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Abstract. A helium atmospheric pressure plasma jet (APPJ) is applied to induce damage to aqueous
plasmid DNA. The resulting fractions of the DNA conformers, which indicate intact molecules or DNA
with single- or double-strand breaks, are determined using agarose gel electrophoresis. The DNA strand
breaks increase with a decrease in the distance between the APPJ and DNA samples under two working
conditions of the plasma source with different parameters of applied electric pulses. The damage level
induced in the plasmid DNA is also enhanced with increased plasma irradiation time. The reactive species
generated in the APPJ are characterized by optical emission spectra, and their roles in possible DNA
damage processes occurring in an aqueous environment are also discussed.

1 Introduction

The development of the atmospheric pressure plasmas,
i.e., atmospheric pressure plasma jets (APPJs) and dielec-
tric barrier discharges (DBDs), has driven plasma physics
to an innovative interdisciplinary stage in which radia-
tion physical chemistry and biomedicine have been syn-
ergized. Due to one of the most significant features of
atmospheric pressure plasmas, namely that they can be
used under ambient air conditions, elevated temperatures
and costly complex vacuum systems can be avoided in con-
trast to traditional plasma sources. Therefore, this type of
plasma source provides a desirable condition for treating
temperature- and vacuum-sensitive biological samples [1].

There is a growing interest in the effects of the at-
mospheric pressure plasmas on living matter at the cellu-
lar level such as inducing cell apoptosis for cancer treat-
ment [2-6], tissue sterilization and wound healing [7-15].
To explore these effects in more detail, an understanding
of the roles of plasma species in a complex cell system was
found to be essential [1,16-20]. Among all biomolecules,
one of the most important is deoxyribonucleic acid (DNA),
because it plays a key function in the storage of genetic
information, which is passed to the next cell generation
at each cellular division. Even relatively small amounts of
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damaged DNA can lead to cell death; therefore, DNA can
be considered a critical target of plasma radiation [4,21].

Since the APPJ contains multiple types of species,
such as radicals, electrons, photons, and charged particles,
direct plasma radiation on a target, e.g., a cancer cell, can
cause ionization or excitation at the molecular level. In
cells, these processes may initiate an event cascade that
could lead to biological changes in DNA [21]. The indi-
vidual roles of different APPJ species in inducing DNA
damage was recently reported by Ptasinska et al. [22]. The
authors stated that each type of APPJ species caused dif-
ferent damage levels in dry DNA with the excited and neu-
tral reactive species contributing the most to DNA alter-
ation [22]. Plasma irradiation can also affect DNA through
an indirect pathway that is via interactions with solvated
electrons and free radicals produced by the primary ioniz-
ing radiation in a medium containing DNA. This indirect
action is considered a major contributor in the presence
of water [21], e.g., when DNA is dissolved in aqueous solu-
tion. In such a scenario, the radiolysis of water plays a crit-
ical part in the rapid generation of oxidizing radical inter-
mediates [21]. The cellular environment of DNA, however,
is more complex due to the bound water, proteins and en-
dogenous free-radical scavengers. For instance, sulthydryl
groups (-SH) generated naturally in a cell can decrease the
damaging effects by reacting with free radicals [21]. More-
over, DNA as a part of chromatin [23] is bound to histone
proteins, which behave as scavengers for destructive rad-
icals generated by radiation [24]. The role of amino acids
in the vicinity of DNA during plasma treatment was in-
vestigated previously, and it has been shown that the level
of protection depends on the amount and type of amino
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acid [25]. Thus, the presence of other molecules around
DNA may alter the consequence of radiation.

