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Due to low gas temperatures and high densities of active species, atmospheric-pressure glow
discharges �APGDs� would have potential applications in the fields of plasma-based sterilization,
gene mutation, etc. In this letter, the genetic effects of helium radio-frequency APGD plasmas with
the plasmid DNA and oligonucleotide as the treated biomaterials are presented. The experimental
results show that it is the chemically active species, instead of heat, ultraviolet radiation, intense
electric field, and/or charged particles, that break the double chains of the plasmid DNA. The genetic
effects depend on the plasma operating parameters, e.g., power input, helium flow rate, processing
distance, time, etc. © 2008 American Institute of Physics. �DOI: 10.1063/1.2938692�

Atmospheric-pressure glow discharges �APGDs� driven
by the radio-frequency �rf� power supply with water-cooled,
bare-metallic electrodes, which is the so-called rf APGDs
hereafter in this study, show their bright prospects in actual
applications compared with low-pressure plasmas with lower
capital costs, flexible operations, etc., due to the removal of
the complicated and expensive vacuum systems. With the
plasma-based sterilization/disinfection, decontamination of
biological warfare agents,1 blood coagulation and living tis-
sue sterilization,2 etc., as the research background, many pa-
pers concerning the biological effects of the APGDs have
been published.1–6 In previously published papers, most of
the studies focused on the killing effects of the glow dis-
charges on the cells of the micro-organisms due to the pos-
sible inactivation factors, e.g., heat, charged particles, ultra-
violet �UV� radiation, chemically active species, intense
electric field, or the synergistic actions of the preceding
factors.3–7 However, due to various designed configurations
of the plasma generators, different operation conditions, etc.,
employed by different authors to treat distinct micro-
organisms existing in diverse environments, the importance
of the foregoing factors may be very different. Thus, it is
necessary to investigate the plasma inactivation mechanisms
using a certain type of plasma source, including the intracel-
lular changes �e.g., protein denaturalization, inactivation of
enzyme, damage to the DNA and chromosome, etc.�, the
destruction to the cell membrane and/or wall, and the change
of the existing environment of the organisms �e.g., the varia-
tion of the pH values�, for promoting the potential applica-
tions of the rf APGDs in the biomedical fields.

In this letter, the genetic effects of rf APGDs acting on a
loopful recombinant plasmid �pP-GFP�, which is a co-
valently closed circle DNA �CCC DNA�, are presented at the
molecular level, which is important for promoting the actual
applications of rf APGD plasmas in the fields of plasma ster-
ilization, gene mutation, etc. The possible factors which may

lead to the genetic effects of the rf APGDs under different
operation conditions are discussed. The action mechanisms
are verified using the matrix-assisted laser desorption ioniza-
tion time of flight mass spectrometry �MALDI-TOF� tech-
nique with oligonucleotide as the treated material.

The schematic diagrams used for studying the character-
istics of the cold plasma jet and for the treatment of the
biomaterials �e.g., plasmid DNA or oligonucleotide in this
study� are illustrated in Figs. 1�a� and 1�b�, respectively. The
detailed descriptions on the experimental setup can be refer-
enced to the previous papers.8,9 In this study, a K-type ther-
mocouple with accuracy of 1 K is used to measure the tem-
perature of the plasma jet. A probe with biased voltages
varying from −1 to 1 kV is employed to estimate the con-
centrations of the charged particles in the plasma jet region.
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FIG. 1. �Color online� Schematic diagram of the experimental setup. �a�
Generation and measurement systems of the rf APGD plasma jet. �b� Ex-
perimental setup for treating the biomaterials.
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Because the surrounding air engulfed into the plasma jet re-
gion will lead to the changes of the concentrations of the
active species since the discharge operates in atmosphere, in
this paper, a transparent, cylinderlike plastic cap is placed
close to the torch nozzle exit in order to reduce the back
diffusion effect of air8 by preventing the entrainment of the
surrounding air into the plasma jet region. The small vessels
containing the plasmid pP-GFP or oligonucleotide are placed
on a horizontal platform, which is fixed on a vertical slider.
The stand-off distance between the torch nozzle exit and the
vessel, L, can be adjusted by sliding the platform up/down,
as illustrated in Fig. 1�b�.

