects than

direct treatment by the He plasma jet, which further demon-

strates the dominant role of RONS as key plasma agents.

These results successfully demonstrated a great potential of

the air self-pulsing TS discharge as an efficient tool for bio-

medical applications that is applicable in most settings, per-

haps except direct in vivo tissue treatment.
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