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Abstract. The use of true gas plasmas for the inactivation of
microorganisms is an area of dynamic research. Many types
of gases are used as a source of plasma, and different plasma
production methods have been applied. The antimicrobial
mechanisms of oxygen-based gas plasmas may be due to an
etching effect on microbial structures, particularly bacterial
endospores resulting in shrinkage. By contrast, the definite
mechanisms of actions of other gas plasma sources, such as
N,, He, Ne, Ar and Xe gases, have not been clearly defined and
indeed may be distinct. The speculated mechanisms of these
gas plasmas involve the direct attack of metastable (excited
molecular), UV and/or VUV to microbial structures, specifi-
cally the inner membrane and DNA in the core of bacterial
endospores. According to this speculation, sterilized spore
figures would remain unchanged. However, these mecha-
nisms remain to be clarified. Future perspectives on the use
of gas plasma for sterilization are of interest, as it is possible
that appropriate sterility assurance levels can be obtained in
parallel with material and functional compatibility. Traditional
sterilization methods are often limited in these requirements.
Therefore, gas plasma sterilization may prove to be an appro-
priate alternative sterilization procedure.
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1. Introduction

Plasma is defined as an ionized (or energized) gas with an
equal number of positively and negatively charged particles.
Plasma is often regarded as the ‘fourth state of matter’ (the
other three being solids, liquids and gases) because, while
plasma is neither a gas nor a liquid, its properties are similar
to those of both gases and liquids. Plasma can be categorized
as either high-temperature- or low-temperature-based. A good
example of a naturally occurring high-temperature plasma is
lightning. This type of plasma can be artificially generated
using a high-voltage high-temperature arc, which is the basis
for the corona discharge process and for plasma torches used
to vaporize and redeposit metals. Low-temperature plasmas,
used in surface modification, cleaning, decontamination and
sterilization applications, are ionized gases generated under
deep vacuum (low-pressure) conditions. These types of
plasmas operate within a vacuum chamber in which atmo-
spheric gases have been introduced into the chamber typically
evacuated below 0.1 Torr. Such low pressures allow for a rela-
tively long free path of accelerated electrons and ions within
the chamber. Since these ions and neutral particles are at or
near ambient temperatures and the long free path of electrons
at a high temperature or at electron volt levels have relatively
few collisions with molecules at this pressure, the overall
exposure conditions remain at a low temperature.

For some applications, deep vacuum pressure sterilization
cannot be used, and atmospheric plasmas have been proposed.
The lifetime of the reactive plasma species under atmospheric
conditions is much shorter than that of low-pressure plasma.
As a result, most of the plasma active species, with the
exception of the metastables (long-life electronically excited
atoms), lose their reactivity dramatically in a remote position.
According to one report, atmospheric or one third atmospheric
pulsed plasma equipment may be more desirable (1).

It is important to note that ‘true’ plasma decontamination
processes have not been widely used to date. A variety of
hydrogen peroxide gas-based processes that use plasma as part
of the sterilization process are instead commonly regarded
as ‘plasma sterilization’. However, it is now known that the
mechanisms of antimicrobial action in these processes are
primarily due to hydrogen peroxide gas (or condensed gas)
and not plasma, although the plasma generation phase of these
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processes is known to assist in the breakdown of residual
peroxide in the chamber load (2).

There are various reports regarding the potential use
of plasmas for sterilization applications, in particular the
demonstration of broad spectrum antimicrobial (particularly
sporidical) activity and the kinetics of this activity over time.
This is an important requirement for the demonstration of any
sterilization process as described in international standards
(3). Several types of source gases and production procedures
of gas plasma have been reported and discussed (4,5). As a
focus in this review article, we consider a number of vari-
ables that may have been overlooked and misunderstood in
previous studies. One is the tailing phenomenon observed in
microbial inactivation studies. This is an important variable in
the design of a typical overkill sterilization process, and may
be due to a number of factors, including artifacts in the test
method, such as spore clumping in a biological indicator (BI).
Spore clumping may have the same effects as organic matter
in interfering with the sterilization efficiency of gas plasma
under such investigations. The tailing phenomenon commonly
reported for plasma sterilization investigations has been
further investigated and clarified using clumping-free Bls. A
further consideration is the use of so-called ‘inert gas plasma
sterilization’ and differences in its mechanisms of action. The
use of inert gases is quite desirable, since they are believed to
attain the required overkill in the sterilization process [such
as a sterility assurance level (SAL) of at least 10°] in parallel
with material and functional compatibility. This is an impor-
tant balance to achieve for sterilization validation in medical
and manufacturing applications. Inert gas plasma applications
are the focus of further investigation, patenting and discussion
worldwide.

