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Abstract
In this study, the effect of feed gas humidity on the reactive component generation of an
atmospheric-pressure argon plasma jet and its effect on human skin cells are investigated. Feed gas
humidity is identified as one key parameter that strongly influences stability and reproducibility of
plasma medical studies. The plasma jet is investigated by absorption spectroscopy in the ultraviolet
and infrared spectral region for its ozone production depending on the humidity concentration in the
feed gas. By optical emission spectroscopy the dependence of present excited plasma species such as
hydroxyl radicals, molecular nitrogen, argon and atomic oxygen on the feed gas humidity is
investigated. As an interface layer between the plasma jet effluent and the biological cell, a buffer
solution is treated and the hydrogen peroxide (H2O2) production is studied with two independent
colorimetric assays as a function of humidity admixture to the feed gas. Ultimately, the effect of
varying feed gas humidity on the cell viability of indirect plasma treated adherent HaCAT cells is
investigated. The highest viability is found for the driest feed gas condition. Furthermore, this work
shows answers for the relevance of unwanted—or intended—feed gas humidity in plasma medical
experiments and their comparatively large relevance with respect to ambient humidity. The findings
will lead to more reproducible experiments in the field of plasma medicine.

1. Introduction

The past decade has seen the rise of atmospheric-pressure low-
temperature plasmas. These plasmas operated under ambient
conditions find a wide range of applications, e.g. in surface
treatment of polymers [1–3], treatment of woven fabrics [4]
and surface functionalization [5], and also as actuators for the
control of air flow in aeronautics [6]. Atmospheric-pressure
plasmas are increasingly used for deposition of thin films [7] or
generation of carbon nanotubes [8]. Advantages are that large
and expensive vacuum equipment can be omitted and high
reactive species density can be achieved due to the high density

3 These authors contributed equally to this work.

under ambient conditions. High focus is set on application of
atmospheric-pressure plasmas in the medical sector. In this
sector, a large scientific community has evolved investigating
applications of wound treatment, biocompatible surfaces, or
disinfection, inactivation of pathogens, sterilization of medical
equipment as well as the inactivation of bacteria in biofilms,
see e.g. [9–12]. The high reactivity at low gas temperatures due
to the strong non-equilibrium properties of these plasmas can
be utilized to generate a reactive chemistry, usually available
only at high temperatures, on temperature-sensitive surfaces
such as human skin.

In particular in the medical sector, plasma sources
are operated in ambient air, introducing humidity into the
active plasma zone. Humidity plays an important role
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in plasma chemical processes since dissociation of water
(H2O) opens a wide variety of subsequent plasma chemical
reactions [13]. This is especially true for atmospheric-
pressure plasmas operated in humid ambient air but also for
noble gas driven atmospheric-pressure plasma jets [14–16].
In the case of plasma jets, humidity is either introduced
directly into the working gas as impurity or diffuses into the
effluent when the jet is operated in a humid environment.
In biomedical applications, changing humidity conditions not
only has an influence on the plasma but also on the plasma-
treated biological targets, such as cells or cell structures
[17]. The products originating from the water reaction
pathways, for example hydroxyl (OH), atomic oxygen (O) and
hydrogen peroxide (H2O2) are potent to generate oxidative
stress in biological samples. This is already known from
decontamination experiments, where bacteria were plasma-
treated under different humidity settings [18]. For eukaryotic
cells relevant for plasma medicine (e.g. human skin cells)
no such data exist. Hence, the focus of this work is
not only the investigation of feed gas humidity influence
on the reactive component generation of an atmospheric-
pressure argon plasma jet by optical emission and absorption
spectroscopy but also the observation of in vitro human
keratinocyte behaviour to indirect plasma treatment. It is
shown in this work that increasing feed gas humidity leads
to a significant viability decrease in the investigated cell line.
In order to get a first glimpse into the governing mechanisms,
the H2O2 concentration in the liquid growth medium is also
monitored. The increase in H2O2 concentration with feed
gas humidity suggests a correlation between H2O2 and cell
viability.

In addition to the fundamental research aspects, it is shown
that gas supply tubes made of polyurethane (PUR) are a major
source of feed gas humidity and must be considered from the
practical point of view. Moreover, the large relevance of feed
gas humidity with respect to ambient humidity is emphasized
in this paper.

