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Abstract

We studied atmospheric-pressure glow (APG) plasma excited with pulse-modulated RF at 27.12 MHz, using dielectric barrier electrodes. The
antibacterial effect of APG plasma was examined using spore-forming bacteria: Bacillus atrophaeus, Geobacillus stearothermophilus, and the
following selected species of bacteria, a mold, and yeast-like fungus: Salmonella enteritidis, Staphylococcus aureus, Candida albicans, and
Aspergillus niger. Optimum experimental conditions were sought, to find commonality among several conditions: antibacterial effect, neutral gas
temperature, and homogeneity over the electrode surface.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Sterilization of medical instruments is increasingly attracting
attention, as part of integrated prevention systems against
infection. Limitation of conventional sterilization methods,
such as autoclave, does not meet with modern integrated
medical instruments, because high-temperature sterilization
methods, pressurized steam and dry-heat treatment are not
suitable for materials that have low resistance to heat and
moisture. Gas sterilization using ethylene oxide (EtO) and
compatible gaseous compounds allows low-temperature dis-
infection. If the compound remains on the surface, gaseous
agents can be toxic to patients and medical operators, and there
has been strong concern about human carcinogenicity since the
early 1980s [1,2].

Limitation of conventional sterilization methods has moti-
vated the search for novel sterilization methods. Among them,
⁎ Corresponding author.
E-mail address: akitsu@yamanashi.ac.jp (T. Akitsu).

0257-8972/$ - see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.surfcoat.2005.08.124
plasma discharge at low-pressure and normal atmospheric-
pressure, and discharge based chemical agents, such as ozone,
have been studied during the past ten years. A sterilization
process using hydrogen-peroxide plasma is a novel scheme,
developed in the 1980s, performed by a batch process in
vacuum chambers, using hydrogen-peroxide injection, dif-
fusion process followed by radio frequency (RF) plasma
discharge, STERRAD® [3–5] (Advanced Sterilization Pro-
ducts, Johnson and Johnson Inc.). This scheme was approved
by the U. S. Food and Drug Administration (FDA) cleared
in 1991 and by the Ministry of Health and Welfare, Japan
in 1994. The low-pressure hydrogen peroxide plasma ste-
rilization is coming into wide use as an alternative approach to
EtO sterilization, providing low-temperature sterilization pro-
cess of 28 to 38 min, for single-channel flexible endoscopes.

Atmospheric glow discharge is a novel sterilization
system that meets the need for low-temperature, clean and
quick disinfection. Homogeneous glow under atmospheric-
pressure (APG) in inert gas, such as helium, was first
demonstrated by S. Okazaki and colleagues, at Sophia



Fig. 1. Atmospheric-pressure glow plasma (APG) (a) experimental setup, (b)
discharge electrodes, and linear transportation stage for loading.
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University, using dielectric barrier discharge electrodes. Various
industrial applications of APG were demonstrated [6–8], such
as surface cleaning, improvement of hydrophilic or wet ability
and hydrophobic properties. A recent study by Laroussi et al.
showed medical and biological applications, complete disin-
fection of bacteria and viruses, using discharges at frequencies
below 50 kHz [9–11]. APG has proven to be a promising
alternative that can be used to sterilize most microorganisms
[9–16]. In these studies, however, we could not find sufficient
information concerning the sterilization efficiency of patho-
genic microbial contamination on 3-dimensional, packaged
carriers and concerning thermal damage of medical instruments
exposed to the APG plasmas.

In the APG studies, a specially designed high-voltage power
source is necessary. A higher performance industrial power
source is available to excite atmospheric-pressure discharge at
frequencies: 13.56 and 27.12 MHz. In high-frequency APG
plasmas, however, the scenario of the self-interruption effect
by the dielectric barrier plate is no longer effective, and
heating of neutral gas must be controlled using some artificial
means, such as pulsed operation of high frequency power.
We studied the control of neutral gas temperature and the
antibacterial effect using spore-forming bacteria: Bacillus
atrophaeus (formerBacillus subtilis var niger), Bacillus subtilis,
Geobacillus stearothermophilus (former Bacillus stearother-
mophilus), and some species of opportunistic pathogens:
Salmonella enteritidis, Staphylococcus aureus, Candida albi-
cans, and Aspergillus niger.