2. Active species for sterilization by gas plasma

Several types of active species are considered to contribute to
the antimicrobial effects of gas plasma. They include various
types of ions, electrons, radicals, UV light, vacaum UV
(VUYV), electric fields and metastables (Figs. 1 and 2) (http:/
www.astp.com/plasma-equipment/applications). It is impor-
tant to note that these active species may differ depending on
the types of gas used for plasma formation and the methods
used to generate the plasma. These are further discussed
below, based on the various types of gas commonly used.

Oxygen. The most popular gas investigated to date for plasma
sterilization is oxygen (O,). O, produces O, OH, OOH and a
mixture of other radicals that contribute to the sterilization
effects (6). Among these, the OH radical is often consid-
ered the most efficient for microbial inactivation, despite its
extremely short lifetime (6) (Fig. 3).

The mechanism of various O, radicals is believed to be
due to etching effects (Fig. 2). Based on direct visualization
of exposed bacterial endospores, the greater the amount of O,
plasma exposure, the more shrinkage of spores is observed
(Fig. 4) (5). There is a significant relationship between the
degree of shrinkage and spore death (Fig. 5) (7); the coeffi-
cient relationship of the regression line as shown in Fig. 5 is
0.949. By contrast, N, plasma does not present any shrinkage
(7,8). The difference in the mechanisms of O, and N, gases has
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Figure 2. Speculated model of chemical reactions exposed by gas plasma.

Figure 3. Theoretical comparison of the antimicrobial activity of O (@), OH
(a), OOH (0) and H (») radicals (6).

yet to be clarified, and should be seriously considered from an
antimicrobial and compatibility point of view.

Nitrogen. As demonstrated by Rossi et al (7,8), upon N, gas
plasma generation the active species had no or insufficient
ability to shrink bacterial endospores, suggesting a different
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Figure 4. Scanning electron microscopic observations of bacterial spores
upon exposure to several ratios of nitrogen/oxygen mixtures (5).
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Figure 5. Percent sterility degree of a spore population (%) vs. spore size (xm)
upon treatment with gas plasma. Original data is from Rossi et al (7). A coef-
ficient relationship of 0.949 between the scale of shrinkage and the rate of spore
death was noted.

mechanism of action than that at play with oxygen. There are
currently no specific theories as to why this is the case, but it
may be due to the difficulty of ionizing N,. Chemically, N, is
a molecule with a triple bond, so the dissociation energy is
high — approximately 9.91 eV (1) — suggesting it is resistant to
ionization (Table I). From this, it can be speculated that N* or
N ions are hard to practically attain in comparison to oxygen.
However, it is not known which active species are present to
cause the sterilization effects observed with N, gas plasmas.
UV-C (254 nm) (Fig. 6) (http:/www.phys.ksu.edu/gene/f_5.
html) may be present, but in amounts that are considered to be
low (1); VUV (<200 nm) may also be present, but this remains
to be definitively confirmed.

If we consider the effects observed with pulsed plasma
processes (1), the direct or contributory effects of the pulsed
voltage may lead to direct structural changes in spores, where
many cracks are observed on microscopic analysis (1) (Fig. 7).
Overall, whether such physical factors significantly contribute
to these effects is difficult to assess, and further research is
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Figure 6. The effects of UV-A, UV-B and UV-C showing optimal activity
against DNA in the UV-C wavelength band (from http://www.phys.ksu.edu/
gene/f5.html).