During plasma irradiation, an intact supercoiled (SC)
structure of plasmid DNA can deform into a circular shape
due to a single strand break (SSB) or into a linear shape
due to a double strand break (DSB). If a SSB happens,
one scission event occurs on one strand, and in the case of
a DSB, the second cleavage is at or close to the same loca-
tion as the first but on the other strand [26-28]. Typically,
SSBs can be induced by hydrogen atom abstraction from
the DNA sugar moiety, deoxyribose, that is triggered by
an OH radical that can further react with oxygen to form
a peroxy radical (RO$) [21,29]. Sugar damage can also oc-
cur in the presence of molecular oxygen, which reacts with
sugar radicals to form phosphoglycolate along with the re-
lease of the base propenal (nucleobase-C3H3O) [30]. After
the strand breaks, the release of torsional energy stored in
the SC form of the DNA structure allows a conformational
change from a supercoiled to an open circular form [31].
If the DNA molecule is under a localized attack by two
or more OH radicals, a DSB may be produced, resulting
in the formation of a linear polynucleotide [31]. DSBs can
also be achieved in an alternative scenario, such as a hy-
brid attack. A hybrid attack is a combination of direct and
indirect actions, where the OH radical is responsible for
a scission at one site within about ten base pairs or less
away from another direct damage location [21]. The DNA
breakages have been shown to be reduced by adding a
certain amount of OH radical scavengers, e.g., ethylenedi-
aminetetraacetic acid-tris(hydroxymethyl)aminomethane
(tris-EDTA) [27]. In addition to radicals, free electrons are
also an important component of plasma, and they should
be taken into account as a possible factor in DNA damage.
It has been shown that bombardment of plasmid DNA
with electrons in the range of 04 eV induces SSBs [32]
and in the range of 3-15 eV induces both SSBs and DSBs
with maximum damage occurring at 10 eV [33].

Since SSB and DSB formation in DNA molecules can
be indicators of cell mortality [34], it is vital to precisely
quantify these processes. The fundamental investigations
of DNA damage induced by plasma can offer important
information at the cellular level for further applications of
plasma. Therefore, it is essential to gain a better under-
standing of the impact of plasma on plasmid DNA.

In this study, plasmid DNA in aqueous solution is
treated by a helium APPJ at different distances and for
various exposure times under two different working con-
ditions of the plasma source. The degradation of the su-
percoiled form and the generation of SSBs and DSBs due
to plasma irradiation were quantified.

2 Experimental setup and sample handling

A schematic diagram of the plasma source used is pre-
sented in Figure la. Two tubular brass electrodes with a
6 mm inner diameter were placed around a 20 cm long
fused silica tube that had an inner diameter of 5 mm and
a wall thickness of 0.5 mm. One of the two electrodes was
grounded, and the other was connected to a high voltage
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Fig. 1. The experimental setup. (a) A schematic diagram of
the helium plasma source used for treating an aqueous DNA
sample on a glass substrate. The sample was placed at different
distances from the tube orifice. (b) A photograph of the plasma
discharge inside the tube and the launched APPJ. The length
of the luminous part of the jet is about 5-6 cm from the orifice
with a helium gas flow of 4 L./min under the high-power plasma
condition. The photograph was taken by a Canon EOS 5D
Mark IIT camera with a 1/40 s exposure time.

distance

(HV) transformer coupled to a custom-made HV power
supply. The electrodes were separated by a gap of 3 cm
along the fused silica tube.

Under the first working condition, a square pulse
with a 5 ps width and a repetition rate of 2.5 kHz
was produced by a pulse waveform generator (80 MHz
Function/Arbitrary Waveform Generator, 33250 A, Ag-
ilent Tech.) which was coupled to the HV transformer
and applied to the powered electrode. Plasma was ignited
between the two electrodes in a helium stream flowing
through the tube. In this study, the flow rate was reg-
ulated by a flow controller (MASS-VIEW flow regula-
tor, MV-394-He, Bronkhorst High-tech) and was set to
be 4 L/min. The amplitudes of the voltage and current
were monitored at the powered electrode and displayed
values of 7 kV and 10 mA, respectively, on an oscilloscope
(Tektronix TDS2004B, 60 MHz). These readings were
measured by using the voltage (Tektronix TCP A300) and
current (Tektronix P6015A) probes. Assuming a square
wave the pulse energy and the average input power were
estimated to be 0.35 mJ and 0.88 W, respectively.

Under the second working condition, another custom-
made, high voltage power supply was used with a square
pulse of 100 us width at a frequency of 1.5 kHz. The am-
plitudes of voltage and current on the powered electrode
were recorded as 10.8 kV and 110 mA, respectively. The
same flow rate of helium (4 L/min) was applied. Assum-
ing a square wave the pulse energy and the average input
power were estimated to be 118.8 mJ and 178.2 W, respec-
tively. Hereafter, the condition of the plasma source with
the first electrical setting is called a low-power plasma



condition and with the second one is called a high-power
plasma condition.

For both plasma source parameter settings, the dielec-
tric barrier discharge is visible not only between the two
electrodes but also as a jet (the APPJ) that projected a
few centimeters in length out of the fused silica tube into
the open atmosphere (Fig. 1b).