2. Experimental setup

2.1. Plasma jet

The investigated plasma source is a cold atmospheric-pressure
plasma jet (kinpen, neoplas GmbH, Greifswald, Germany). It
consists of a centred rod electrode inside a ceramic capillary
and a grounded ring electrode [19, 20]. When a sinusoidal
voltage signal of 2–6 kVpp with a frequency of about 1 MHz
is applied to the centred electrode, plasma is ignited within
the core region of the jet. Also an up to 10 mm long effluent
becomes visible after ignition. The working gas is argon (Ar
purity 99.999%) with a gas flow rate of 3 standard litres per
minute (slm). Furthermore, the humidity concentration of
the feed gas is changed with the setup described in detail in
section 2.3.

2.2. Humidity measurements in gas supply tubes

Feed gas tubes made of PUR can absorb a significant amount
of water when they are exposed to a humid environment. In

Figure 1. Experimental setup for measuring the water concentration
that originates from a previously humidified tube.

operation, dry gas from the gas bottle becomes humidified
while streaming through such previously humidified feed gas
tubes. Hence, a significant number of water molecules are
transported by the feed gas into the core plasma region of the
investigated plasma jet. In order to determine the number
of water molecules that originate from feed gas tubes the
experimental setup in figure 1 was used. A 3 m long PUR
tube (Norgren, Germany) with inner and outer diameters of
4 mm and 6 mm, respectively, was enclosed by a plastic box.
The air atmosphere inside the box was set to a relative humidity
level of 50% (corresponds to an absolute H2O concentration
of 1.4%) by means of a humidified constant air flow rate of
1 slm. The measurement procedure had three phases. In
the first phase dry argon gas at a flow rate of 1 slm was led
through the 3 m tube for 12 h. Therefore, valves B were
opened and valve A was closed. After this drying phase
the second phase began in which valves B were closed and
valve A was opened. Now, the dried argon filled tube was
exposed to the humidified atmosphere in the box for another
12 h. Meanwhile the argon gas kept flowing through valve A.
This provides unchanged dry conditions for the supply tubes.
In the third phase, valves B were opened and valve A was
closed again, so that dry argon gas flew through the humidified
tube. The gas humidity was measured over time with a chilled
mirror dew point hygrometer (DewMaster, EdgeTech, USA)
with an uncertainty of about 2%. The humidity concentration
detection limit of this hygrometer was 20 parts per million
(ppm). For comparison, a 3 m long stainless steel pipe with
the same dimensions as the PUR tube was analysed with the
same procedure.

2.3. Feed gas humidification and optical emission
spectroscopy

To investigate the effect feed gas humidity has on emission
spectra and on biological samples the humidity of the
feed gas was controlled. Due to the difficulty in
adjusting humidification by gas tubes, a controlled feed gas
humidification was performed with a bubbler setup. Dry
argon gas was split into two channels, a main gas channel
and a channel which was guided through a water reservoir.
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Figure 2. Scheme of the optical emission spectroscopy setup and of
gas humidification.

Behind the bubbler, both argon gas streams were mixed and
the resulting humidity was analysed by the chilled mirror dew
point hygrometer already described in section 2.2. Afterwards
the humidified feed gas was led into the plasma jet. By
changing the argon flow rate through the bubbler in the
range 0–0.5 slm the feed gas humidity was precisely adjusted
between 20 and 1300 ppm. To provide a constant total
argon flow rate of 3 slm the dry gas channel flow rate was
appropriately reduced.

A sketch of the humidification setup in combination with
the optical emission spectroscopy (OES) setup is displayed
in figure 2. The OES was performed using a UV and a
NIR sensitive spectrometer (AvaSpec-2048-USB2, Avantes)
with a spectral resolution of 0.7 nm, respectively. The
axially resolved emission spectra with a spatial resolution of
0.5 mm were obtained for different humidity concentrations.
Particularly four spectral regions were evaluated in this
work corresponding to the emission of argon atoms (Ar 4p–
4s, 695–698 nm), hydroxyl radicals (OH A 2�+ → X 2�,
305–313 nm), nitrogen molecules (N2C

3�u → B 3�g,
330–338 nm) and atomic oxygen (O 3p–3s, 775–778 nm).
Integrating the respective emission intensities for different
axial positions (0–10 mm, step size: 0.5 mm) and different feed
gas humidity concentrations over the given spectral ranges and
normalizing to the maximal value yields an emission intensity
map for each species.

