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Abstract

Low-temperature plasma (LTP) has attracted increasing attention due to its potential applications in
plasma medicine. LTP can modulate the generation of reactive species through plasma-liquid
interaction, resulting in modifications of the biomolecular properties of irradiated systems such as DNA.
Nevertheless, the quantitative characterization of multiple types of DNA damage and their kinetic
responses in additive-free aqueous systems under LTP irradiation remains insufficiently understood. This
study systematically examined the effects of a helium atmospheric-pressure plasma jet (APPJ) on
multiple types of damage in plasmid DNA. Single-strand breaks (SSBs), double-strand breaks (DSBs),
and oxidative base lesions assessed by enzymatic treatment were quantified using gel electrophoresis.
With increasing irradiation time, the fraction of undamaged DNA decreased approximately exponentially,
suggesting that DNA damage followed a pattern consistent with random radical attacks by plasma-
generated species such as hydroxyl radicals (‘'OH). DNA damage was dominated by strand break
formation, while oxidative base lesions were present at relatively lower levels. DSB signals were not
detected on the gel, which may be caused by DNA fragmentation following strand break formation,
resulting in the loss of detectable bands. Increasing the applied frequency from 1 to 4 kHz increased the
SSB yield approximately 2-fold, while increasing the applied voltage from 6 to 12 kV increased the SSB
yield approximately 4-fold. Changes in these parameters did not alter the ratio of enzyme-sensitive sites
(ESSs) to SSBs, which remained greater than 0 but below unity across all tested conditions, suggesting
that the relative distribution of plasma-induced oxidative base damage is independent of the discharge
parameters tested.

1. Introduction

Low-temperature plasma (LTP) is a non-equilibrium electric discharge characterized by a high electron
temperature relative to the ion temperature and a near-room-temperature gas, enabling high chemical
reactivity under ambient conditions’. LTP can be generated in dielectric barrier discharge systems, such
as atmospheric-pressure plasma jets (APPJs) and plasma needles?. In APPJ systems, a gas discharge is
generated at atmospheric pressure, and the plasma-produced reactive species are transported by gas
flow to the surface of the target®. Emitted electrons and excited species formed in the discharge region
initiate plasma chemistry with atmospheric vapor, oxygen, and nitrogen, leading to the formation of
reactive oxygen and nitrogen species (RONS), which are transported toward the target surface®. During
the transport of plasma species from the gas phase to the gas—liquid interface and into the bulk liquid,
further secondary reactions occur, leading to the formation and accumulation of additional RONS in the
aqueous targets > 10.

Understanding the interactions of plasma reactive species, including RONS, with biomolecular tergets is
important for developing plasma medicine applications. Highly reactive RONS can interact with
biomolecules, leading to oxidative and nitrosative damage® '°. Among biomolecular targets, DNA serves
as the carrier of genetic information, making an understanding of RONS-induced DNA damage
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particularly important'". In aqueous systems, plasma-generated RONS include hydroxyl radical (‘OH),
ozone (0s), superoxide anion radical (0, "), hydrogen peroxide (H,0,), nitric oxide (NO), peroxynitrite
(ONOO-), nitrite (NO,"), and nitrate (NO,~)'2. Among reactive oxygen species, ‘OH is considered the most
reactive species generated by plasma because it can react with DNA molecules at diffusion-limited
rates'3. Although plasma-generated "OH has a short lifetime, it can persist in the aqueous solution
through rapid hydrogen-atom exchange reactions with surrounding water molecules’*. Other oxygen
species are generally considered to play limited or indirect roles in DNA damage® '>~'7. Singlet oxygen
('0,) has been reported to selectively oxidize guanine bases'®. Superoxide anion radicals (0, ") serve as

a precursor to the generation of H,0, or even "OH2. Although ozone (0,) has been reported to induce
DNA damage, it is primarily present at the gas—Iliquid interface, which limits its direct oxidative effects in
bulk solution'® 7. Among reactive nitrogen species (RNS), peroxynitrite-related compounds are
considered more important because they can generate ‘OH through secondary reactions'’ '®. Other RNS
mainly participate in the aqueous-phase chemistry of plasma-generated NO,, resulting in proton release
and a decrease in solution pH'® 2%, In addition to RONS, plasma also generates other physical agents,
such as UV radiation and charged particles (electrons and positive ions), which may also contribute to
DNA damage to a lesser extent'! 1421,