Table I. Dissociation energy of several sorts of gases.

Gas Dissociation energy (eV)
N, 991
0, 521
H,0 5.11
NO 6.50
SO, 5.60
N,O 4.93
CO, 5.52
O, 1.05
H,0, 221

Original data is from Shintani ez al (1).

needed to elucidate the true antimicrobial effects and active
species involved in N, gas plasmas.

Penetration depth of active species in O, and N, gas plasmas.
The penetration depth of active species (ions and radicals;
Figs. 1 and 2) in the case of N, gas appears to be approxi-
mately 10-40 nm from the surface of spores, as observed by
atomic force microscopy (Fig. 8) (1).

Fig. 8 displays the effect of N, gas plasma exposure in
contrast to O, gas plasma exposure, which appears to have
a somewhat deeper penetrating ability and more extensive
effects on bacterial spores (7,8). Since the scale of a typical
spore structure is 1,000 x 3,000 nm, the penetration depth of
O, gas plasma was predicted to be <1,000 nm. This suggests
that it penetrates ten times deeper than N, gas plasma.

Rare or noble gases, such as helium, neon, argon and xenon.
Plasma generated from other rare or noble gases, such as
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Figure 7. Scanning electron microscopic observation of the effects of pulsed
N, gas plasma exposure on a spore of G. stearothermophilus ATCC 7953 (1).
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Figure 8. Etching of a polystyrene surface by nitrogen gas plasma observed
with atomic force microscopy (1). Upper panel, after 7 min of treatment;
lower panel, control.

helium (He), neon (Ne), argon (Ar) and xenon (Xe), has also
been studied (8-13). In a report (8) that presented a case for
the use of Ar, the direct effects of Ar on exposed spores were
similar to those observed with N, gas plasma. Similar results
were observed regarding He gas plasma, as shown in Figs. 9
and 10 (9) .

As rare gases are quite difficult to ionize, it is unlikely that
the various ions, electrons, radicals or even UV contribute
significantly as the active species in gas plasma sterilization
exposures (9). In addition, a direct comparison to UV alone
did not show any sporicidal effects (Fig. 10) (9).
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Figure 9. Scanning electron microscopic images of the B. atrophaeus ATCC
9372 spores (a) before He plasma treatment and (b) after He plasma treatment
for 5 min.

The effects of VUV should be considered (14-16), and
indeed relevant research of the effects of exposure with VUV
(at a 174-nm emission using an Ekishima UV apparatus from
Iwasaki Electronic Co. Ltd., Japan) is underway (14).

As a whole, during O, gas plasma exposure, it is not
difficult to propose and define the active species present and
responsible for the observed activity. However, the active
species present in N, and rare gas plasmas are more difficult
to pinpoint and elucidate. It would appear that the O, gas
plasmas tested to date may have a significant disadvantage
in terms of the deterioration of materials due to an etching
phenomenon. By contrast, inert gases such as N, or rare gases
inactivate spores by a different mechanism, and are thus more
desirable as they may achieve both the SAL efficacy require-
ments and material/functional compatibility required for
validated sterilization processes. These may therefore prove
to be useful alternatives to traditional sterilization methods
such as humidified ethylene oxide gas, y-ray, electron beam,
steam sterilization and dry heat.

3. Current uses of plasma for decontamination

Decontamination is a general term that can be defined as any
physical and/or chemical means to render a surface, instru-
ment, tissue, liquid, air or indeed any item safe for handling,
use or disposal (17). One typical example of cleaning by
gas plasma is shown in Fig. 11 (1). ‘Safe’ in decontamina-
tion refers to reducing or completely removing/inactivating
microorganisms that could lead to infection or other compli-
cations when inadvertently introduced into an individual. This
includes numerous types of cleaning, disinfection and steril-
ization applications that are widely used in diverse medical,
dental, agricultural, veterinarian, industrial and manufacturing
practices. Various forms of plasma may have potential use
in these applications. Currently, a variety of methods are
used (17). These include physical methods, such as heat and
radiation sources, as well as a range of chemicals, including
hydrogen peroxide, glutaraldehyde and alcohols. Plasmas can
be considered physico-chemical as they include a gas that in
its own right may have some antimicrobial effects, but are
also a physical source of energy.