Furthermore, the plasma jet was equipped with a shielding
device that enables the shielding of the effluent plasma from
ambient species [21]. In order to investigate whether feed gas
humidity differentially influences the plasma composition than
ambient humidity two experiments were performed using this
shielded jet. Firstly, dry air as shielding gas and humidified
argon with a humidity concentration of 490 ppm as feed gas
were used. In this situation, the humidity concentration in
the effluent is only determined by the feed gas humidity.
Secondly, the opposite situation, namely humidified shielding
gas with a humidity concentration of 20 500 ppm (corresponds
to a relative humidity level of 72%) and dry feed gas, was
investigated. As a measure for the impact of both situations
the excited OH emission was analysed with the setup explained
above.

2.4. Ozone net production rate

The ozone net production rate of the investigated plasma jet
operated with 3 slm argon plus 1% oxygen was determined
for different feed gas humidity concentrations using UV and
IR absorption spectroscopy techniques identical to the setups
reported in [20, 22]. For a comparison of both techniques,
the measurement setup-independent net production rate was
calculated, considering the velocity profile of the gas for UV
absorption and the total flow rate for IR absorption. Details of
the production rate calculation are also given in the two papers
already mentioned above. The humidification of the feed gas
was performed with the bubbler setup described in section 2.3.

2.5. Plasma treatment and hydrogen peroxide determination
in RPMI solution

The plasma treatment was performed in a polystyrene
Petri dish (53 mm diameter TPP, Trasdingen, CH) filled
with 5 ml complete cell growth medium (Roswell Park
Memorial Institute 1640-RPMI + 8% foetal calf serum +1%
penicillin/streptomycin solution). In order to treat the liquid at
different positions the plasma jet was mounted on an xy-table,
and the plasma jet effluent was moved in a meandering pattern
over the liquid for a constant treatment time of 40 s. The
distance between the nozzle and the liquid surface was set
to 9 mm. The H2O2 concentration of the treated liquid was
analysed using commercial H2O2 test stripes (Merckoquant
110011, Merck) and via an Amplex Red homogeneous assay.
Aliquots of 50 µl (Amplex Red assay) and 30 µl (test stripes)
were taken immediately after 40 s plasma treatment time. The
experiment was repeated three times for each humidity setting.

The H2O2 test stripes were read out by a digital microscope
camera (Conrad, Germany) in order to analyse their colour
value. A calibration procedure was conducted prior to the
experiments. Therefore, 13 different H2O2 concentrations
from 0 to 6 mg l−1 were produced by diluting 10M H2O2 stock
solution (340 g l−1, Merck KGAA) in RPMI and H2O. The sum
of the colour values of the red and green camera channel for
different H2O2 concentrations is plotted in figure 3. Regardless
of whether the calibration was performed in RPMI or H2O
almost the same linear calibration characteristic was observed.
The linear approximation of the data allows the determination
of an unknown H2O2 concentration by measuring the colour
change of a test stripe.

Another method to detect H2O2 in liquid is the usage
of a homogeneous assay (Amplex Red Hydrogen Perox-
ide/Peroxidase Assay Kit, Invitrogen, Ltd). The kit uses the
Amplex Red reagent (10-acetyl-3,7-dihydroxyphenoxazine).
After 40 s plasma treatment time 50 µl of the treated solution
were transferred into a well of a 96-well plate. The well already
contains a volume of 50 µl reaction buffer solution accord-
ing to the protocol provided by the company. Furthermore, a
standard curve with known H2O2 concentrations was also pre-
pared in the 96-well plate. The absorption and fluorescence
signals at wavelengths of 560 nm and 590 nm, respectively,
were obtained by means of a multiplate reader (Tecan infinite
M200, Tecan Group Ltd, Switzerland). By comparing the re-
sults of the standard curve with the samples taken at different
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Figure 3. H2O2 test stripe calibration curve.

feed gas humidity levels the plasma treatment induced H2O2

concentrations after 40 s treatment time were determined. By
comparison with the test stripe method the Amplex Red assay
is more sophisticated but also more sensitive. The H2O2 test
stripe lower detection limit is about 0.5 mg l−1, whereas a sig-
nificant lower detection limit of 0.2 ng l−1 is reported for the
Amplex Red assay [23].

