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Abstract: The interdisciplinary field of plasma medicine requires a thorough investigation of the reaction

pathways from the plasma sources down to the cellular level. The work presents state of the art optical diagnostics

such as two-photon absorption laser induced fluorescence spectroscopy of reactive oxygen species (ROS) and

their reaction kinetics in an atmospheric pressure plasma source. Parallel to these investigations on fundamental

processes in the plasma chemistry, the effect of reactive oxygen species on cellular DNA of plasma treated
HaCaT cells is investigated. The ROS accumulation within the cells is determined by oxidation of H,DCFDA.
Subsequently the ROS effect on the integrity of the cellular DNA is measured by single cell electrophoresis.

Keywords: APP, Reactive Oxygen Species, Optical Plasma Diagnostics, HaCaT Cells

1. Introduction

The recent progress in the development and research
of non equilibrium atmospheric pressure plasmas
(APPs) with high reactive species densities at low
gas temperature has made plasma-treatment of living
tissue possible and promises an efficient and
improved treatment of infected or chronic wounds as
well as hard to heal skin diseases [1]. In plasma -
cell/tissue interaction secondary effects play a
crucial role. Most mammalian cells require a liquid
surrounding in order to survive — therefore it is
always via an interface, namely the extracellular
physiological environment, that the plasma
influences the cell. For a thorough analysis of this
plasma - cell environment interaction a detailed
quantitative analysis of the discharges reactive
components is required. This work presents methods
of optical plasma diagnostics suited for investigating
the reactive oxygen species (ROS) in atmospheric
pressure plasmas together with methods to
investigate APPs effect on cellular DNA. Plasma
diagnostics are performed exemplarily on a so-called
APPJ, biologic experiments are performed using
both a kINPen and a surface dielectric barrier
discharge (DBD). All three plasma sources are
briefly described in the following.

2. Plasma Sources

The kINPen is a concentric plasma jet. In the center
of a quartz capillary (inner diameter 1.6 mm) a pin-
type electrode (1 mm diameter) is mounted. In the
continuous working mode, a high-frequency (HF)
voltage (1.1 MHz, 2-6 kVpp) is coupled to the pin-
type electrode [2]. The carrier gas in this case is
argon with small molecular admixtures. The atmos-
pheric pressure plasma jet (APPJ) is a capacitively
coupled radio frequency excited plasma source,
which can be operated at ambient conditions. The
planar setup consists of two water cooled planar
stainless steel electrodes (length 80 mm, width 40
mm), one of which is grounded, while the other is
driven by a 13.56 MHz RF-power source. The
electrode gap is 1.1 mm. A more detailed description
of the APPJ can be found in [3]. The surface dielec-
tric barrier discharge (DBD) consists of a back plate
electrode, a dielectric and a structured surface
electrode covered in alumina [4]. It is operated with
a frequency of 2 kHz and a voltage of 10 kHz in
open air.

3. Plasma Diagnostics and Results

The atomic oxygen density distribution in the
effluent of the plasma jet is determined by two-pho-
ton absorption laser induced fluorescence (TALIF)



spectroscopy. Tunable UV-laser radiation is used to
excite oxygen atoms by simultaneous absorption of
two UV-photons. The fluorescence radiation emitted
when the atoms revert to an energetically lower state
is measured in order to gain information about the
atomic oxygen density. A detailed setup and
measurement description is presented in [2]. For the
measurements, the APPJ is placed in a recipient
filled with one atmosphere of helium. A frequency
doubled Nd:YAG-laser pulsed at 10 Hz is used to
pump a dye laser, equipped with a frequency tripling
unit, in order to obtain the tunable UV radiation at
about 225 nm for two-photon excitation of ground
state oxygen atoms. The fluorescence of the oxygen
atoms (~845 nm) is detected perpendicular to the
exciting laser beam with a photomultiplier.