The pUC18 plasmid DNA (2686 base pairs) extracted
from FEscherichia coli (E. coli) was prepared as described
previously [35]. Each sample was diluted in 15 L of deion-
ized (DI) water to contain 100 ng DNA. The diluted sam-
ple was injected into a well (20 pL maximum volume, di-
ameter of 4.5 mm) on the surface of a boron silicate glass.
The glass substrate was placed on an adjustable sample
holder, which allowed varying of the distance between the
orifice and the sample (Fig. la). After irradiation, the
majority of the solution was pipetted out. The remain-
ing DNA solution was collected by adding DI water or
PBS (Phosphate Buffered Saline) to the glass well and
pipetting out.

To quantify and qualify the DNA damage induced
by plasma radiation, the electrophoresis technique was
applied using a gel set (Bio-Rad Laboratories, Inc.).
Agarose powder (Bio-Rad Laboratories, Inc., USA) was
dissolved in 1 X TBE buffer (Tris/ boric acid/ EDTA,
Bio-Rad Laboratories, Inc., USA) to form 0.8% agarose
gel that was pre-stained with a fluorescent dye (SYBR
Green I Nucleic Acid Stain, 10000 X concentration in
DMSO, Lonza, USA). The samples were electrophoresed
on the prepared agarose gel at 70 V in 1X TBE running
buffer. After the electrophoresis was completed, the DNA
bands for different conformations (SC, SSB and DSB)
were visualized by a gel imager (Molecular imager Gel
Doc XR + System, Bio-Rad Laboratories, Inc.) upon UV
light exposure. A specialized software (Quantity One, 1-D
Analysis Software, Bio-Rad Laboratories, Inc.) was used
to display images and quantify the fluorescence intensity
of each band. The fluorescence intensity indicated the
amount of a particular conformation of DNA that was
present in the sample. By estimating the ratio of the flu-
orescence intensity of each type of conformers to that of
all the conformers within each irradiated sample or within
each control sample and then by averaging over a few sam-
ples treated at the same conditions, the damage level in-
duced by plasma as a fraction of the total plasmid DNA
in solution was determined.

3 Results and discussion

Figure 2 displays a representative gel image for the DNA
samples treated by the APPJ for 20 s at a distance of
4.5-6.5 cm (sample No. 4-8). In addition to plasma ir-
radiated samples, three types of control samples (sample
No. 1-3) were used: (1) the tube control DNA is the DNA
stock solution and directly loaded into the gel; (2) the glass
substrate control is diluted DNA placed into a glass well
that is then collected and loaded into the gel; and (3) the
flow control is diluted DNA that is placed onto the glass
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Fig. 2. A representative agarose gel image of the control and
plasma-treated DNA samples. The image shows a distribu-
tion of different bands, which correspond to supercoiled (SC),
double-strand break (DSB), and single-strand break (SSB)
DNA conformers. A brighter band indicates a larger amount
of DNA conformers.

substrate, treated with pure helium flow for 20 s at a dis-
tance of 4.5 cm, and then collected and loaded into the gel.
By comparing the control samples with the plasma treated
samples, external factors that could possibly induce dam-
age (e.g., substrate and gas flow) are monitored offering
accurate insight into the role of plasma as the main con-
tributor to DNA damage. All control samples show low
DNA damage, which is less than 5%.

Since the species distribution in the plasma jet depends
on the distance from the orifice [22,36], it is important to
investigate DNA damage at different positions. Figure 3a
presents the conformer fraction of the total plasmid DNA
(the sum of SC, DSB and SSB amount) as a function of the
distance (1-15 cm) from the orifice after plasma treatment
for 20 s under the low-power plasma condition. When the
specimen is at farther distances from the orifice (9-16 cm),
the DNA sample remains mainly in the SC form (>93%)
after plasma irradiation with a very small amount of SSBs
(<5%) and DSBs (<3%) observed. This minor damage is
due to the tendency of the radicals to diffuse into the
atmosphere at long distances from the APPJ, which will
be shown later from the optical emission spectra.