The variation of the measured voltage with the rf power
input �Pin� at the helium flow rate QHe=15 slpm �standard
liters per minute� is shown in Fig. 2. It shows that the gas
ignition occurs at point A with a breakdown voltage Vb
=170�4 V and the corresponding averaged rf power input
Pin=3 W. Then, the uniform, �-mode discharge, which is
sustained by volumetric ionization processes,10 sustains with
the increase of the power input. Finally, with the further in-
crease of the discharge current, a �-mode discharge, mainly
resulting from the ionization by secondary electrons from
electrodes,10 appears at point B with Vd=255�1 V and Pin
=169 W. In this study, in order to obtain the uniform, low-
temperature glow discharge plasmas which are suitable for
the treatment of the biomaterials, the rf power input varies in
the range of 10–120 W. The corresponding gas temperatures
�24–64 °C� on the axis of the plasma jet at 2.0 mm down-
stream of the torch nozzle exit with QHe=25 slpm are also

shown in Fig. 2 as indicated with the shaded area.
In this study, 0.75 �l plasmid pP-GFP and 3.0 �l dis-

tilled water are injected into a bowl-like, decontaminated
plastic vessel.9 After the DNA is treated by the helium
plasma jet, as well as by the hot air or the UV radiation for
comparison, it is analyzed on 1.0% agarose gel electrophore-
sis in 1�TAE �Tris-Acetate-EDTA� buffer at 80 V for
40 min. The agarose gel electrophoresis images of the pP-
GFP exposed to the plasma jet under different operation con-
ditions are shown in Fig. 3, where the “marker” indicates the
bp numbers of the DNA fragments, while the “control” rep-
resents the untreated plasmid. Normally, the slowest �i.e., the
band with the biggest bp number�, middle, and fastest �i.e.,
the band with the smallest bp number� bands represent the
double-stranded DNA fragments, the nicked plasmid DNA,
and the CCC DNA, respectively. Moreover, since different
colors �i.e., changing from dark to gray until disappearance�
of the bands in Fig. 3 indicate the relative concentrations of
different types of DNA fragments �i.e., the darker a band is,
the higher relative concentration of the corresponding DNA
fragment would be�, most of the DNA in the sample are in
the form of CCC DNA because the upper two bands are less
dark than that of the fastest band in the lane of the control.
The experimental results in Fig. 3 show the following. �1�
The rf APGD plasma jet has obvious genetic effects on the
plasmid DNA in a short time of 30 s by breaking the chains
of the DNA. Compared with the control, the band of the
double-stranded DNA in lane 3 disappears, while the band of
the nicked plasmid DAN becomes darker significantly.
Moreover, with the increase of the action time �t�, from lane
3 to 7, the color of all the bands becomes light increasingly,
which means that more and more DNA chains are broken,
and finally in lane 7, almost no bands can be seen indicating
that most of the DNA chains have been broken into pieces in
10 min. �2� As indicated in lanes 8–13, with other param-
eters �e.g., Pin, L, and t� being unchanged, the genetic effects
of the plasma jet on the plasmid DNA become more signifi-
cant with increasing the helium flow rate, probably due to the
increase of fluxes of the chemically active species. �3� With
the increase of the rf power input, the genetic effects of the
plasma jet become more significant by keeping other param-
eters being unchanged, as shown in lane 14–21. �4� The aga-
rose gel electrophoresis images in lanes 22–26 show that the
genetic effects of the plasma jet become weaker with the
increase of the departure distance between the torch nozzle
exit and the treated samples �L� by keeping other parameters
being unchanged.

FIG. 2. �Color online� Voltage-Pin and temperature-Pin characteristics of the
helium rf APGD plasmas.