To date, plasma decontamination applications have been
limited to some industrial uses, and have not been widely
adopted. There are currently no true commercially developed
plasma-based decontamination processes, despite many inves-
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Figure 10. Spore population survivor curves of He gas plasma sterilization
(0) in comparison to UV (a) (9). UV-C in this experiment had little to no
effects on sterilization under the exposure conditions described.
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Figure 11. SEM observation of a stainless steel scalpel before and after N, gas
plasma exposure (1). Decontamination effects are observed in pulsed N, gas
plasma with no obvious damage to the surface of the sterilized material.

tigations and patents issued since the 1970s on various types
of disinfection, sterilization and even cleaning applications.
Notwithstanding the considerable research, the only processes
that have been extensively used do not involve ‘true’ plasmas.
In such processes, various types of gaseous oxidants, such
as hydrogen peroxide, peracetic acid and ozone, are used to
generate plasmas, but the plasma form is not used for anti-
microbial purposes. In the case of the widely used hydrogen
peroxide gas plasma sterilizers (STERRAD® systems), the
cycle conditions clearly show that the plasma is only generated
following exposure and removal of the gas (by vacuum) (2)
and has little antimicrobial effect. However, in such processes,
the plasma is important as it aids in the removal of peroxide
(gas and liquid) residuals from the sterilizer load in order to
make the contents safe for handling and use. Similarly, to
date products that claim to use plasma to ‘activate’ water or
other liquids and for decontamination simply use plasma as
an alternative energy form to activate the various chemicals
already present in (or added to) the water. Examples include
the addition of NaCl to water, which activates the water to
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Figure 12. Representation of the interior and exterior structure of a bacterial
spore (21). The inner membrane and DNA, SASP and DPA, Ca in the core
are essential targets and indicators of effective sterilization.

make active free chlorine or hypochlorous acid. Indeed, in
some investigations the mechanism of action has been clearly
demonstrated to be chlorine rather than any true direct plasma
effects (18).

A particularly active area of research over the last 5-10
years has been the elucidation and optimization of the various
types and applications of true plasma-based antimicrobial
processes. Potential applications have included, as an optimal
cleaning process, combined cleaning-disinfection, terminal
disinfection, and sterilization processes. In addition to
industrial applications, these may have medical uses, such as
in devices, drug-device combinations, tissues and air/water
handling systems.

Once effective processes have been developed to apply
plasma technology safely, effectively and practically, then
commercial success can be achieved (19). Plasma technology
has many advantages, such as broad spectrum antimicrobial
activity (including effects against problematic biomolecules,
such as prions and endotoxins), ease of generation, and envi-
ronmental safety profiles in comparison to other thermal- and
chemical-based technologies.

4. Speculated mechanism of the action of gas plasma

The mechanisms of action of gas plasma are clearly an area for
further research. It has been suggested that they are related to
various oxidation and reduction effects on the macromolecules
that make up microbial structures (such as proteins, lipids and
nucleic acids) (20). No studies published to date have directly
demonstrated or clarified the definite mechanisms of gas
plasma. Furthermore, as mentioned in this review, differences
in the mechanisms of action have been reported between
oxygen-based plasmas in comparison to other inert gases,
such as N,, He and Ar.

Fig. 12 shows a representation of the external and internal
structure of a bacterial endospore (20). Although these struc-
tures vary depending on the bacterial species and growth
conditions, it is a useful representation for the purpose of
this discussion. The inner spore membranes are quite rigid
structures, where only molecules <200 daltons are capable
of passing though. These membranes are important as they
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Figure 13. Scanning electron microscopy using A company biological
indicator.