As the distance to the orifice is decreased to 8 cm, the
yield of the SC form shows a slight degradation with a
corresponding increase in SSBs. Between 5.5 and 8 cm, a
rapid alteration of the SC structures occur along with for-
mation of SSBs. The large error bars for the data obtained
in this region are most likely due to the relatively unsta-
ble nature of the APPJ tip. The length of the jet and
its tip position may also slightly vary during discharges
contributing to these error bars. At distances less than
5 cm, the SC fraction decreases below 5%, and the SSB
fraction is above 91%. The DSB fraction, however, does
not vary significantly within these distances; it is rela-
tively constant at less than 5%. These results reveal that
the generation of SSBs is enhanced at shorter distances,
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Fig. 3. Fraction of SC, DSB, and SSB DNA conformers induced by APPJ radiation under the low-power plasma condition (a)
at various distances for a plasma irradiation time of 20 s and (b) with different irradiation times at a distance of 6 cm. Regions
corresponding to the luminous part and the tip of APPJ are highlighted in light pink and light grey, respectively. Each data
point is obtained from the average of at least three independent trials.

indicating that more SC DNA molecules are damaged and
transformed into the circular form. It is also shown that
no apparent linear conformers are formed because there is
only slight variation in the fraction of DSBs.

The second variable explored with respect to APPJ
interaction with DNA samples is the duration of plasma
irradiation. In Figure 3b, the damage effect is indicated
in terms of the fraction of DNA conformers as a func-
tion of plasma irradiation time at a distance of 6 cm from
the orifice. At this distance, the APPJ is still in direct
contact with the DNA sample and some amount of in-
tact DNA molecules is still present; therefore, the effect
of exposure time can be seen at this distance. If a shorter
distance had been chosen, the time effect could not have
been investigated because after 20 s of irradiation most
of the DNA molecules are already damaged (Fig. 3). If
a farther distance had been chosen, the APP.J would not
have been in contact with the sample. As irradiation time
increases from 5 to 60 s, the SC fraction decreases from
approximately 92% to 5%, while the SSB yield follows the
opposite trend increasing from around 6% to 91%. The
production of DSBs remains constant at approximately
4% during all irradiation times. It is interesting to note
that the process of SSB formation occurs very fast: the
exposure of only 10 s results in the deformation of around
60% SC into SSB conformers. After 40 s of treatment, the
SSB fraction becomes the clearly dominant portion (above
90%) of the total DNA conformers in the sample. It is rea-
sonable to view this trend as a result of a direct plasma
effect, meaning that APPJ reactive species, which are im-
pinged to the liquid, cause strand breaks by attacking
the phosphodiester bonds or nucleobases directly. Alter-
natively, it could be the result of an indirect plasma effect,
meaning a cascade of chemical reactions in the liquid envi-
ronment initiated by APPJ reactive species. Smaller error
bars are observed in the samples irradiated above 40 s,

which is a sufficient time for the APPJ reactive species
to induce damage to a large number of DNA molecules in
the sample.

The same experimental procedure was also carried out
under the high-power plasma condition. Figure 4 displays
the following results: the fraction of three DNA conformers
as a function of distance (Fig. 4a) and time (Fig. 4b) of
APPJ treatment.

Figure 4a shows a relatively constant production (80%)
of SSB conformers at distances up to 3 cm that corre-
sponds to a luminous part of the APPJ. The length of the
APPJ under the high-power plasma condition is about
half as long as that for the APPJ under the low-power
plasma condition. Much higher fluctuations of data are
observed for distances greater than 3 cm (Fig. 4a). Inter-
estingly, DSBs are generated in DNA samples that are lo-
cated at short distances to the orifice of the plasma source
tube that are not observed in Figure 3a. As it was reported
previously, electrical parameters of the plasma source have
a significant influence on the formation and characteristics
of plasma jets [36,37].

From a comparison of the time-dependent trends for
the two different power conditions of the plasma source,
DSBs are induced at shorter exposure times (>10 s), as
seen in Figure 4b, implying that a larger number of re-
active species are formed under the high-power plasma
condition. A similar trend of the increase in the DSB frac-
tion with exposure time was also observed in the work
performed by Stypczynska et al. [25].

To characterize the reactive species generated in the
APPJ, optical emission spectra (OES) were taken in the
range of 280 to 800 nm by a fiber optic spectrometer
(USB2000-UV-VIS, Ocean Optics, Inc.). Due to a pos-
sibility that DSBs and large amounts of radicals are
produced, all of the present OES were obtained under
the high-power plasma condition. As shown in Figure 5,
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Fig. 4. Fraction of SC, DSB, and SSB DNA conformers induced by APPJ radiation under the high-power plasma condition
(a) at various distances for a plasma irradiation of 30 s and (b) with different irradiation times at a distance of 2.5 cm. Regions
corresponding to the luminous part and the tip of APPJ are highlighted in light pink and light grey, respectively. Each data
point is obtained from the average of at least three independent trials.
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Fig. 5. The optical emission spectra of APPJ at distances (d), varying from 0 to 4 cm with a 3.5 L/min helium flow rate, at
wavelengths of 280-800 nm taken under the high-power plasma condition.