2.6. Cell viability assay

The viability of adherent human keratinocytes (HaCaT cells)
was determined using the conversion of fluorescence dye
resazurin by metabolic active cells into the highly fluorescent
resorufin. Details of this assay are given in [24]. The cells
were cultivated in the same medium that was used for the H2O2

measurements.
After 40 s plasma treatment of 5 ml RPMI solution

under the equivalent conditions as described for the H2O2

measurements, the plasma-treated medium was immediately
transferred into one row of wells of the cell culture plate
and serially diluted with complete medium immediately
(six parallel wells per treatment time) to obtain different
treatment time equivalents. Analogous to the procedure
described in [24] the cells were cultivated for a further 71 h
and fluorescence intensity after resazurin addition (100 µM
resazurin in complete RPMI w/o phenol red) was analysed by
a Tecan M200 multiplate reader after 1 h of incubation. As a
measure of viability the 50% inhibition value was determined
for every investigated feed gas humidity level (example for
20 ppm see figure 4).

3. Results and discussion

3.1. Humidity originating from feed gas tubes

The humidity concentration in dependence on the gas tube
flushing time is displayed in figure 5 for the two investigated
materials, namely PUR and stainless steel. For the PUR tube an
initial humidity concentration of more than 1000 ppm depicts
a high porosity and storage capacity of this material for water
molecules. With increasing flushing time a drying of the inner

Figure 4. Cell viability in dependence on the treatment time
equivalent for a feed gas humidity level of below 20 ppm. The 50%
value was determined via sigmoidal regression (here 41.7 s
treatment time equivalent).

tube surface occurs. However, it takes more than 3 h of flushing
time to decrease the feed gas humidity concentration of a 3 m
long PUR tube under a level of 70 ppm, which from a practical
point of view can be considered as dry. In contrast, the initial
feed gas humidity concentration for the investigated metal tube
of the same length is by one order of magnitude lower than for
the polymeric tube. Already after a couple of minutes the
humidity concentration is significantly lower than 70 ppm. A
consequence of these findings is that not only dry but also stable
humidity conditions in the feed gas can be easily achieved with
metal tubes. However, metal tubes are expensive and by far
not as practical as polymeric tubes. Thus, in the majority
of cases, the usage of polymeric tubes can possibly not be
avoided totally. In experiments that require stable humidity
concentrations it is therefore important to consider polymeric
feed gas tubes as a significant source of humidity. From a
practical point of view the length of these tubes should be
limited as far as possible in order to reduce the drying phase
before the experiments.

3.2. Optical emission spectroscopy

The emission spectrum of the jet effluent at an axial position
of 4 mm and for a feed gas humidity concentration of 350 ppm
shows several emission bands and atomic lines in the ultraviolet
(figure 6) and near infrared spectral range (figure 7). In the
UV spectral range, emission bands of OH (A 2�+ −X 2�) and
N2(C

3�u −B 3�g) originate from the dissociation of feed gas
water molecules and the diffusion of ambient nitrogen into the
effluent [21, 24].

In the NIR spectral range, a set of atomic argon lines
Ar(4p–4s) and the triplet of atomic oxygen lines O(3p5P–
3s5S) around 777 nm were measured. The atomic oxygen
can either originate from water dissociation alongside with
the formation of hydrogen molecules or be generated by
dissociation of ambient molecular oxygen that diffuses into the
effluent. Focusing on the effluent no lines of atomic hydrogen
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Figure 5. Humidity concentration in argon feed gas (flow rate:
1 slm) in dependence on the flushing time through a 3 m long tube
made of either PUR or stainless steel.

Figure 6. UV emission spectrum at an axial position of 4 mm and
for a feed gas humidity concentration of 350 ppm.

were found. However, end-on OES measurements (not shown
here) reveal the presence of atomic hydrogen (Hα and Hβ lines)
in the active plasma zone and thus confirm water dissociation
at least in that region.

Since humidity concentration variation changes not only
the plasma chemistry but also the excitation conditions, a
strong influence on the emission intensity of the investigated
species is expected. Furthermore, the density of molecular
oxygen and nitrogen varies with axial distance whereby a
spatial dependence on the emission intensity also occurs.
Hence, the integral emission intensity was evaluated for both
parameters. The result is presented in figure 8 for the four
discussed species Ar, OH, N2 and O. Every emission intensity
map is normalized to the maximum value, respectively. The
dots in the contour plot give the parameter settings at which
the measurements were actually conducted. The intermediate
values were calculated by 2D linear interpolation.