Figure 14. Scanning electron microscopy using B company biological
indicator.

contain receptors for various germinants that promote
germination and the outgrowth of the spore. Despite their
importance, if the inner membrane is damaged, dipicolic acid
(DPA) leaks out (as a clear indicator of both structural spore
damage and initial germination), and germination is subse-
quently not promoted (21,22). Access to these membranes is
limited due to the various spore coats at the more external part
of the spore structure, which require further damage/penetra-
tion in order for these inner membranes to be accessed. The
inner core of the spore itself consists of various protection
mechanisms, including the small acid soluble proteins that
are tightly associated with and protect DNA from physical/
chemical attack. Thus, DNA damage is also an important
factor to consider. Inert gases are inactive, but excited inert
gas (metastable gas) molecules and radicals are expected to be
capable of penetrating into the interior of the spore, without
interfering with charged proteins and lipids surrounding the
inner membrane and core. Excited molecules and radicals
may therefore attack and pass though the inner membrane
in order to attack the DNA at the core. In that sense, cations,
anions, electrons, photons or UV-C (Figs. 1 and 2) are not
speculated to be candidates for attacking the interior of the
spore. Whether the inner membrane is damaged or not can
be clarified by observation using a phase-contrast microscope

SHINTANI ez al: GAS PLASMA STERILIZATION
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Figure 15. Plasma sterilization survivor curve using BI from B company
presented in Fig. 14. The D value was approximately 1 min and no tailing
phenomenon was reproducibly observed due to lack of clumping.

or scanning electron microscopy (23), and DPA release is
determined in the culture medium of the surrounding area
of the spore. Further experiments will be discussed in detail
elsewhere (24).

By contrast, as proposed with other gas plasmas, the
sporicidal effects are predominantly observed at the spore
surface, leading to etching. These effects may initially cause
spore surface damage (by oxidation-reduction reactions), but
the affected proteins and other macromolecules then cross-
link each other, leading to the loss of spore viability. Similar
differences in efficacy have been reported for other sporicidal
agents, even though they may be using the same biocide. For
example, in the case of hydrogen peroxide, the mechanisms of
action of hydrogen peroxide in a true gas form appear to be
different from those of liquid or condensed peroxide (18,19).
The gas form appears to primarily target the peptide bonds
of proteins, leading to protein degradation; by contrast, the
liquid form preferably oxidizes the amino acid side chains of
the same proteins, which appears to result in cross-linking
and protein clumping. These effects are further complicated in
the presence of other (inert) chemistries (as is common when
using hydrogen peroxide), and there has also been a report of
other oxidizing agents.

Overall, the true mechanisms of action of most biocides
against bacterial spores are not very well described in the
literature, while an area for future research should include the
study of these mechanisms with various plasmas. Experiments
that investigate the direct effects of plasma on the macromol-
ecules that make up microbial structures may be an initial and
significant way to enhance the understanding of these effects
under controlled conditions.

5. Sporicidal testing and the importance of spore clumping

Almost all studies investigating the kinetics of sporicidal
activity with plasmas published to date present the same tailing
phenomenon in survivor curves (9,25). The structure of such
survivor curves is an important consideration in differentiating
a disinfection process from a sterilization process, and particu-
larly in allowing the extrapolation of sterility assurance levels.
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Microorganism Examples
More Prions Scrapie, Creutzfeldt-Jakob disease, chronic
resistant wasting disease
Bacterial spores Bacillus, Geobacillus, Clostridium
Protozoal cocysts Cryptosporidium
Helminth eggs Ascaris, Enterobius
Mycobacteria Mycobacterium tuberculosis, M. terrae, M.
chelonae
Small, nonenveloped viruses Paliovirus, parvoviruses, papillomaviruses
Protozoal cysts Giardia, Acanthamoeba
Fungal spores Aspergillus, Penicillium
Gram-negative bacteria Pseudomonas, Providencia, Escherichia
Vegetative fungi and algae Aspergillus, Trichophyton, Candida,
Chlamydomonas
Vegetative helminths and protozoa | Ascaris, Cryptosporidium, Giardia
Large, nonenveloped viruses Adenoviruses, rotaviruses
Gram-positive bacteria Staphylococeus, Streptococcus, Enterococcus
Less Enveloped viruses Human immunodeficiency virus, hepatitis B virus,
resistant herpes simplex virus

