
 

  
I.  INTRODUCTION 

 

 Atmospheric pressure non-thermal plasmas (NTP) 
have now been used in various industrial applications and 
biological decontamination, plasma decomposition of 
harmful organic substances in water is the most notably 
actively studied [1-6]. The main advantage is that NTP 
can treat subjects without thermal loading and extend the 
plasma length by flow of noble gas. NTP emits several 
components, among them charged particles, reactive 
oxygen species, reactive nitrogen species, ultraviolet rays, 
and active species, such as hydroxyl (OH). In 
applications where water is subjected to NTP, radicals 
emitted play an important role in inactivation of bio-
molecules. It is now known that chemically active spices 
generated in water induce oxidative damage to DNA and 
in some cases results in biochemical changes within the 
DNA, including single-strand breaks (SSB) and double-
strand breaks (DSB) [3]. The latter is considered to be 
more problematic since it is harder to repair and thus 
often leads to cell death or mutagenesis. These strand 
breaks have been generally detected using conventional 
agarose gel electrophoresis with plasmid DNA. This is 
attributed to the different migration rate during agarose 
gel electrophoresis showing conformational changes on 
plasmid DNA due to SSB and DSB. However analysis of 
large DNA, such as genomic DNA, using this method is 
more problematic [7-9]. Quantitative simple safe 
evaluation method of plasma-treated water is therefore 
required. 
 We present a safe simple evaluation of NTP-treated 

water using single-molecule measurement of DNA 
damage to overcome the problem of large DNA analysis. 
The technique was reported to study strand breaks of 
large DNA molecules induced by radiation and cigarette 
smoke extract [10-13]. More recently we have applied 
this technique to investigate strand breakages on large 
DNA molecules suspended in water which was exposed 
to an argon plasma jet [14]. Investigation then showed 
that plasma exposure caused a marked change in length 
of DNA molecules suspended in the exposed water.  
 In this study we focused on residual effect of NTP 
exposure to water and measurements of the rate of strand 
breaks of large DNA molecules, (difficult to analyze with 
conventional electrophoretic assays). To our knowledge, 
there have been no previous reports regarding the 
kinetics of strand breaks in large DNA molecules 
induced by NTP-treated water. For comparison between 
the effect of direct exposure and “indirect” exposure (the 
NTP-treated water) the study was setup using single 
molecules experiment reported in details in [14]. 
Investigation and analysis was carried out on pure water 
after post exposure to NTP. The aim is to evaluate its 
safety regarding residual radicals. 
 
 

II.  METHODOLOGY 
 

A.  Argon plasma jet generator 
 
The schematic of the experimental setup is shown in 

Fig. 1. Plasma jet generator was constructed with a glass 
tube, a stainless steel wire, and a stainless steel mesh. 
The stainless steel wire (0.5 mm in diameter) was fixed 
as a high voltage electrode coaxially inside the glass tube. 
A stainless steel mesh (10 mm width) was wrapped 5 mm 
from the tip of the glass tube as a ground electrode. 
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Dielectric barrier discharge (DBD) was generated 
between both electrodes, using a pulse power supply. The 
pulse width was fixed to 2.8 s. The flow rate of argon 
was 2 L/min. The gap between the nozzle and the surface 
of the solution was fixed at 40 mm. These parameters 
were fixed in all experiments and all were carried out at 
room temperature [15].  
 
B.  DNA fragmentation by an argon plasma jet and 
plasma-treated water 
 
 Large linear DNA (λDNA, 48,502 base pair) was 
used. For the direct exposure experiment, the λDNA was 
diluted to a concentration of 6.2 ng/l in sterile Milli-Q 
water. 1.5 ml of the diluted λDNA was supplied in a 1.5 
ml test tube. Samples located at the tip of the plasma jet 
were exposed for different time durations. For the 
plasma-treated water experiment, Milli-Q water was 
exposed to the plasma jet for different time durations. 
Through the different post-exposure time, the plasma-
treated water was mixed with λDNA at a concentration of 
6.2 ng/l. Then the samples were incubated for 0, 20, 40 
or 60 min at room temperature. After exposure to the 
plasma jet or incubation with the plasma-treated water, 
the DNA samples were purified by gel filtration for 
buffer exchange (CHROMA SPIN+TE 1000 Columns, 
Clontech). The purified λDNA samples were dissolved in 
TE buffer (pH 8.0). 
 