It has to be mentioned that careful interpretation is
necessary when evaluating OES data. Since emission
intensities in figure 8 are integrated over band structures

Figure 7. NIR emission spectrum at an axial position of 4 mm and
for a feed gas humidity concentration of 350 ppm.

(OH, N2) and over atomic lines (Ar, O) their resulting
intensities cannot be directly compared. However, by
evaluating the respective dependences on the axial position and
on the humidity concentration valuable information is obtained
despite the lack of quantitative comparability.

With increasing humidity concentration in the feed gas the
emission of argon and oxygen lines and the band emission of
nitrogen decrease. Two different effects are responsible for
this finding. Firstly, with increasing humidity concentration
in the feed gas quenching of excited states by water molecules
becomes more likely [25]. This is illustrated by the quenching
rate coefficients and decay rates given in table 1. For a humidity
concentration of 1000 ppm (corresponding to a H2O density of
2.47 × 1016 cm−3 at atmospheric pressure), the decay rate of
N2(C

3�u, ν = 0) due to quenching by water molecules is in
the same order of magnitude as the radiative decay rate and
therefore plays an important role for depopulating the excited
nitrogen state. Unfortunately, no data on the quenching rate
coefficients by water vapour were found in the literature for
the O(3p5P) and Ar(2p2) states. However, assuming that the
unknown coefficients are roughly comparable to the known
quenching rate coefficients of O(3p3P) and Ar(1s5) water
molecules also play a major role in the depopulation of these
excited atomic states.

Secondly, it is known that the admixture of molecular
gases leads to a reduction in electron temperature [36] and
therefore affects the formation of photons and energetic species
such as argon metastables Ar (1s5) in the active plasma
zone. These photons and also the metastable argon atoms
with energies of 11.55 eV and a lifetime on the order of
ten microseconds transport energy from the active plasma
zone into the effluent and induce dissociation and excitation
processes of other species [37, 38]. If, for instance, the
formation of Ar metastables is impeded by water molecules,
Ar metastable induced excitation processes in the effluent are
also impeded and the emission intensity deceases. Hence, the
emission intensity of excited Ar, O and N2 decreases with water
vapour admixture.

The emission of OH (A 2�+, ν = 0) behaves differently
from that of the other species. For small water admixtures
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Figure 8. Integrated emission signals originating from Ar, OH, N2 and O in dependence on the axial distance and feed gas humidity
concentration. The dots in the contour plot give the position and humidity concentration where the measurements were conducted. The
intermediate values were obtained by linear interpolation. Due to different integration intervals (wavelength integration ranges are given in
parentheses below the species label), intensities of different species cannot be directly compared.

an increase in OH emission is observed up to a humidity
concentration level of about 400 ppm. This is similar to
the results of Nikiforov et al on a DBD argon jet, who
found an emission maximum of OH (A 2�+, ν = 0) at a
water vapour concentration of 350 ppm. Presumably, the
OH density increases with rising H2O admixture due to
direct dissociation of water molecules by electrons. This
effect would lead to a stronger emission signal provided that
excitation mechanisms do not change significantly by small
H2O admixtures. However, when increasing the humidity
concentration beyond 400 ppm quenching of excited OH (see
table 1) and the reduced electron temperature become relevant.
Both counter the emission gain by increased OH density and a
maximum evolves. Of course, no information on OH densities
is given in this paper and therefore conclusions concerning
OH densities are speculative. However, a rising OH density
is a reasonable explanation for the formation of the observed
maximum. Otherwise, it would mean that for increasing feed
gas humidity up to 400 ppm more OH molecules become

excited than for the dry condition despite de-excitation losses
by increased quenching and reduced electron temperature.

Interesting results were also found by analysing the axial
dependence of the emission signals. Except for nitrogen,
the highest emission intensity was always found close to the
nozzle. From there on, the intensity decreases towards longer
nozzle distances. Nitrogen behaves differently because no
significant nitrogen density is present close to the nozzle.
Hence, no nitrogen excitation can occur in this region. With
a longer nozzle distance, the diffusion of ambient nitrogen
into the effluent drastically increases [21, 24] and a stronger
emission intensity is obtained. However, since the excitation of
nitrogen becomes less likely with increasing distance from the
nozzle, an emission maximum is reached at an axial position
of about 5.5 mm. For larger distances the emission signal
decreases monotonically despite a still increasing nitrogen
density.