Since the first APPJ systems were established, numerous studies have investigated plasma-induced

DNA damage in both isolated and cellular DNA'. Extensive research has shown that several APPJ
parameters, including flow rate, irradiation time, gas composition, and exposure distance, influence the

type and yield of DNA damage?’~33. Previous studies have demonstrated that wet DNA samples are
more easily damaged than dry DNA, suggesting that reactive radicals generated in the aqueous phase

may play an important role®. The addition of reactive oxygen species (ROS) and RNS scavengers
increases the fraction of undamaged DNA under identical plasma irradiation conditions, indicating that
reactive species such as ONOOH, NO,~, NO;~, and "OH play a primary role in inducing DNA damage?°.
Similarly, amino acids such as glycine or arginine have been shown to reduce plasma-induced single
strand breaks (SSBs) and double strand breaks (DSBs) yields3C. In contrast, increasing the oxygen or
water content in gas flow during He plasma irradiation increases the yield of DNA damage®’. Likewise,
introducing oxygen to the surroundings of a He plasma jet increases the fraction of damaged DNAZ3.
Increasing the oxygen percentage in the premixed He/0, feed gas also leads to higher SSB and DSB
yields and an elevated DSB-to-SSB ratio®2. Moreover, single-molecule measurements using molecular
combing analysis shows that DSB generation rates correlate with APPJ discharge power33. Furthermore,
cellular studies indicate that plasma irradiation mainly induces SSBs and base lesions, whereas
substantial DSB formation is typically associated with gamma-ray irradiation®*. Nevertheless, other
cellular studies demonstrate that DSB formation is also observed under plasma irradiation, depending on

the distance and duration of plasma treatment®®.
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Despite these established findings, it remains unclear whether multiple types of DNA damage can be
quantitatively characterized in an aqueous, additive-free environment, particularly regarding the kinetic
response of DNA damage to irradiation time, and how plasma discharge parameters modulate different
types of DNA damage. To address these questions, additive-free plasmid DNA was dissolved directly in
deionized (DI) water and irradiated with a helium APPJ. DNA damage was quantified by gel
electrophoresis to examine its dependence on irradiation time, applied voltage, and frequency.
Additionally, enzymatic treatment was employed to convert oxidative base lesions into strand breaks,
enabling their detection and quantification.

2. Materials and Methods
2.1 Sample Preparation and Plasma Irradiation

Plasmid DNA (pUC18, 2686 bp) powder was purchased from GenScript USA (Piscataway, NJ, USA). The
DNA powder was dissolved directly in DI water as received, and the purity of the DNA solution was
confirmed using a NanoDrop spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) by
measuring the A260/A280 ratio®®. The DNA solution was then adjusted to a final volume of 80 pL per
sample at a concentration of 0.05 pg/pL. It is notable that under scavenger-free conditions, extracted
pUC18 DNA has been reported to gradually lose its intact form over a period of weeks, even when stored
frozen3’. Thus, the prepared DNA solution was used promptly to minimize background damage.

The DNA solution was placed in a plastic container and irradiated with a plasma jet. The detailed
characteristics of the plasma source were reported previously3®. Briefly, the APPJ device consisted of
two 50-mm-long brass electrodes that served as the powered and grounded electrodes, respectively,
separated by 30 mm and mounted outside a fused-silica capillary with an inner diameter of ...mm. Ultra-
high-purity helium (purity > 99.999%) was introduced into the capillary as the working gas. Helium is
commonly used as a working gas for plasma discharges, as it produces large streamer channels,
promotes diffuse discharges, and facilitates the formation of more uniform plasma32. The plasma was
ignited by pulsed high-voltage square signals, and the plasma generated in the region between the
electrodes was carried by the gas flow and the electric field out of the capillary, forming a plasma jet
several cm long in ambient air. The distance between the fused silica capillary and the sample surface
was approximately 2 cm. Plasma irradiation was performed at a flow rate of 2.0 standard liters per
minute with treatment durations ranging up to 120 s. Experiments were conducted under ambient