C.  DNA staining and molecular combing for single-
molecule observation 
  
 The purified λDNA samples were stained with 0.1 
μM of the fluorescent dye YOYO-1 in the presence of 
0.1% 2-mercaptoethanol. Single-molecule experiments 
were performed using molecular combing [13, 16]. A 
coverslip (24 × 60 mm, 0.17 mm thickness, Matsunami) 
was used without any surface treatment for microscopic 
observations. The edge of the coverslip was lifted about 
45° and 40 μl of the sample was spotted on the edge of 

the coverslip. The λDNA solution was allowed to run 
down the coverslip, and the fluorescently stained DNA 
molecules were adsorbed and combed on the glass 
surface. Excess sample solution could be recovered. The 
coverslip was then dried and the sample was observed. 
 
D.  Single-molecule observation of stretched DNA 
molecules 
 
 Individual DNA molecules were observed using a 
fluorescence microscope (ECLIPSE TE-2000U, Nikon) 
equipped with a 100×, 1.4 numerical aperture (NA) oil 
immersion objective lens (Plan Apo, Nikon). Fluorescent 
images of DNA molecules stained with YOYO-1 were 
recorded by a high sensitivity EB-CCD camera and an 
AQUACOSMOS imaging system (Hamamatsu 
Photonics). The length of individual DNA molecules was 
also measured using the length measurement tool in 
AQUACOSMOS. The contour length of about 100 
individual molecules was measured for each 
experimental point. 
 
 

III.  RESULTS 
 

A.  DNA fragmentation induced by direct exposure of an 
argon plasma jet to DNA solution 

 
The relative length with respect to the control sample 

was used to represent the change in the DNA length 
induced by the NTP exposure. The kinetics of the 
double-strand breakages were analyzed applying a simple 
mathematical model [10-14]. In brief assuming that: L is 
the average length after the reaction, n is the number of 
double-strand breakages per individual DNA molecule, 
and L0 is the average length before the NTP exposure and 
n = kt (where t is the exposure time and k is a constant 
given the rate of double-strand breakage by the NTP 
exposure). Then the relative length,  
 

L/L0 = 1/ (kt+1)     (1)  
 
Eq. (1) allows the rate constant k of the double-

strand breakage to be estimated. From the measurements 
k was estimated to be 0.24 min-1. 
  Fig. 2 shows the results of single-molecule 
photographs taken during the fluorescence with applied 
voltage 12 kV0-p, and frequency 2.5 kHz. The relative 
length L/L0 of the DNA plotted as a function of the 
exposure time t is shown in Fig. 3. The number of 
fragmented short DNA molecules is recorded to increase 
with exposure time. DNA length before the plasma 
exposure is measured to be 17.1 ± 5.9 μm (mean ± SD 
for 94 molecules). Result indicates that the relative 
length decreased gradually with increasing the exposure 
time. In the previous study the number of strand breaks 
has been found to be proportional to the exposure time 
and the discharge power [14]. 
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Fig. 1.  A schematic view of the experimental set-up. 
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B.  DNA fragmentation induced by plasma-treated water 
 

The change in relative length of DNA induced by 
plasma-treated water for different post exposure time is 
shown in Fig. 4. The estimated rate of double-strand 
breakage k, induced by NTP-treated water, vs. post-
exposure time is shown in Fig. 5. It should be mentioned 
here that the duration was set to 10 minutes for both 
experiments exposure and post exposure. Measurements 
show that the residual effect of the plasma-treated water 
still remained more than 40 minutes. The rate of the 
strand breaks k was decreased with increasing the post-
exposure time. Variation of k with post exposure time is 
shown in Fig. 6. 
 
