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Abstract
The technological potential of non-thermal plasmas for the antimicrobial treatment of heat
sensitive materials is well known. Despite a multitude of scientific activities with considerable
progress within the last few years, the realization of industrial plasma-based decontamination
or sterilization technology remains a great challenge. This may be due to the fact that an
antimicrobial treatment process needs to consider all properties of the product to be treated as
well as the requirements of the complete procedure, e.g. a reprocessing cycle of medical
instruments. The aim of this work is to demonstrate the applicability of plasma-based
processes for the antimicrobial treatment on selected heat sensitive products. The strategy is to
use modular, selective and miniaturized plasma sources, which are driven at atmospheric
pressure and adaptable to the products to be treated.

(Some figures in this article are in colour only in the electronic version)

1. General introduction

Antimicrobial treatment means the inactivation of micro-
organisms (MO) with the purpose of reducing infections. It can
be seen as a collective term for ‘disinfection’, ‘sterilization’ and
‘aseptic’ as well as ‘antiseptic’ measures. All terms mentioned
above have different definitions but are basically referred to the
inactivation of MO. Indeed, the inactivation of pyrogens, fungi,
viruses and prions is of relevance, too. Thus antimicrobial
treatment has to be considered as an aspect of ‘biological
decontamination’.

The technological potential of non-thermal plasmas for
the antimicrobial treatment of heat sensitive materials is well
known (see e.g. [1] and references therein). Despite a
multitude of scientific activities with considerable progress
within the last few years and the fact that there are some
commercial plasmas-based or plasma-assisted sterilization
systems available (e.g. Sterrad by ASP or TipCharger by
CerionX [2, 3]), the realization of industrial plasma-based
decontamination or sterilization technologies remains a great
challenge. This may be due to the fact that an antimicrobial
treatment process needs to consider all properties of the product

to be treated as well as the requirements of the complete
procedure, e.g. a reprocessing cycle of medical instruments.

The aim of this work is to demonstrate the applicability
of direct plasma processes for the antimicrobial treatment
on selected, heat sensitive products. One product chosen
for this purpose is catheters for minimal invasive intracardial
electrophysiological studies. Such a catheter is a partly
isolated wire electrode (about 1 m long) connected with a
hand piece. Only the wire electrode is inserted into heart
ventricles via the blood vessels. These catheters do not contain
inner cavities but slits with high aspect ratios. Thus the outer
surface of the instrument including slits may be contaminated
and consequently has to be treated. The strategy is to use
modular, adaptable plasma sources at atmospheric pressure
namely RF-driven plasma jets (APPJ) in argon.

2. RF-driven atmospheric pressure plasma jets
(APPJs)

2.1. APPJs as flexible and non-thermal plasma sources

In principle there are three different ways to produce non-
thermal plasmas at atmospheric pressure: corona discharges,
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Figure 1. Different designs of RF-driven APPJs: wide beam plasma
jet nozzle (left top); miniaturized APPJs (right top); handheld device
INPLAT (left bottom) and a module consisting of six APPJs
(right bottom).

barrier discharges and plasma jets. Since the 1990s an
increasing interest on plasma jets for surface treatment
applications and especially for decontamination has been
registered, thus numerous plasma jets with different features
(e.g. ‘plasma pencil’, ‘plasma needle’, APPJ) have been
described in the literature (see e.g. [4–9]). They all differ in
design and size, working gas, frequency of applied voltage, etc,
but the principle is the same. The plasma is produced inside
a nozzle equipped with one or two electrodes and expanded
outside the nozzle via a gas flow. The plasma jets described
here have been developed independently at the INP Greifswald
and have already been described elsewhere [10–12]. In general
they are driven by means of RF-voltage (13 or 27 MHz) in
argon as working gas. The power is usually below 50 W.
Different types of APPJs have been developed as shown in
figure 1.

A special feature of the APPJs described here is the ability
to penetrate into small structures having high aspect ratios, e.g.
slits and tubes (see examples in figure 2).

Due to its compact design, the low power consumption
and the ability to penetrate into small gaps, the APPJs are well
suited for the treatment of catheters described above.

2.2. Single RF-driven APPJ for antimicrobial treatment

In the first step the effect of single plasma jets on contaminated
test strips made of plastic is investigated. Therefore special
plasma jets are used, which were designed to treat a punctually
inoculated decontaminated area on test strips simultaneously.
The plasma jet consists of a nozzle made of ceramics (inner
diameter of nozzle outlet 7 mm) and a centred needle electrode
(see figure 3). The argon gas (purity 99.999 vol%) flows
through the nozzle and the RF-voltage (f = 27.12 MHz)
is coupled to the needle electrode via a matching network.

Figure 2. RF-driven APPJs penetrate into small structures: gap
(150 µm) between two glass plates (left top); glass capillary with
inner diameter of 1.2 mm (right top); glass capillary and elastic
plastic tubing (bottom).