2. Experimental apparatus

2.1. Setup of atmospheric-pressure glow discharge

Fig. 1(a) shows the apparatus used in the experiment, and
(b) shows the dielectric barrier discharge electrode. The
electrode was an aluminum block with dimensions of 150 and
50 mm in length and width, respectively. The metallic parts of
the upper and lower electrodes were cooled by circulation of
coolant, and covered with fused quartz plates, measuring 230
and 115 mm in length and width, respectively. The volume of
the discharge region was surrounded by heat-resistant glass
and a removable shutter made of synthetic rubber. A working
gas mixture of helium and oxygen was supplied from an array
of apertures, 1 mm in diameter. The flow rate of working gas
was controlled with mass-flow controllers, in a range of 1 ml
to 5 l/min. The excitation frequency was 27.12 MHz and
power was 670 W, if not specially mentioned. The apparatus
was also installed with its constituent parts: a computer
controlled linear actuator for programmable transportation of
samples of microorganisms.

Temperature of neutral gas was measured using a fluo-
rescent-type thermometer based on the relaxation time of
fluorescence coated on an optical fiber probe (FL-2000, Anritsu
Measurement Co.). Emission spectroscopy was measured in the
vicinity of the triplet spectrum at 777 nm, using a multi-channel
spectrometer (MonoSpec 18 by Thermo-Vision Colorado, Inc.),
installed with a Pelletier-cooled CCD camera (ST-6V, by SBIG
Inc.). An optical fiber was installed facing the lateral extremity
of the discharge gap. The multi-channel spectroscope has
sensitivity in a wavelength region of 200 to 800 nm.

2.2. Preparation of biological indicators

The antibacterial effect of atmospheric plasma was tested on
the basis of mortality of microbes exposed to the discharge.
Species of microbial were cultivated in soy bean casein digest
(SCD) fluid culture medium (Becton Dickinson Company, Ltd.)
and an amount of 0.01 ml was sampled and cultivated on SCD
agar culture medium, as shown in Fig. 2(a) to (c). Microbe
samples were collected using a platinum wire from the microbe
colony on the agar culture, and dissolved in distilled water, as
shown in Fig. 3(d). The final density was adjusted to
approximately 107 CFU/ml. 0.1 ml of the suspension was
sampled and applied to sterilized glass with a size of 18×18 mm
square and 150 μm in thickness or to filter paper. Each carrier
was dried and sealed in a sterile package, consisting of a Tyvek
sheet: a non-woven fabric of polyethylene, 0.15 mm in
thickness, and a transparent polyethylene terephthalate (PET)
sheet, 0.06 mm in thickness, as shown in Fig. 2(f). The selected
species of microorganisms to be detected after incubation were
Escherichia coli ATCC 8739, S. enteritidis, S. aureus ATCC
6538, C. albicans ATCC 10231, and spore-forming bacteria: B.
atrophaeus ATCC 9372 and G. stearothermophilus ATCC 7953
[17–21], where ATCC stands for the American Type Culture



Fig. 2. Preparation of biological indicator (a) sample, (b) recurrent cultivation in SCD liquid medium, (c) final cultivation on SCD agar medium, (d) sampling and
density control in water dissolution using a platinum wire disseminator, (e) application onto carriers, and (f) biological indicator packaged in Tyvek sheet.
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Collection and CFU stands for Colony Forming Unit, the
density of active end-spores. In the incubation and sterility
judgments, we followed protocols for sterility testing in the
Japanese Pharmacopoeia, the JP 14th edition [22].