laboratory conditions, in which humidity may influence the generation of reactive species such as ‘OH,
"HO,, and H,0,%°. Nevertheless, humidity in the surrounding environment has a relatively smaller effect
than increasing humidity in the plasma feed gas®'. The temperature of the plasma jet at the sample

surface was approximately 30°C at 6 kV and 1 kHz and remained below 85°C at 10 kV and 4 kHz*°.
Evaporation caused by gas flow and local heating, resulting in a volume loss of approximately 5% of the
DNA solution during irradiation, did not affect the quantification. pH changes during irradiation were not
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measured directly. As a reference, using the same plasma device, the solution pH of 500 pL of DI water
irradiated at 10 kV and 4 kHz for 120 s was reported to decrease to approximately 3.9%".

2.2 Post-Irradiation Treatment and Gel Electrophoresis

After irradiation, the DNA sample was divided into 4 equal aliquots (approximately 20 yL each), each
containing 1 pg of DNA. The 4 aliquots were labeled Control, MOCK, Nth, and Fpg, corresponding to the
following treatment groups: untreated DNA; DNA incubated without enzyme (incubation and heating
alone); DNA incubated with Nth (endonuclease Ill); and DNA incubated with Fpg (formamidopyrimidine-
DNA glycosylase), respectively. Nth and Fpg were purchased from New England Biolabs (Ipswich, MA,
USA). The amounts of Nth and Fpg were set at 2 units per ug of DNA based on preliminary titration
experiments and in accordance with the literature3”-42. Nth and Fpg were first mixed with their
corresponding reaction buffers (10x) to prepare 2 uL enzyme solutions, which were then added to the
appropriately labeled tubes and diluted to the recommended concentrations. The Control and MOCK
samples were not subjected to enzymatic treatment. Subsequently, MOCK, Nth, and Fpg samples were
incubated at 37°C for 30 minutes, while the Control samples were kept at approximately 4°C. During
incubation, through its DNA glycosylase activity and associated apurinic/apyrimidinic (AP) lyase activity,
Nth removes oxidized pyrimidines (thymine and cytosine), whereas Fpg removes oxidized purines
(guanine and adenine), resulting in strand breaks at the damaged sites*> 44, After incubation, 3 pL of 0.5
M ethylenediaminetetraacetic acid (EDTA) was added to the Nth- and Fpg-treated samples to terminate
the enzymatic reactions.

Electrophoresis was performed on a 0.8% agarose gel prepared by dissolving 240 mg of agarose powder
(Bio-Rad, Hercules, CA, USA) in 30 mL of 1x Tris-Borate-EDTA (TBE) buffer (Invitrogen, Carlsbad, CA,
USA). Before gel solidification, 3 uL of SYBR Green or SYBR Safe DNA gel stain (Thermo Fisher
Scientific) was added to the gel. The DNA sample was mixed with 6x loading dye (Thermo Fisher
Scientific), and 200 to 500 ng of DNA was loaded into the gel wells. Within each independent experiment,
identical amounts of DNA were loaded across all treatment groups. Differences in DNA loading between
experiments do not affect quantification, as the fraction of each DNA form was normalized to the
unirradiated control within the same experiment. The gel was placed in the electrophoresis chamber
(Bio-Rad) containing 1x TBE buffer. Electrophoresis was conducted at an electric field strength of 7.9
V/cm for 80 minutes, with an applied voltage of 55V across a 7-cm gel.

2.3 Image Acquisition and Quantification

The gel was imaged after electrophoresis using a Bio-1000F imager (Microtek International Inc.,
Hsinchu, Taiwan), operated with the accompanying Microtek MiBio Fluo software. Gel images from each
independent experiment were acquired using identical exposure times to ensure comparability of DNA
band intensities between gels. For quantitative analysis, images recorded at shorter exposure times
were selected to ensure that all DNA bands remained within the linear detection range without signal
saturation.
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Image analysis was performed using ImageJ (NIH, Bethesda, MD, USA), including the Fiji distribution.
Quantification was restricted to the three major DNA topological forms and their corresponding gel
bands: supercoiled (SC), open circular (OC), and linear (LIN). Minor bands, including denatured and dimer
bands, were observed occasionally but showed no consistent dependence on treatment group; they were
therefore excluded from quantitative analysis. In addition, fragmented DNA appearing as a diffuse smear
was treated as background and excluded from the analysis.