the emission peaks contribute to several groups with
the second positive system (2nd PS) of molecular nitro-
gen (N3) and the first negative system (1st NS) of ionic
nitrogen (N3 ) as the most dominant bands [22,25]. The
first positive system (Ist PS) of Na is observed in the
range of 750 and 600 nm. The presence of these nitro-
gen species is caused by the higher energy state of molec-
ular or ionic nitrogen molecules excited by discharged
electrons [38]. Hydroxyl (OH) radical emission peak is
recorded at 309 nm, which may result from the colli-
sion of HoO" with electrons (HoOT is produced from
the reaction of water molecules with metastable helium
atoms or metastable helium dimers) [39]. The emission
peak of atomic oxygen (O) and the oxygen molecule in
the singlet state (1O2) appear near the infrared region
at 777 nm and 762 nm, respectively. The atomic oxygen
may be generated from the collisions of molecular oxygen
gas with either electrons or nitrogen molecules, and then
it can be converted into Oy and O3 due to its high re-
activity [40]. The existence of O and 'Og can offer the

potential oxidative stress that facilitates DNA breakage
in the cell [41,42]. The emission bands of He at 587 nm,
668 nm, and 706 nm indicate the excitation process during
APPJ ignition [39].

By placing the optical sensor at different distances
from the orifice, a variation in intensity for several emis-
sion peaks is observed (Fig. 5). As the distance changes
from 4 to 0 cm, all peaks become more prominent, indicat-
ing a higher density of generated species. At a distance of
4 cm, the whole spectrum remains close to zero intensity
due to short lifetimes and diffusion of these species.

The quenching of OH radical signals at larger dis-
tances in the OES (Fig. 5) indicates a decreasing den-
sity of OH radicals in the gas phase, and thus their im-
pact on the DNA molecules is reduced. However, when
water molecules are electronically excited during the in-
teraction with radiation, the excited state of the wa-
ter molecule (H0*) can be generated [30]. After its
production, the HoO* state undergoes dissociation into
H and OH radicals [30].



Page 6 of 7

Moreover, other reactive species formed by the species
present in an APPJ, e.g., solvated electrons which are
powerful reductants [30], can be also indirectly involved in
DNA damage in a liquid environment. Alternatively, when
oxygen molecules diffuse into the aqueous solution, they
react with solvated electrons to form the highly reactive
superoxide radical (O357) [43]. The superoxide radical can
then be spontaneously converted into hydrogen peroxide
(H202) by the superoxide dismutation reaction [43], which
can be followed by the generation of OH radicals through
the Fenton reaction [40]. In addition, if the solvated elec-
trons are captured by organic acceptor molecules (e.g.,
nucleobases), radical anions will be produced, which can
be oxidized rapidly by Os, with the formation of super-
oxide radicals [44]. A period DNA strand breaks can also
be caused by 'Os species produced in the APPJ when it
diffuses into the water environment [42]. Additionally, due
to the collisions of Ny and O in the APPJ both NO and
NO- species can be generated [45]. Though NO species
are probably insufficiently reactive to cause DNA damage
directly [46], the further reaction products of NO, such as
HNO; [43,45] and OONO~ [40] can contribute to the ni-
tration and deamination of DNA and thus lead to strand
breaks [46-51].

4 Conclusions

Strand breaks (mainly SSBs) in aqueous plasmid DNA
samples were induced by a helium atmospheric pressure
plasma jet. The contribution to DNA damage of varia-
tions in both distance from the plasma tube and expo-
sure time has been discussed with respect to two different
electrical parameter settings of the plasma source. The
damage level was shown to rise dramatically when the
sample was within the jet tip region. A high fraction of
SSBs was obtained after only a short duration of plasma
treatment, which supports the effectiveness of plasma for
inducing DNA scissions. A low level of DSB damage was
observed mainly under the high-power plasma source con-
dition. Possible fast chemical reactions and diffusion pro-
cesses between reactive radicals in the jet and the liquid
environment may be largely responsible for the generation
of the strand breaks. Thus, the detailed determination of
the species types generated in liquid during plasma irradi-
ation will be essential to further explore the mechanisms of
DNA damage. Studies on the interactions between plasma
and aqueous DNA molecules can bring insight to the ra-
diation scenario for a cellular system and thus be critical
to the development of plasma medical applications.
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