After the plasma treatment, the cover glass was removed
from the Tyvek package and was incubated in 100 ml of SCD
fluid culture medium. G. stearothermophilus was incubated at
55 to 60 °C. C. albicans was incubated at 25 °C, and the other
microorganisms were incubated at 30 to 35 °C. After 7 days of
incubation, the result of sterility testing was judged based on
turbidity of the culture medium. Culture medium remains clear
only if 6log10 grade sterilization was performed successfully.
Commercially available biological indicators of spore-forming
bacteria: Attest™ 1262 and Attest™ 1264, from 3M Co., were
also used for comparative study. Each vial of Attest™ type 1262
containedG. stearothermophilusATCC 7953, at 8.6×105 CFU,
and type 1264 contained B. atrophaeus ATCC 9372, at 4.8×106

CFU. Incubation was carried out for 48 h in vials, and validation
Fig. 3. Available experimental conditions for RF power and pulse width.
Dependence of gas temperature on power and pulse width, Gap: 3 mm;
Frequency, 27.12 MHz; Flow rate, 1.5 l/min.
of sterility was judged by the change of color of the incubation
medium according to a pH indicator. G. stearothermophilus is
approved as a standard indicator for steam sterilization, and B.
atrophaeus is an approved indicator for EtO sterilization.

3. Experimental results

In Fig. 3 and Table 1, we show the dependence of neutral gas
temperature on the high frequency power. An increase in
temperature was observed when the high frequency power was
increased. At a fixed power, a decrease in gas temperature was
observed when the pulse duration became shorter. A broken line
implies another requirement for homogeneity of the discharge
area. When the oxygen flow rate was 1.5 ml/min or greater, and
at experimental conditions below this line, the gaseous
discharge covered the electrode surface partially, resulting in a
poor homogeneity and coverage of the atmospheric-pressure
glow discharge. Experimental conditions were sought to fulfill
two conditions: low-temperature (<90 °C) and coverage over
the electrode. An experiment series was carried out using
biological indicators applied to filter paper. In Fig. 4(a) and
Table 2, we show the relation between pulse width and
neutral gas temperature, and the minimum scan time required
for sterilization, using a type of biological indicator: G.
stearothermophilus.
Table 1
Dependence of neutral gas temperature on pulse width and necessary scan time

Biological indicator, G. stearothermophilus (Attest™ 1262, 3M)

Modulation (μs) Gas
temperature
(°C)

Scan time per each surface (min)

Pulse width Interval 0.5 1.0 1.5 2.0 2.5 3.0 3.5

30 30 134 + − − − − −
20 20 125 + + − − − −
15 15 115 + − − − −
10 10 90 + −
7 7 65 + +

He: 1.5 l/min; O2: 1.0 ml/min.



Fig. 4. Dependence of disinfection efficiency on operational parameters. (a)
Dependence of neutral gas temperature on pulse width and necessary exposure
to plasma discharge, for biological indicator, G. stearothermophilus (Attest™
1262, 3M), He: 1.5 l/min; O2: 1.0 ml/min. (b) Dependence of relative intensity
and necessary exposure to plasma discharge on oxygen partial pressures for
biological indicators: Bacillus atrophaeus ATCC 9372 (4.8×106 CFU, Same as
Attest™ 1264) and Staphylococcus aureusATCC 6538 (1.3×108 CFU); Carrier:
glass slide, RF power and frequency: 670 W, 27.12 MHz; Pulse width and
interval: 10 μs; Helium: 1.5 l/min.

Table 2
Dependence on oxygen partial pressures for biological indicators

Biological indicator: Bacillus atrophaeus ATCC 9372, (4.8×106 CFU); Carrier:
glass slide

Oxygen partial
pressure (%)

Flow rate
(l/min)

Exposure time per each surface (min)

He O2 2.0 2.5 3.0 3.5 4.0 4.5 5.0 10

0 1.5 0 + + + − −
0.06 1.5 0.001 + + − − − −
0.13 1.5 0.0019 + + + − −
0.25 1.5 0.0038 + + − −
0.50 1.5 0.0075 + + + + + −
1.00 1.5 0.015 + + + − −
(Same as Attest™ 1264)

Biological indicator: Staphylococcus aureus ATCC 6538 (1.3×108 CFU);
Carrier: glass slide

Oxygen
partial
pressure
(%)

Flow rate (l/min) Exposure time per each surface (min)

He O2 1.0 2.0 3.0 4.0

0 1.5 0 + + + +
0.06 1.5 1 + + − −
0.25 1.5 3.8 + + + −

RF power and frequency: 670 W, 27.12 MHz; Pulse width and interval: 10 μs;
Helium: 1.5 l/min.