FIG. 3. �Color online� Agarose gel electrophoresis images of the pP-GFP. Lane 1 and 30: marker. Lane 2 and 29: control. Lane 3–7: plasma treatment for 0.5,
1, 3, 5, and 10 min, respectively, with QHe=15 slpm, Pin=100 W, L=2.0 mm. Lane 8–13: plasma treatment for 1.5 min with Pin=120 W, L=3.0 mm, and
QHe=5, 10, 15, 20, 25, and 30 slpm, respectively. Lane 14–21: plasma treatment for 2 min with QHe=25 slpm, L=2.0 mm, and Pin=10, 20, 30, 40, 60, 80,
100, and 120 W, respectively. Lane 22–26: plasma treatment for 1.5 min with QHe=15 slpm, Pin=120 W, and L=2.0, 4.0, 6.0, 8.0, and 10.0 mm, respectively.
Lane 27: hot air treatment for 10 min with the temperature of 80 °C; Lane 28: plasma treatment through a quartz glass plate for 1.5 min with QHe

=15 slpm, Pin=120 W, and L=4.0 mm. The dashed box indicates the DNA bands studied in this paper.
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In this study, the plasmid pP-GFP is also treated by the
hot air with the temperature of 80 °C for 10 min, as shown
in lane 27 of Fig. 3. By comparing the images of lane 27 and
the control, it can be concluded that heat has no contributions
to the breaking processes of the DNA chains because of the
low temperatures of the plasma jet employed in this paper. In
addition, since the plasmid pP-GFP is located in the plasma
jet, instead of the discharge region, no intense electric field
exists, and the electric probe measurements show that the
concentration of the charged particles in the plasma jet re-
gion is about 108 cm−3, which is relatively low. The similar
result was also reported by Schütze et al.11 Thus, the intense
electric field and the charged particles also have no contribu-
tions to the breaking processes of the DNA chains.

Based on the preceding discussions, the most possible
factors resulting in the breaks of the plasmid DNA chains are
the chemically active species and UV radiation. The emis-
sion spectrum of the plasma jet for the case of Pin=110 W
and QHe=15 slpm is shown in Fig. 4. It shows that the in-
tensity of the UV radiation with wavelengths in the
200–280 nm range, which has the optimum effects of de-
stroying the DNA,12 is too low to be detected compared to
the intensities of the spectrum of the active species; while the
intensities of the helium lines, oxygen atom lines, N2 lines,
hydroxyl �OH� molecular band �A2�+, �=0→X2�, ��=0,
306–310 nm� are strong.13 In addition, by placing a UV-
transparent glass upon the samples, the obtained agarose gel
electrophoresis image of the plasmid pP-GFP, as shown in
lane 28 of Fig. 3, clearly shows that the UV radiation has
little effect on the break of the plasmid DNA chains for the
helium rf APGDs. This conclusion is very different from that
presented by Trompeter et al.,14 in which it was concluded
that UV radiation played a dominant role in the germ reduc-
tion experiments for an argon dielectric barrier discharge be-
cause argon is not chemically active.

For the further validation of the foregoing conclusions,
the oligonucleotide with the approximate molecular weight
of 3632 is treated by the plasma jet for 3 min with QHe
=15 slpm, Pin=120 W, and L=2.0 mm. The partial MALDI-

TOF mass spectrum of the treated oligonucleotide, also com-
pared with the untreated one, is shown in Fig. 5, which
shows that the helium rf APGD plasma jet can indeed break
the oligonucleotide chains into small fragments. The deeper
studies concerning the genetic effects of the rf APGDs under
different operation parameters of the discharges, different
geometrical sizes of the plasma generators, etc., are neces-
sary in the future work.
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FIG. 4. �Color online� Emission spectrum of the helium rf APGD plasma jet
with Pin=110 W, QHe=15 slpm.

FIG. 5. �Color online� Partial MALDI-TOF mass spectra for the untreated
�a� and treated �b� oligonucleotide by the helium rf APGD plasma jet for
3 min with Pin=120 W, QHe=15 slpm, L=2.0 mm.
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