Analogous to ambient nitrogen ambient oxygen also
diffuses into the effluent and is potentially dissociated by
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Table 1. Quenching rate coefficients for different excited species with state energies E, when H2O is the quenching molecule. Furthermore,
the decay rates due to radiative decay and due to quenching (for a humidity concentration of 1000 ppm) are given.

Decay rate (107 s−1)
Excited E Quenching rate coefficient for
state (eV) H2O (10−10 cm3 s−1) Radiative Due to H2O quenchinga

N2 (C 3�u, ν = 0) 11.18 [26] 7.1 ± 0.7 [27] 2.39 ± 0.08 [27] 1.75 ± 0.17
2.63 [28]

OH (A 2�+, ν = 0) 4.25 [29] 5.66 ± 0.1 [30] 0.139 [30] 1.40 ± 0.02
O(3p3P) 10.99 [31] 49 ± 3 [32] 2.69 ± 0.24 [32] 12.1 ± 0.74

9.4 ± 1.5 [33] 2.32 ± 0.37
O(3p5P) 10.74 [31] n/a 2.56 [34] —
Ar(1s5) 11.55 [31] 4.8 [35] Metastable 1.19
Ar(2p2) 13.33 [31] n/a 4.35 [31] —

a Calculated for a H2O concentration of 1000 ppm.

radiation or high energetic particles. However, the highest
emission intensity is found in front of the jet nozzle. This
indicates that, in addition to the atomic oxygen production in
the jet effluent, atomic oxygen is also produced inside the active
plasma zone. Analogous to the discussion of feed gas humidity
originating from the gas supply tubes (see section 3.1), it is
reasonable to assume that even for the dry condition, water
molecules are still present in the feed gas in a concentration
between 0 ppm and 20 ppm (the detection limit of hygrometer).
Hence, atomic oxygen is generated from water dissociation
in the active plasma zone and becomes excited by electron
collisions. This explains the observed emission signal of
atomic oxygen in front of the jet nozzle.

OES was also used to indicate whether feed gas humidity
has a larger effect on the OH emission than ambient air
humidity. Figure 9 shows the integrated emission intensity of
OH for the two investigated conditions. When dry feed gas and
humidified shielding gas are used the axial intensity increases
with distance to the nozzle. Similar to the discussion for
nitrogen, the OH density continuously increases with distance.
Since excitation is limited in the axial direction the emission
profile forms a maximum. Identical to nitrogen emission, the
highest emission signal was found at a distance of 5.5 mm.
In contrast, when humidified feed gas and dry shielding gas
are used the emission signal decreases steadily in the axial
direction and no maximum evolves. Particularly interesting is
the fact that although the feed gas humidity concentration in
this case is by a factor of 42 lower compared with the humidity
concentration in the wet shielding gas, a higher OH emission
signal is detected (for z < 5 mm).

In conclusion, ambient air humidity influences the
chemical and physical processes in the plasma effluent and
must be considered especially for applications that require
stable plasma conditions. In fact, much more important than
controlling the ambient humidity is to consider the feed gas
humidity since it affects the plasma substantially.

3.3. Ozone net production rate depends on feed gas humidity

In addition to other reactive species such as atomic oxygen or
hydroxyl radicals, ozone (O3) also plays a key role in plasma
chemical processes. Under a condition where molecular
oxygen density is significantly higher than the atomic oxygen
density, which is usually the case for the effluent region of the

Figure 9. Comparison of the axial OH emission profiles for two
conditions: firstly, dry shielding gas and humidified feed gas;
secondly, humidified shielding gas and dry feed gas.

plasma jet, ozone can be interpreted as an indicator for atomic
oxygen since it is mainly produced by the following reaction:

O2 + O + M → O3 + M, (1)

where M is an arbitrary collision partner, e.g. argon. Since
the emission of excited atomic oxygen is linked to the
humidity concentration in the feed gas it is reasonable
to assume that the production of atomic oxygen and
therefore the production of O3 are also affected by feed gas
humidity changes. The O3 measurement result of the two
applied absorption spectroscopic techniques (UV and IR laser
absorption spectroscopy) is presented in figure 10. In order to
compare both methods the ozone net production rate of the jet
was calculated and plotted in this figure. Despite the different
techniques remarkable agreement between both methods is
ascertained. Generally, the highest O3 net production rate of
(3 . . . 4) × 1017 s−1 is found for the driest condition. With
increasing humidity concentration up to 200 ppm a steep
decrease in ozone net production rate is obtained. For humidity
concentrations larger than 200 ppm a decrease in ozone net
production is still observed but is not as strong as for lower
humidity concentrations. For more than 800 ppm the O3

net production rate drops below 1 × 1017 s−1. A further
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Figure 10. Ozone net production rate in dependence on the feed gas
humidity concentration. The measurements were made with UV and
IR absorption techniques.

humidity increase does not change the O3 net production rate
significantly.

The decrease in ozone net production with increasing
feed gas humidity means that a higher humidity level either
inhibits the production and/or favours the destruction of ozone.
Without a plasma chemical model or an O atom density
measurement it is difficult to disentangle both mechanisms.
However, since ozone is mainly formed by one single reaction
(equation (1)), atomic oxygen acts as a bottleneck for the
ozone production. If the atomic oxygen density is affected
by the feed gas humidity, an increase in feed gas humidity will
consequently influence the O3 formation as well. A possible
mechanism for the reduction of excited atomic oxygen density
by water molecules is given by the following reactions [39]:

O(1D) + H2O → OH + OH, (2)

O(1S) + H2O → OH + OH. (3)

Both reduce the amount of atomic oxygen available for
reaction (1). This results in a lower ozone production
with increasing water molecule admixture. However, not
only a lower atomic oxygen concentration but also different
humidity-depending destruction mechanisms reduce the ozone
concentration and lead to the observed ozone behaviour of
figure 10. One candidate is the reaction of ozone with OH in
a cyclic process [40]:

O3 + OH → HO2 + O2 (4)

O3 + HO2 → 2O2 + OH, (5)

where a single OH molecule is able to destroy more than one
ozone molecule. According to the discussion in section 3.2,
the OH density most likely increases with humidity in order
to explain the observed maximum in the OH emission signal.
Hence, the ozone destruction cycle of equations (4) and (5)
becomes prominent when the water concentration in the feed
gas rises. Furthermore, reactions with hydrogen also lead to
ozone decomposition [40]:

O3 + H → O2 + OH. (6)

Figure 11. H2O2 concentration in a plasma-treated liquid increases
with feed gas humidity. Merckoquant stripes and the Amplex Red
assay were utilized for H2O2 detection.

Since hydrogen can only originate from water dissociation an
increase in feed gas humidity will favour the generation of
atomic hydrogen, which in turn will contribute to the ozone
decomposition.

3.4. H2O2 concentration in RPMI increases with feed gas
humidity

The increase in feed gas humidity not only changes the
optical emission spectrum and the ozone production of the
jet but also affects the plasma-treated liquid. In figure 11,
the H2O2 concentration is displayed for different feed gas
humidity concentrations. The results of both utilized methods,
namely the Merckoquant stripes and the Amplex Red assay,
show remarkable agreement and indicate an increase in
H2O2 concentration in the liquid with increasing feed gas
humidity. For the highest investigated humidity setting a H2O2

concentration of almost 4 mg l−1 is measured after 40 s plasma
exposure. Under dry gas conditions an H2O2 concentration
of around 0.5 mg l−1 is still measured with the Amplex Red
assay. Owing to the limited sensitivity no reliable data
are obtained from the test stripes for this condition. For
both humidity settings (driest and most humid), the H2O2

production rate is calculated assuming a linear increase in
the H2O2 concentration with treatment time. Production
rates of 1.8 × 10−3 g h−1 for the highest humidity setting and
2.0×10−4 g h−1 for the driest feed gas condition are obtained.
A similar value of 3 × 10−4 g h−1was obtained by Ikawa et al
using a plasma jet driven in dry helium [41].