Table 3
Disinfection of spore-forming bacteria in Tyvek package for various spore
densities

Density
(CFU)

Plasma treatment (min) Heat treatment

5 10 20 20 min (90 °C)

Biological indicator: Bacillus atrophaeus ATCC 9372; Carrier: glass slide
1) 1.1×107 + + + +
2) 5.4×105 + + − +
3) 2.7×104 − − − +
4) 1.4×103 − − − +
5) 6.8×10 − − − +

Biological indicator: Geobacillus stearothermophilus ATCC 7953; Carrier:
glass slide

1) 6.6×105 + + − +
2) 3.3×104 − − − +
3) 1.6×103 − − − +
4) 8.2×101 − − − +

+: Propagation; −: No propagation; RF power and frequency: 670 W, 27.12
MHz; Pulse width and interval: 10 μs; Gas: O2/He (0.06%; He, 1.5 l/min; O2, 1.0
ml/min).
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Sterilization time strongly depended on temperature. Steri-
lization was achieved in a shorter time in higher temperature
conditions. The neutral gas temperature was measured at
different pulse durations, at a gas flow rate of 1.5 l/min, with the
pulse interval equal to the pulse width. An increase in gas
temperature was observed for a pulse width of 15 μs. Further
increase of the pulse duration caused no apparent change in gas
temperature. This experiment aimed to sterilize spore-forming
bacteria, and the pulse duration and interval were set at 10 μs.
The gas temperature in the discharge region was kept to below
90 °C. The pulse width was fixed at 10 μs.

The relative population of oxygen atoms is proportional to
the intensity of the spectral emission from oxygen atoms, at 777
nm. Excitation of oxygen atoms via energy transfer from meta-
stable helium atoms was expected.

A possible hypothesis for the enhancement of the excitation
process is as follows:

He+electron→He*(23S, 21S)+electron

He*+O2→He+O*+O.

Higher disinfection efficiency can be expected for a higher
concentration of atomic oxygen excited via the Penning



(a)

(b)
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process. Increasing the oxygen flow rate causes an increase in
the energy relaxation process, and a decrease in the population of
helium in the excited state. Fig. 4(b) shows that spectral intensity
was maximal at a low mixture ratio of 0.06% (O2 /He=0.001 /
1.5 l/min). Disinfection time for B. atrophaeus was measured as
a function of the oxygenmixture, as shown in Fig. 4(b) and Table
2. The maximum antibacterial effect was observed at the
minimum disinfection time at the oxygen ratio from 0.06% to
0.09%. For higher mixture ratios, decreases in the intensity of
spectral emission were observed, and longer disinfection time
was needed. This system is open to the surrounding atmosphere,
and spectral emission of oxygen atoms was observed, even if
oxygen flow was closed. Longer disinfection time was needed
with helium plasma, compared with the optimum conditions.

Disinfection time of S. aureus was measured as functions of
the oxygen/helium mixture: 0.06% and 0.25% around the
optimum condition. S. aureus was sterilized for 3 min for the
0.06% group, and for 4 min for the 0.25% group. For the 0%
group, no sterilized case was observed. This result also
reinforces the close relationship between generation of oxygen
radicals and disinfection efficiency.
Fig. 5. Sterilization and post-cleaning of Candida albicans. Optical-microscope
images of C. albicans before (a) and (b) after the plasma treatment. RF power
and frequency: 670 W, 27.12 MHz; Pulse width and interval: 10 μs; Duration: 5
min. Scale: 5 μm/division.