The ozone density in the APPJ’s effluent is
determined by UV-absorption spectroscopy. The
A=253.7 mercury line of a Hg/Ar lamp is used for
the UV-absorption measurements. The UV spectrum
is recorded with a 0.2 m monochromator. The
density is calculated by Beer’s law taking into
account the absorption cross section of ozone A @
253,7nm = 1.14 x 10" em’[5]. The measurements in
this study are line of sight measurements along the
long (x-)axis of the jet.

A relative density distribution of singlet metastable
molecular oxygen Oz(b12g+) in the APPJ’s effluent is
derived from optical emission spectroscopy (OES).
The spectroscopic setup is described in detail in [2].
The emission band of Oz(b'Zg) at 762 nm is shown
in fig. 1 (transition (b'Z,") v=0 — (X°;) v=0)
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Fig. 1: OES on Oz(b]2g+) at 4 mm distance from the jet’s nozzle
in helium atmosphere at 150Watt RF-power and 0.5 vol% O2-
admixture for different total gas fluxes

For a chemical model of the processes in the plasma
jet’s effluent apart from helium, five oxygen species
(0, 0,, O3, Oz(alAg), Oz(b12g+)) are relevant. As
starting parameters for the model, their respective
initial densities are taken from the measurements.
UV-absorption measurements on ozone as well as
optical emission spectroscopy on Oz(bIZ;), and
TALIF-measurements of the atomic oxygen density
yield the input parameters for these reactive oxygen
species. The density of metastable Oz(alAg) is in the
same magnitude as the atomic oxygen density [6]
and the initial density of molecular oxygen can be
derived from the experimental conditions.
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Fig. 2: Comparison of chemical model calculations with the
measured oxygen species’ densities. Solid symbols represent the
on-axis reactive species’ densities with diffusion effects
considered. Open symbols for atomic oxygen and ozone
represent the measured on-axis densities

The final results from the model calculations
compared with the measured oxygen species’
densities (O, O3, and Oz(b'2g+)) are depicted in fig 2.
Open symbols represent the measurements and solid
symbols are the densities with diffusion effects taken
into account. The relative Oz(b12g+)—density as
derived from the OES-measurements is reconciled
with the density distribution from the model
calculations to achieve an absolute Oz(b'2g+)—
density. The progression of measured and calculated
oxygen species’ densities is in excellent agreement.
The processes in the effluent can be summarized as
follows: Ozone is produced by the three body
reaction of atomic and molecular oxygen with a third
reaction partner. A high consumption of ozone close



to the nozzle is mainly due to reaction with
Oz(b12g+). The rapid decrease of the Oz(blzg)—
density due to this reaction explains the observed
increase of the ozone density towards higher
distances from the nozzle. The high density of
molecular oxygen in the order of 10'” cm™ remains
practically constant. The model calculations also
show that the Oz(alAg)—density decreases slowly (due
to the metastables’ high lifetime) and is still consi-
derably high at several centimeters distance from the
nozzle. The likewise slow decrease of the atomic
oxygen density can partially be explained by
reaction of ozone with Oz(a]Ag), producing atomic
oxygen. However, the comparison shows that the
initial atomic oxygen density for the model has to be
assumed lower than the measured density, in order
to achieve agreement towards higher time of flight.
The deviation between calculated and measured
atomic oxygen density close to the nozzle can be
seen in fig. 2. In our preceding study [2], (V)UV-
radiation was identified as a means of an energy
transfer from the APPJ’s discharge region, possibly
generating surplus atomic oxygen in the effluent.
(V)UV radiation — and accordingly its effect on the
atomic oxygen density — is strongest close to the
nozzle. The difference between measured radical
densities and results from the model calculations
close to the nozzle is resolved, when atomic oxygen
produced by (V)UV-photo dissociation is added to
the calculated O-density.