Different mechanisms are known on how hydrogen
peroxide is generated in liquids [42, 43]. A basic pathway
is the recombination of hydroxyl radicals in the liquid. These
OH molecules are either generated directly inside the liquid
by radiation, excited species or electrons from the plasma or
are primarily produced in the plasma phase and recombine
afterwards on the liquid surface to H2O2. Another possibility
is that H2O2 is produced in the gas phase and simply dissolved
in the liquid. In that case the H2O2 concentration in the gas
phase must increase with increasing humidity level. Support
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Figure 12. Cell viability determined by resazurin assay in
dependence on the feed gas humidity concentration. The cells were
treated indirectly.

for this theory is found in the model results of Liu et al where an
increase in H2O2 with humidity is predicted [16]. However,
this model is computed for helium, whereas in this work an
argon plasma jet was used. Measurements of H2O2 in the
gas phase are necessary and planned for future work in order
to identify a correlation between H2O2 in the gas and liquid
phases.

3.5. Cell viability after indirect plasma treatment is impeded
with higher humidity

In figure 12, the influence of different feed gas humidity
settings on the viability of human skin cells is presented. Cell
viability detection utilized in this study relies on a cellular
supply of reduction equivalents to reduce a tracer compound
(resazurin, containing an N-oxide) enzymatically yielding a
highly fluorescent reporter dye (resofurin). Hence, cells need
to be both living and metabolically active to be detected, which
allows the conclusion on their actual viability rather than their
number only. Cell viability and cell division rates strongly
depend on the general condition of the cells, which will be
influenced by many factors, such as nutrition, availability of
oxygen, and also on harming influences such as oxidative
stress. Under this condition, cells face imbalance between
reactive oxygen species (ROS) concentration and their ability
to detoxify the reactive intermediates or to repair the resulting
damage. Some ROS or their degradation products are known
to be highly reactive with biomolecules such as proteins, lipids
and DNA. In addition to a direct random modification of these
molecules by covalent implementation of functional groups or
altering their redox status, indirect effects can be transmitted
via cellular redox sensors such as the different peroxiredoxins
[44]. In turn, these molecules activate cellular antioxidant
defence mechanisms, which allow the cells to withstand a
certain ROS excess. From figure 12 it is evident that the plasma
generated by the feed gas with a content of humidity affects the
cell viability even more than the plasma created from the dry
feed gas. Considering the findings of the H2O2 concentration

measurements of section 3.4 a correlation between cell
viability and H2O2 concentration becomes obvious. This
means when the H2O2 concentration is low, the cell viability
is high. With increasing H2O2 concentration a decrease in
cell viability is also observed. In conclusion, by applying
the plasma source in our eukaryotic cell model the cells were
exposed to ROS and, hence, to oxidative stress, which exceed
the cells’ capacity for detoxification and repair. Although
H2O2 plays an important role in the oxidative stress that affects
the cell viability, other reactive species such as OH or O−

2 might
also be involved in the observed effects. Cell viability could be
influenced by mechanical stress or electric fields derived from
the plasma source [45, 46]. Since indirect plasma treatment
was applied, these and other stress factors such as UV radiation
were excluded for our experimental conditions.

4. Conclusion

In this paper, the significant influence of feed gas humidity
introduced into an atmospheric-pressure argon plasma jet
is demonstrated on the axially resolved optical emission
spectrum of the jet effluent, the generation of hydrogen
peroxide in a plasma-treated cell growth medium and on
human skin cells charged with this treated medium. Optical
emission spectroscopy reveals a strong dependence of present
excited plasma species such as hydroxyl radicals, molecular
nitrogen, argon and atomic oxygen on the feed gas humidity.
Furthermore, it was demonstrated by this spectroscopic
method that small feed gas humidity concentrations (below
1000 ppm) have a much larger effect on OH emission than
high ambient humidity concentrations. From this finding
it is concluded that whenever humid feed gas is applied,
ambient humidity can be neglected for processes inside the
effluent region. However, when the feed gas is dry, ambient
humidity becomes important and must be considered in such a
situation. The question whether used feed gas is dry or humid
is complicated by the fact that polymeric supply tubes have a
major contribution to the feed gas humidity. It is shown that a
vast amount of water vapour diffuses through PUR tube walls
and hence increases the feed gas humidity. Compared with
metal tubes a ten times higher concentration was found for
the polymeric tubes. Depending on the length of the feed gas
tubes, a constantly changing feed gas humidity prevents stable
plasma conditions for up to several hours.

Furthermore, plasma treatment of the liquid cell growth
medium with increasing feed gas humidity leads to an almost
linear increase in H2O2 concentration in the liquid. When
human skin cells get challenged with this medium a strong
correlation between cell viability and H2O2 concentration is
revealed, indicative of an oxidative stress response.
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