The fraction of each DNA form ¢ (2 =SC, OC, or LIN), denoted as Fj, was calculated as follows:

I;

F,=—
Iy

.

where I; represents the signal intensity of DNA form ¢ under the given experimental conditions, and I
represents the total intensity of the three major DNA bands in the corresponding unirradiated control
sample under the same treatment group. Here, cross-sample comparison instead of within-sample
comparison was used, because plasma irradiation may degrade part of the DNA into short fragments
that are undetectable on the gel, thereby reducing the total detectable DNA amount and distorting the
relative fraction of each DNA form. A correction factor of 1.4 was applied to SC band intensities prior to
guantitative analysis, because SC-form DNA has been reported to have lower dye-binding efficiency than

the other two typological forms*°.

The conversion of SC DNA into other forms indicates the occurrence of strand break events. Since DSB
formation requires at least two SSBs in close proximity, DSBs occur at a significantly lower yield than
SSBs 6. Therefore, under the assumption that SC loss reflects random SSB formation, the decay of the
fraction of SC DNA ( Fig¢) can be fitted as a function of irradiation time using an exponential decay
model based on a Poisson distribution:

y = Ae—kt

2

Here, y is the fraction of SC-form DNA, A is the fitted initial amplitude at t =0, and t (s) is irradiation time,
e is the base of the natural logarithm, and k is the decay rate constant describing the SSB formation rate
in DNA. Under the assumption that SSB formation occurs randomly, the irradiation time t at which y
decreases to 0.37 of its initial value, i.e., y = 0.37A, corresponds to an average of one SSB per DNA
molecule. This parameter is defined as t3 (s), which is calculated as:

tyr = 1/k
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The SSByield, nggp, representing the rate of SSB formation normalized to the DNA molecular mass
(MW,yc1g, Da') per unit irradiation time (s'), was quantified as follows:

nssg = 1/(t37 x MW yeis)
4

The molecular weight of pUC18 is 1.75 x 106 Da, based on an average mass of 650 Da per base pair and
a total length of 2686 base pairs. For each replicate, nggpg was calculated from the corresponding %37
value obtained in that individual experiment, and then the mean nggp and its associated uncertainty
were obtained by averaging over all replicates.

The SSB response index for enzyme-sensitive sites (ESSs), nggg, was calculated by subtracting the SSB

yield of the MOCK group from that of the corresponding enzymatic treatment group, as follows*’:

NEss.ez — NEnzyme.x — MMOCK

5

Here, x refers to the type of enzymatic treatment (Nth or Fpg). Subsequently, the ESS-to-SSB ratio,
REss/ssp, was calculated as follows:

Rpss/ssp = NEss/MssB
6

Each experiment was performed at least three times independently. Data were analyzed and quantified
using Origin (OriginLab, Northampton, MA, USA) and DataGraph (Visual Data Tools, Chapel Hill, NC, USA),
and all figures were generated using DataGraph. Data are presented as the mean with its standard
deviation.

3. Results and Discussion

Figure 1 shows the fractional changes in the three major DNA forms as a function of irradiation time with
discharge paramters of 10 kV and 1 kHz for voltage and frequency, respectively. Fractions of each DNA
form were calculated using Eq. 1. Prior to irradiation, the dominant DNA topological form was the SC
form, indicating that most of the detectable DNA contained no strand breaks. For the Control and MOCK
treatment groups, the fraction of SC-form DNA accounted for more than 90% of the total DNA fraction. In
the Nth- and Fpg-treated groups, the SC fraction was lower than in the Control and MOCK groups, and
approximately 20% of the OC forms were observed. This difference arises from the enzymatic
conversion of pre-existing background base lesions, accumulated during DNA preparation and handling,
into detectable strand breaks. With increasing irradiation time, the fraction of SC forms gradually
decreased in all treatment groups. Within the same time range, the fraction of the OC forms initially
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increased, than reached a plateau, and finally gradually decreased. The fractions of the LIN forms
remained relatively low, approximately below 5%, throughout the irradiation period.