4. Cellular Diagnostics and Results

To gain insight into intracellular effects of atmos-
pheric pressure plasma treatment, DNA damage
detection was carried out using single cell electro-
phoresis (Comet assay) and ROS detection by
oxidation of H,DCFDA. Cells were loaded with the
membrane permeable leukodye H,DCFDA (10uM)
within 30 min after dielectric barrier discharge
treatment in air. After its oxidation by ROS, fluores-
cence was measured (excitation 485nm/emission
520nm) [7] (fig. 3). Apart from treatment time de-
pendency (120s > 100s etc.) a significant influence
of the type of cell culture medium was observed.
When using Iscove’s modified Dulbecco’s Medium
(IMDM) instead of Roswell Park Memorial Institute
1640 (RPMI) for the same experiment, intracellular

oxygen radical densities dropped markedly. Oxygen
radical absorbance capacity assay (ORAC) revealed
a much higher effectivity (4.7fold) of IMDM com-
pared to RPMI (data not shown). For higher
sensitivity subsequent experiments were carried out

using RPMI.
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Fig. 3: Intracellular ROS detection (H,DCFDA, 485/520) 30
min after HaCaT DBD treatment in air.

Various effects of reactive oxygen species need to be
considered: Apart from their role as second messen-
ger (NO, O,") [8] an interaction with cellular
macromolecules such as DNA is possible. In order
to detect DNA deterioration, treated cells were
placed in agarose gel, lysed, and the remaining DNA
was forced to migrate in an electric field (single cell
electrophoresis). The DNA migration velocity de-
pends on number and frequency of DNA lesions.
The comets formed during migration are a measure
for DNA deterioration and can be quantified by the
tail moment. [9] Treatment of HaCaT cells with the
kINPen operated with argon at ambient conditions
showed a treatment time dependant increase of the
tail moment, indicating DNA single strand breaks or
DNA oxidation (fig. 4).
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Fig. 4: Alkaline Comet assay. kINPen treatment with argon in
air, HaCaT cells adherent. Tail moment indicates DNA damage.

However, tail moments decrease after prolonged
incubation time, indicating DNA damage repair,



and/or depletion of damaged cells. This observation
needs to be verified in future work.

When treating HaCaT cells in suspension with the
dielectric barrier discharge in air, tail moments were
generally lower than after kINPen treatment. This
indicates a reduced number of DNA lesions and
hence less ROS within the HaCaT cells after treat-
ment with this plasma source (fig. 5).
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Fig. 5: Alkaline Comet assay. DBD treatment in air, cells
suspendend in either RPMI (left) or IMDM (right). Tail moment
indicates DNA damage.

Cells treated suspended in RPMI, however, dis-
played the expected response (treatment time
dependent increase of tail moment, tail moments
inversely depend on incubation time). Exchanging
RPMI for IMDM, tail moments (and thus DNA
single strand breaks) dropped almost to control level,
even at the highest treatment times. This observation
confirms the assumption of a higher radical scaven-
ging activity of IMDM and its implication for in
vivo situations (see below).

When using the neutral variant of the Comet assay
[10], only few DNA double strand breaks were
detected for high treatment times (kINPen, 80s). The
same apparent recovery during further incubation as
in the case of single strand breaks was observed.

The biological effects observed depended on the
type of plasma source, treatment time and type of
nutrient medium. With increasing time after treat-
ment, DNA deterioration decreases. It needs to be
verified in future — e.g. by normalization of the
results to total cell count — whether the results show
a selective cell death or repair of DNA. As the type
of nutrient medium plays a major role, treatment in
vivo may lead to different results regarding DNA
damage because the nutrient supply in vivo differs
from vitro culture. Additionally, regular healthy skin
consists of several layers. Especially the outer layer

(stratum corneum) consisting of dead cells will not
be affected by DNA damaging agents. Regarding
applications, the influence of plasma is of interest
only for cells beneath this layer (at a depth of around
150 pum). The experiments described will help to
define a threshold treatment time for future skin
treatment.
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