Fig. 6. Sterilization and post-cleaning of Staphylococcus aureus. Optical-
microscope images of S. aureus (a), and (b) after the plasma treatment. RF
power and frequency: 670 W, 27.12 MHz; Pulse width and interval: 10 μs;
Duration: 5 min. Scale: 5 μm/division.
The experimental result in Table 3 shows the result of
disinfection of spore-forming bacteria: B. atrophaeus, for
different spore densities. A group of 107 CFU remained alive
after 20 min of plasma treatment, but a group of 104 CFU was
0 200 400 600 800

Plasma
process

Dry heat

Processing time (sec)

Candida albicans 
Staphylococcus aureus 
Salmonella enteritidis
Escherichia coli

Fig. 7. Comparison between plasma treatment and dry-heat treatment of
opportunistic pathogen. Biological indicators: Escherichia coli ATCC 8739
(1.6×107), Salmonella enteritidis (3.5×107), Staphylococcus aureus ATCC
6538 (4.7×107), Candida albicans ATCC 10231 (5.1×106); Carrier: glass slide
carrier, Tyvek package; RF power and frequency: 670 W, 27.12 MHz; Pulse
width and interval: 10 μs; Gas: He, 1.5 l/min; O2, 1.0 ml/min.



Table 4
Comparison between the plasma sterilization and the heat treatment

Sterilization process
(min)/Species and density
(CFU)

Plasma treatment Heat treatment (90 °C)

1 3 5 10 15 1 3 5 10 15

Escherichia coli ATCC
8739 (1.6×107)

− − − − − + − − − −

Salmonella enteritidis
(3.5×107)

− − − − − + + + − −

Staphylococcus aureus
ATCC 6538 (4.7×107)

+ + − − − + + + + +

Candida albicans
ATCC 10231 (5.1×106)

− − − − − + − − − −

Carrier: glass slide carrier, Tyvek package, RF power and frequency: 670 W,
27.12 MHz; Pulse width and interval: 10 μs; Gas: He, 1.5 l/min; O2, 1.0 ml/min.
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sterilized for 20 min, and groups of lower spore density:
2.7×104 to 6.8×101 were sterilized for 5 min. Thus, necessary
plasma treatment is shorter for lower densities. Similar results
were observed for G. stearothermophilus: group of 6.6×105

CFU was sterilized for 20 min, and a group of 3.3×104 to
8.2×101 CFU was sterilized for 5 min. The required plasma
treatment is shorter for lower densities and every group with
different densities remained alive after dry-heat treatments at
90 °C for 20 min.

Figs. 5 and 6 show optical micrographs of C. albicans and S.
aureus recorded by an inverted microscope system installed
with polarization optics and digital imaging facilities (Olympus
Co. Ltd.). Fig. 5(a) shows an image of living cells of C.
albicans, typically 5 μm in diameter. After the plasma
treatment, the spherical cellular structure of C. albicans was
destroyed, and a residue of cell leakage was partly cleaned by
oxidation etching, as shown in Fig. 5(b). In this experiment, the
antibacterial effect is brought about by atomic oxygen excited in
the helium plasma.

Fig. 6(a) shows an image of S. aureus showing a round
shape, approximately 1 μm in diameter and (b) shows an image
of a specimen exposed to atmospheric-pressure glow plasma for
5 min. The disinfection process destroyed cells of S. aureus, and
the destroyed cells are being cleaned by oxidation etching.

Finally, a decrease in the heating effect by pulse-modulation
of radio-frequency power induced a decrease in neutral gas
Table 5
Antibacterial spectrum of pulse-modulated RF-APG

Gram-stain
positive

Gram-stain
negative

S. aureus E. coli
Pseudomonas aeruginosa
Salmonella enteritidis

Disinfection
confirmed

Confirmed

High temperature: 90 °C (Present work)
S. aureus E. coli
G. stearothermophilus Salmonella enteritidis
Low efficiency Disinfection confirmed

RF power and frequency: 670 W, 27.12 MHz; Pulse width and intervals: 10 μs.
He: 1.5 l/min; O2: 1 ml/min.
temperature, to as low as 90 °C. Disinfection time was
compared between plasma treatment and dry-heat treatment at
the same temperature. This temperature is sufficiently high to
coagulate protein. S. aureus exhibited propagation after dry-
heat treatment for 15 min showing high durability. S. aureus
was inactivated in plasma treatment for 5 min.