Figure 2 shows representative results from a single experiment obtained under plasma irradiation at 10
kV and 1 kHz, highlighting the SC decay behavior and the dynamics of the LIN form across treatment
groups. The fraction of SC DNA decreased with increasing irradiation time, following approximately a
semi-logarithmic decay. Notably, the LIN form of DNA was reliably detected only in the Fpg-treated
samples, in which the fraction of LIN DNA increased at short irradiation times (less than 20 s) and
subsequently decreased with prolonged irradiation. In the other treatment conditions (Control, MOCK,
and Nth-treated), the LIN fraction remained relatively low and was not clearly distinguishable.

Figure 3 shows the t3; (a) and nggg (b) values for different treatment groups (Control, MOCK, Nth, and
Fpg) at an applied frequency of 1 kHz and voltages ranging from 6 to 12 kV. To quantify the observed SC
decay and SSB formation rates, t3; and nggg Were calculated and compared across treatment groups and

discharge parameters. The t3; and nggg values were calculated using Equations 3 and 4, respectively.
Under each treatment group, increasing the applied voltage led to a decrease in t3; and a corresponding
increase in nggg. Table 1 shows the t3; and nggp values for the Control groups at different voltages and
frequencies. The nggg values in the Control sample at 12 kV were (18.5+8.0) x 10"°SSB-Da™ 's™ ', 4

times higher than those at 6 kV, which were (4.7 +1.5) x 10" ? SSB-Da” s~ '. At a given voltage, the
MOCK group exhibited t;; and nggg values similar to those of the Control, indicating that incubation and
heating alone did not significantly alter DNA topology. In contrast, both Nth- and Fpg-treated groups
showed lower t55 values relative to the Control, indicating that additional base lesions were successfully

detected by enzymatic treatment. No significant difference in t5; or nggg Was observed between the Nth-
and Fpg-treated groups.

Table 1. The t3, values and nggg values of the Control groups as a function of applied voltage and

frequency.

Condition t37 (s) (109 SSB-Da"l-s™)
1 kHz, 6 kV 134.2+56.9 4.7+1.5

1 kHz, 8 kV 55.4+19.5 11.3+£3.7

1kHz, 10kV  44.8+15.0 14.5+6.5

1kHz,12kv  343+11.9 18.5+8.0

2kHz, 10kv 21947 27.016.3

4kHz,10kv  21.8+3.4 26.7+3.9

Figure 4 shows the changes in the t35 (a) and nggg (b) values for different treatment groups at a fixed

applied voltage of 10 kV and frequencies ranging from 1 to 4 kHz. Increasing the frequency from 1 to 2
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kHz led to a noticeable decrease in t;, and a corresponding increase in nggg, While further increasing the
frequency to 4 kHz produced only minor additional changes. The nggg value in the Control group at 4 kHz

was (26.7 +3.9) x 10° SSB-Da™"'s™!, almost twice that at 1 kHz, which was (14.5 + 6.5) x 10° SSB-Da™"*s"

1 (Table 1). Similar to the voltage-dependent trends, changes in frequency did not produce significant
differences between the MOCK and Control groups, whereas the Nth- and Fpg-treated groups showed
lower values than the enzymatically untreated groups, indicating that additional base lesions were
successfully detected by the enzymatic treatment. No significant differences in t3; or nggg were

observed between the Nth- and Fpg-treated groups.

The ratio of detectable (enzyme-sensitive sites) ESSs to SSBs, REgg/ggp, Was used as an evaluation

factor for the relative contribution of oxidative base lesions to total DNA damage. It was calculated using
Equations 5 and 6 and examined across all irradiation conditions (Figure 5). For all enzymatic treatment
groups, was consistently greater than 0 but remained below unity, indicating that ESSs were present
but at lower yields than SSBs under all tested conditions. No clear voltage-dependent (Figure 5a) or
frequency-dependent (Figure 5b) trends were observed, nor were clear differences found between the
Nth- and Fpg-treated groups.