The substrate and the surrounding serve as a kind of ‘virtual
grounded electrode’ due to the effect of stray capacitances.

Filamentary plasma consisting of many individual
discharge channels is formed. The discharge channels start
from the tip of the needle electrode inside the nozzle and
expand into the surrounding air outside (see photos with
exposure times of 8, 4 and 1 ms in figure 3). In this
configuration the plasma jet has a length of about 25 mm
measured from the nozzle outlet and a diameter of about
8 mm for the conditions being considered (power 20 W, gas
flow 20 slm, gas flow speed about 9 m s−1). The plasma jet
evolution can be investigated in more detail by means of a
simple experiment. Therefore the needle electrode is moved
outside the nozzle and the plasma formation is investigated
for different operation parameter sets of argon gas flow Q and
applied power P . Some results are shown in figure 4.

At an applied power below 10 W discharge inception at
the tip of the needle electrode is investigated. The observed
discharge structures in figures 4(a) and (b) reminds of corona
discharges. By increasing the power and the gas flow the
plasma expands from the needle due to stray capacitances and
the higher displacement of the surrounding air by the argon gas
flow. The expansion is accompanied with the filamentation of
the plasma as seen in figure 4(c). Thus the gas flow has two
functions: to create the conditions for gas discharge generation
(the plasma jet is sustained in its ‘own atmosphere’) and to cool
the electrode arrangement. As shown in figure 4(d), at a gas
flow of 1 slm the erosion of electrode material is investigated.

The test strips (made of polyethylene; size 8 mm×32 mm)
are inoculated punctually (diameter of the area: 4–5 mm) with
a use-dilution suspension of vegetative bacteria (Escherichia
coli) or endospores (Bacillus atrophaeus), respectively, and
dried under aseptic conditions. The initial density of MO
is about 4 × 106 MO cm−2, which is at least one order of
magnitude higher than usually used in the literature [13].
TEM-photos of the contaminated area show that are arranged
in several layers on the sample.
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Figure 3. APPJ for the treatment of punctually inoculated test strips:
schematic set-up and photos taken with different exposure times texp.

To study the effect of the dose of the plasma the treatment
time was varied. The recovery of MO after plasma treatment is
investigated by the established count plate method (i.e. dilution
series of washing solution aliquot, spread on plates with culture
medium and incubation for at least 48 h, see [12] for details)
with a detection limit of 100 CFU per object (CFU: colony
forming units). The results are shown in figure 5, namely the
median of CFU/object as a function of the plasma treatment
time. The error bars in the figure show the spread between
minimum and maximum values, the dashed line is the detection
limit. If no viable MO are found on the strip the value is set
below the detection limit (namely at 70).

Plasma jet treatment of B. atrophaeus spores and E. coli
on PE-strips results in an increasing time-dependent reduction.
Because of the detection limit of MO recovery, a reduction
factor of about 4 logarithmic steps is the maximum reduction
that can be proven experimentally if no surviving spores or
bacteria are detected after plasma treatment. However, even if
test strips without viable spores are found after a certain time of
plasma treatment, surviving MO can still be detected on some
strips, which means that within the treatment time tested here,
a maximum lethal effect of plasma treatment (i.e. all strips are
free of viable spores) is not reached. For vegetative bacteria

Figure 4. Plasma jet evolution investigated in electrode
configurations with needle electrode moved outside the nozzle for
different parameter sets of power P and gas flow Q.
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Figure 5. Median number of viable MO after APPJ treatment of B.
atrophaeus spores and E. coli (P = 20 W; Q = 20 slm); see text.

E. coli after plasma jet treatment of 4 min all test strips are free
of viable counts.

To interpret the antimicrobial effect of plasma jet
treatment, the plasma source is investigated by means of
spatially resolved optical emission spectroscopy. Therefore
the plasma is imaged on an optical slit by means a quartz
lens. The light passing the slit is focused to the entrance of an
optical fibre by a second lens and guided to the spectrometer
(Transspec, λ = 200–1000 nm, �λ = 0.8 nm). By moving
the slit in the image, the emission spectrum for different axial

3



J. Phys. D: Appl. Phys. 41 (2008) 194008 K-D Weltmann et al

Figure 6. Results of axially resolved optical emission spectroscopy
(P = 20 W; Q = 20 slm); z = 0 is the nozzle outlet.

positions can be recorded. The results for the UV-region of
light emission are shown in figure 6.