 

IV.  DISCUSSION 

 
In this investigation, the observed shortening may 

include destabilization of the DNA secondary structure 

induced by complicated DNA damage. Large linear DNA 
could have multiple single-strand breaks which is also 
included. The synergetic effect of these single-strand 
breaks and other factors, such as mechanical stress due to 
Brownian motion and the molecular combing, would also 
induce shortening of the large linear DNA. It is quite 
possible that circular DNA molecules having multiple 
single-strand breaks are more stable than linear DNA 
molecules towards mechanical stress (DNA molecules 
are fluctuating random coil structures). This suggests that 
the observed rate of double-strand breakage induced by 
the plasma jet is the overall rate. 

 It is noticed that both exposure time and reaction 
time show similar mechanism (Figs. 3 and 4, slop is 
similar). More mathematical analysis is required. 
 Several researchers reported that strand breakages 
might be oxidative damage induced by reactive oxygen 
species [5, 6, 17-20]. In some cases more than 60% of the 
damage during plasma irradiation is related to the 
interaction of excited or/and reactive species [18]. Also 
an argon plasma jet comprises argon ions (Ar+) and 
electrons (e−), the electrons directly impinging on water 
molecules (H2O) in the aqueous solution to generate OH 
[21]. OH radicals are considered to contribute to the 
strand breakages in this experiment. It is possible that the 
decrease in the rate of double strand breakage shown in 
Fig. 5 is due to increase in radical number produced by 
long exposure (although measurements directly of the 
concentrations of reactive species and the reaction 
pathways have not been made). Therefore during that 
time of longer exposure the occurrence of another 
reaction should not been ruled out (the decrease in k is 
nonlinear also support this argument). Variation of k vs 
exposure time shown in Fig. 6 indicates a complex 
mechanism governing radical interaction during exposure 
time. The increase in the temperature during the exposure 
period is normally < 10oC. Further correlations with 
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Fig. 2.  Typical photographs taken during the fluorescence observation of DNA molecules. 
Applied voltage and frequency were 12 kV0-p and 2.5 kHz, respectively. Exposure time is indicated in each photograph. 
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Fig. 3.  Change in relative length of DNA induced by direct 
exposure of argon plasma jet as a function exposure time using Eq. 
(1). 
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other important energy carrying factors for DNA damage 
are required to clarify all these hypotheses. In addition, 
the relationship between the obtained for k and DNA 
damage in cells remains unknown. 
 
 

V.  CONCLUSION 

 
Single molecule measurement to investigate large 

DNA damage of non-thermal plasma-treated water is 
quantitative, simple and safe. It allows the rate of double-

strand fragmentation of large DNA molecules induced by 
non-thermal plasmas to be studied. It over comes 
problems experienced using conventional agarose gel 
electrophoresis of large DNA, such as genomic DNA. It 
also permits the comparison between the effects of 
different plasma treatments on DNA rate of 
fragmentation.  

Water exposed to non-thermal plasma caused 
double-strand DNA fragmentation. The rate k of 
fragmentation of double-strand large random-coiled 
DNA molecules was estimated using Eq. (1) and 
measured. The results indicated that the rate of the NTP-
treated water was less than 1/20 of that of the direct 
exposure. A decrease (nonlinear) in k was observed when 
increasing the post-exposure time. It is not clear from the 
data if the increase in exposure time causes an increase in 
the number of radicals or another mechanism is taking 
place. Investigations into NTP-induced double-strand 
breakage of genomic DNA in living cells could also be 
conducted by using this method. 
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Fig. 5.  Rate of double-strand breakage induced by plasma-treated 
water, k, vs. post-exposure time (duration of plasma exposure time: 10 

min). 
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Fig. 6.  Rate of double-strand breakage induced by plasma-treated 
water, k, vs. plasma-exposure time (post-exposure: 10 min). 
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