4. Discussion

Based on the presented results, the degradation of the SC DNA form follows a semi-logarithmic
dependence on irradiation time (Fig. 2). This suggests that DNA damage, especially SSB formation,
induced by plasma reactive species proceeds as a random and independent process, and that the
effective probability of strand break formation remains approximately constant throughout the
irradiation period in this study. Among RONS, "OH is considered the most important factor in DNA
damage. Under plasma irradiation, "OH can persist in the aqueous phase via the hydrogen-atom
exchange reactions '*. Additionally, during He plasma irradiation, ‘OH-derived products accumulate
approximately linearly with irradiation time*®. Experimental evidence has shown that in the aqueous
phase, the SSB yield is proportional to the effective 'OH yield, and strand break formation follows a
random and independent attack model*°. "OH can induce oxidative damage to DNA through double-bond
addition, hydrogen abstraction, and electron transfer reactions 50 Other species, such as H,0,, largely
generated by recombination of ‘OH, may further contribute to ‘OH formation through secondary

reactions, including peroxynitrite-related pathways involving NO,~ under acidic conditions %1819 |n

addition, quasi-free electrons in bulk solution were also reported to have the capacity to induce bond
cleavage of DNA components via attachment to the N1-C1' glycosidic bond of nucleosides °'.

DSB formation in the Control group did not show significant changes over irradiation time (Fig. 2).
However, with increasing irradiation time, the summed intensities of the three major DNA forms
(SC/OC/LIN) decreased (See 60 s in Fig. 1). This observation suggests that the DNA was not only
transformed among the three major topological forms, but also further degraded into fragments shorter
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than the full-lentgh linear form (sub-linear fragments). Indeed, non-major bands, including a band
attributed to DNA denaturation*? and diffuse smear bands, became more apparent with increasing
irradiation time in the gel electrophoresis images (not shown here). Previous studies demonstrated that
DSB formation requires two independent "OH attack events, such that the probability of DSB formation is

proportional to the square of the probability of SSB formation“°.

ESSs are enzyme-recognizable oxidative base lesions and their associated clustered damage (Figs. 3
and 4). The ratio of ESS-derived strand breaks to the SSByield, Rggg/5sp (Fig. 5), was used to evaluate
their formation level relative to SSB formation. The RESS/SSB value was consistently less than unity,
indicating that oxidative base lesions are generated at a lower yield than SSBs. Previous studies using
the same plasmid DNA under nearly identical aqueous conditions but with X-ray irradiation have shown
that the yields of Nth- and Fpg-detectable ESSs are almost the same as the yield of prompt SSBs®2. The
difference may be attributed to the different irradiation sources, X-rays and APPJ, as APPJ tends to
induce strand breakage and further fragmentation rather than oxidative base lesion formation. No
significant difference was observed between the Fpg-sensitive and Nth-sensitive damage yields, which
may also be attributed to this reason. Additionally, although the reaction conditions were maintained
using a standard 10x buffer, it remains unclear whether plasma-induced long-lived species, such as H,0,
or plasma-induced pH changes, may inhibit enzyme activity. Among ESS-derived DSBs, an initial increase
followed by a decrease with increasing irradiation time was observed in the Fpg-treated samples,
whereas this trend was not detected in the Nth-treated samples (Fig. 2). This selective increase in DSBs
suggests the presence of Fpg-sensitive clustered oxidative purine lesions, as the Fpg protein detects
oxidized purines such as 8-oxoguanine®. Fpg-induced DSBs may arise from clustered oxidative purine
lesions or from the conversion of closely spaced SSBs and purine lesions into DSBs. With increasing
irradiation time, the DSB signal disappeared, indicating further fragmentation of the LIN form DNA into
shorter DNA fragments appearing as a smear in the electrophoresis gel images.

Additionally, changes in plasma discharge parameters, such as frequency and voltage, may influence
DNA damage yields by modulating the generation rates of plasma-derived species, including RONS and
other reactive species. Higher voltage (Fig. 3) and higher frequency (Fig. 4) resulted in lower t3, values,
corresponding to an increased DNA damage formation rate, nggg. However, Rggs/ssp did not show a
clear dependence on voltage or frequency. This suggests that changes in frequency and voltage
primarily increased the overall DNA damage yield without clearly altering the relative contribution of
detectable ESSs to SSBs. Indeed, in plasma irradiation of aqueous solutions, increasing either voltage or

frequency, or both, can accelerate the generation rates of "OH 48 5% 55 NQ,- 5% 55

, and solvated electrons
%6 However, under constant power in argon plasma, lower frequency combined with higher voltage has

been reported to result in higher detectable "OH yield >°.