In the visible range of emission the spectrum is dominated
by atomic lines of argon (transitions from the 4p state).
Only the most intensive lines are shown in the upper plot of
figure 6 for two z positions and together with the corresponding
spectra in the UV-range. The bottom plot shows the relative
intensity for different positions in the plasma jet. It is clearly
seen that a gradual mixing of the expanding argon gas with
the surrounding air leads to an increasing emission of the
molecular bands of NO and N2 (namely the γ -system and the
second positive system). Along the pathway to the substrate
plasma-chemical products (NO, O3) and thus reactive oxygen
species (ROS: O, OH, O∗

2) are produced. OH(A) molecules are
generated from H2O dissociation [14] along the full plasma jet
length due to water impurity of the argon gas (about 10 ppm).
OH and ROS are known for its microbicidal action (e.g.
oxidation of coats or proteins) [15, 16]. The UV-emission,
which is another possible antimicrobial agent, is due to the
excited NO-molecules (NOγ -system). As shown in [17] a
considerable amount of VUV-emission (2nd continuum of Ar2-
excimer states) is generated, too. The antimicrobial effect of
VUV radiation has been discussed recently [18, 19] and its
effect by this plasma source is currently under investigation.
Furthermore secondary chemical effects have to be taken into
account. In particular, the hydrated surface or environment of
the MO can be acidified by reactions with nitride oxides (NO,
NO2, N2O4) and OH-radicals (e.g. formation of nitrous acid
HNO2 and nitric acid HNO3) [20] or by means of processes
involving (hydrated) ions. In a preliminary investigation the
plasma jet treatment of about 1 ml of distilled water filled in a
petri dish led to a considerable decrease in the pH-value. The
interaction between a plasma and a liquid is quite complex
and further investigation are necessary on this issue. A more
detailed discussion on the microbicidal agents of the APPJ can
be found in [21].

Figure 7. Device for the treatment of vertically hung catheters by
means of APPJs.

3. APPJ treatment of catheters

3.1. Adaptation of APPJs on catheters

To treat complete catheters with plasma they are clamped
by fixing units and plasma modules are moved along them.
In [21] results on plasma treatment on horizontal clamped
catheters by means of different APPJ-modules were discussed.
This process is further improved for a test-wise integration
in a special reprocessing procedure. In particular a vertical
arrangement is equipped for reasons of space saving and
simplifying the handling. The vertical ‘catheter-treater’ device
is shown in figure 7.

As shown in figure 7 the movable plasma module consists
of two APPJs adjusted nearly against each other. This is
the simplest and most flexible arrangement. It ensures a
complete treatment of the catheter. In contrast to the APPJ
described above a grounded ring electrode is placed near the
nozzle outlet. This modification limits the influence of stray
capacitances, which are otherwise unstable when the plasma
module is moved inside the chamber. As discussed in [21]
the antimicrobial efficiency is not changed significantly by the
grounded ring electrode.

3.2. Test of antimicrobial treatment of catheters

To test the microbicidal effect of vertical APPJ treatment,
catheters are divided into six sections, each 6 cm long. Each
section is contaminated with a suspension of Staphylococcus
aureus bacteria. These vegetative MO have a comparable
lethality on the plasma treatment as E. coli but a higher practical
relevance. The first five contaminated sections of the catheters
are treated with the plasma module, while the sixth section is
not treated and used to determine the initial contamination on
a section (control). The results are shown in figure 8.

A reliable reduction of MO of up to three orders
of magnitude on the catheter sections is achieved. The
inactivation curve is similar as observed for the test strips
(see figure 5). Admixing a small amount of oxygen gas
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Figure 8. Median number of surviving bacteria (Staph. aureus) on
catheter sections by means of treatment with two APPJs in vertical
arrangement.

to argon (0.1 vol%) gives a slightly better decontamination
result. Indeed oxygen admixture gives a higher amount
of ROS-donators, but as a molecular and electro-negative
gas it quenches the plasma significantly (e.g. by electron
attachment, quenching of metastable states and the reduction
of mean electron kinetic energy). The results demonstrate
that the findings of the treatment of plastic strips can be
transferred to the processing on a real medical product. Of
course, since the plasma module is moved along the catheter
(velocity v = 200 mm s−1) the effective treatment time is much
shorter than for the point-wise treatment of test-strips. The
effective treatment time teff shown in the bottom abscissa in
the diagram in figure 8 is determined by the diameter of the
plasma source D, the velocity v and the number of treatment
cycles n: teff = n ∗ 2D/v. The difference between total
and effective treatment time explains the lower antimicrobial
efficiency compared with the point-wise treatment. Therefore
the plasma source needs further improvement to reduce the
total treatment time.

4. Conclusions

APPJs are effective and flexible tools for the antimicrobial
treatment and decontamination of medical products. Results
on test strips made of plastics can be transferred to real medical
products. A number of microbicidal agents are generated in
APPJ: UV and VUV radiation as well as reactive oxygen
species and low molecular stable products. Furthermore,
secondary chemical effects have to be considered since MO
always exist in an environment with a certain humidity. A
detailed understanding and basic knowledge of the plasmas
and its interaction with the MO as well as the drawback to its
confinement is required in order to succeed in the development
of stable industrial processes. Such investigations have to
involve interdisciplinary work.
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