The disinfection time varied depending on the species (C.
albicans, S. aureus, S. enteritidis, and E. coli). In Fig. 7 and
Table 4, we compare the disinfection time between plasma
treatment and dry-heat treatment at 90 °C, using these biological
indicators. Plasma was excited at conditions of an oxygen /
helium mixture ratio of 0.06%, (He, 1.5 l/min; O2, 1.0 ml/min),
and biological indicators coated on glass slides were exposed to
the plasma in Tyvek sterile packages. A control group was
exposed in dry-heat treatment at an equivalent gas temperature.
E. coli and C. albicans remained alive after high-temperature
treatment for 1 min. Plasma-treated samples were sterilized for
1 min. S. enteritidis remained alive after dry-heat treatment for 5
min. Plasma-treated samples were sterilized for 1 min.

In Table 5, we summarize the results of experimental
comparison between plasma and dry-heat treatment.
4. Discussion and conclusive remarks

In medical treatment: surgery, nursing, and transportation of
medical-care products and in food industrial factories, infection
prevention is a key technology for human life. Disinfection is
realized using combinations of multiple methods, including dry
heat, high-temperature vapor, autoclaving, EtO gas sterilization,
and UVand radiation sterilization. Low-level disinfection, using
alcohol, formaldehyde, and sodium hypo chloride, also plays an
important role. We developed an atmospheric plasma steri-
lization scheme and, as an appraisal standard in the experiment,
a quantitative measurement scheme of disinfection time for a
variety of biological indicators including selected species of
pathogens. As plasma sterilization is one of the novel schemes
for sterilization, our study was necessary to compare the
antibacterial spectrum with conventional schemes.

Our work aimed to develop a plasma sterilization system
using helium and oxygenmixture at atmospheric-pressure, in the
Yeast/fungus Spore-forming
bacteria

C. albicans B. atrophaeus
Aspergillus niger B. subtilis

G stearothermophilus
Confirmed Confirmed low

CFU case

C. albicans

Confirmed No disinfection
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plasma treatment at 90 °C. This system can be adapted to
continuous plasma processing of medical-care materials, which
is the major difference compared with a load-lock, batch
processing plasma system. In the early stage of our experiment,
the plasma treatment marked high sterilization efficiency, at high
temperatures. The thermal effect and energy deposition of
plasma particles mutually contributed to sterilized and clean
surface of carriers. In the experimental comparison varying the
power, pulse width and duty ratio of high frequency power
source, the partial pressure of oxygen, wemeasured the emission
intensity of atomic oxygen, 777 nm, and sterilization time at
neutral gas temperature fixed at 90 °C. The maximum emission
intensity was observed at 0.06%, at helium flow rate 1.5 l/min
and oxygen flow rate: 1 ml/min. This condition marked the most
efficient sterilization for biological indicator: S. aureus. The
observation of microscope showed destruction of cell after the
plasma treatment for biological indicators: C. albicans and S.
aureus. From these observation results, we can conclude that the
destruction of cell wall was the major mechanism of the
disinfection. The effect of UV radiation was discussed in
literature as in Ref. [23]. In our experiment, the microscopic
observation indicated that the etching by oxygen radicals is
necessary to explain the experimental result, because the UV
sterilization leaves contracted cells.

The packaging of medical-care tools reduces the effect of
reactive species in the atmospheric plasma. Thus, in a series of
experiments, a group of biological indicators was packaged in
porous non-woven fabrics, at the best oxygen /helium ratio:
0.06%. The shortest disinfection time was obtained at the same
mixture ratio for a biological indicator: S. aureus. The necessary
plasma treatment time was only 1 min for biological indicators:
E. coli, S. enteritidis and C. albicans, and 5 min for S. aureus. In
the longest treatment, it was necessary to treat for 20 min to
sterilize the spore-forming bacteria: B. atrophaeus and G.
stearothermophilus.

Plasma sterilization was proved to be a promising scheme for
sterilization, as shown in our study. The compatibility with other
materials and research on wider antibacterial spectrum will be
necessary to establish the state of this antibacterial treatment in
the production and daily care of sterilization precaution.
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