Finally, SSB formation was calculated based on the decrease in the undamaged SC form, which can be
directly estimated, as it corresponds to the initial topology of plasmid DNA (Figs. 1 and 2). In contrast,
DSB formation was estimated from the LIN form, whereas ESSs were assessed indirectly through
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incremental SSBs or DSBs generated by enzymatic conversion of the corresponding base lesions, as
ESSs (Figs. 3 and 4). Since these estimates for DSBs and enzyme-generated strand breaks do not
originate from the initial topology, they are subject to several sources of uncertainty. For DSB estimates,
further fragmentation of DSB-containing DNA can generate sub-linear fragmentation that fall outside the
three major topological forms, thereby reducing the detectable LIN fraction °’. For ESS estimates, the

detection efficiency may be affected by enzymatic digestion conditions, including enzyme concentration,

incubation time, and reaction buffer composition 58

5. Conclusions

This study systematically investigated helium APPJ-induced DNA damage in aqueous solution. Using
additive-free plasmid DNA combined with enzymatic treatment, SSBs, DSBs, and Nth- and Fpg-
detectable oxidative base lesions were quantified using gel electrophoresis. With increasing irradiation
time, the fraction of undamaged DNA decreased approximately exponentially, suggesting that DNA
damage followed a pattern consistent with random attacks by plasma-generated radicals such as "OH.
DNA damage was dominated by strand break formation, while oxidative base lesions were present at
relatively lower levels. Although DSBs were not clearly detected, the fraction of non-major bands
increased, indicating that DNA further degraded into sub-linear fragments that fall outside the three
major topological forms. Fpg-treated samples showed increased DSB formation, suggesting the
possible presence of Fpg-sensitive clustered oxidative purine lesions. Increasing the applied voltage and
frequency decreased the time required to produce the same level of SSB damage (t;), corresponding to
an increased SSB formation rate per unit time (nggg). These results may be attributed to the higher RONS
generation rates modulated by changes in discharge parameters. However, changes in voltage and
frequency did not significantly affect RESS/SSB, indicating that plasma parameters mainly alter RONS
production rates rather than the relative contribution of ESSs to SSBs within the tested ranges. These
results provide insight into plasma-induced DNA damage mechanisms and may contribute to the
advancement of plasma medicine applications.
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Figure 1

Changes in the fraction of plasmid DNA topological forms (SC, OC, and LIN) in Control, MOCK, Nth-, and
Fpg-treated groups under plasma irradiation at 10 kV and 1 kHz. Error bars represent the standard
deviation of repeated independent experiments. The dashed line corresponds to the SC form and is
provided as a guide to the eye.
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Figure 2

Changes in the fraction of two plasmid DNA topological forms: supercoiled (SC) and linear (LIN) forms

as a function of irradiation time in aqueous solution under 10 kV, 1 kHz plasma irradiation. The dashed

line for the SC form represents a fitted curve displayed on a semi-logarithmic scale, and the dashed line
for the LIN form is provided as a guide to the eye.
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Figure 3

The t3, (a) and nggg (b) values for different treatment groups (Control, MOCK, Nth, and Fpg) at a fixed
applied frequency of 1 kHz and applied voltages of 6, 8, 10, and 12 kV. Each point represents the result of
an independent experiment, while the bars and associated error bars represent the mean and standard
deviation, respectively.
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Figure 4

The t3,(a) and nggg (b) values for different treatment groups (Control, MOCK, Nth, and Fpg) at a fixed

applied voltage of 10 kV and applied frequencies of 1, 2, and 4 kHz. Each point represents the result of
an independent experiment, while the column bars with the associated error bars represent the mean
and standard deviation , respectively.
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Ratio of ESS to SSB, REgg,sgg, as a function of (a) applied voltage (6, 8, 10, and 12 kV) at a fixed
frequency of 1 kHz and (b) applied frequency (1, 2, and 4 kHz) at a fixed voltage of 10 kV.
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