Figure 16. A guide to microbial resistance to biocides and biocidal processes (20). Various types of microorganisms are listed, being less resistant (more
sensitive) and more resistant as you move up the list. Vegetative (actively growing) forms are generally more sensitive than the more resistant dormant forms
(such as protozoal oocysts and bacterial spores). The unusual infectious agents, known as ‘prions’, are considered to demonstrate even higher resistance,
although recent evidence would suggest that this may not always be the case. It is important to note that this list can only be used as a guide, as the exact
resistance profile will vary depending on the antimicrobial active and even the exact product/process under investigation.

Tailing in plasma survivor curves is shown by an initial linear
relationship between log reduction of spore populations over
time, followed by a non-linear relationship in the quantal region
of the kill curve (Fig. 10). This would prevent the extrapolation
of an SAL of 10 at an initial population of 10° CFU required
for an overkill sterilization process. This can be interpreted as
a limitation in the antimicrobial process under testing and/or an
artifact of the test method. The most common cause of artifacts
is clumping of the spore preparations used for testing (7).

The most recognized resistant organism for steam steriliza-
tion, hydrogen peroxide gas, peroxide gas plasma and potentially
other plasmas (to date) are the endospores of Geobacillus
stearothermophilus ATCC 7953 or 12980. During sterilization
investigations, spore suspensions of G. stearothermophilus
at a population of 10° CFU are inoculated onto appropriate
carrier materials, such as stainless steel or polystyrene. These
are commercially available as BIs (Figs. 13 and 14). In plasma
experiments, BIs from one manufacturer (A) demonstrated a
reproducible tailing phenomenon, which was assumed to be
due to clumping (due to spores being present in multilayers;
Fig. 13). By contrast, the survival curve observed by another
manufacturer (B) (Fig. 14) using the same plasma process
presented a reproducible linear relationship (Fig. 15), allowing
for the extrapolation of a SAL. The D-value (the average time
to obtain a log reduction of the test microorganism) calculated
from Fig. 15 was approximately 1 min. Therefore, a minimum
sterilization time of 12 min for overkill method under these
exposure conditions would provide a SAL of 10, as required
by the international standards for sterilization processes
(ISO 14937) (3). The coefficient correlation between log
reduction of the test microorganism and exposure time was
0.992 (Fig. 15). This relationship is quite satisfactory for the
extrapolation of a SAL.

The overkill method of demonstrating a sterilization
process is the most widely used method, but not the only one.
Sterilization is also demonstrated by an understanding of the
natural bioburden (numbers and types of viable microorgan-
isms) present on/in the product to be sterilized; this is indeed
the real target for sterilization. When the bioburden is low,
the sterilization challenge is not great, but when it is high and
associated with significant clumping (such as observed with
viruses and various types of bacteria, including the presence
of biofilm) (26), this provides a significant challenge to the
sterilization process. However, in many cases these vegetative
bacterial cells (27) and other microorganisms are generally
much less resistant to gas plasmas (20) (Fig. 16). Therefore, the
gas plasma penetration ability, as previously discussed, should
be sufficient to penetrate and sterilize any such bioburden
present and to simultaneously attain an appropriate SAL of
10-¢ together with material and functional compatibility. This
needs to be demonstrated for any potential plasma steriliza-
tion process.

6. Perspectives for the future

It seems likely that gas plasma disinfection and/or sterilization
methods can be developed to provide the required antimicrobial
reduction (as defined by an appropriate SAL, e.g., 10 for
sterilization) and material/functional compatibility. Plasma
may have important applications in medical and industrial
settings. In this sense, perspectives on plasma sterilization
methods require further investigation. To clarify the
mechanisms and optimize the development of gas plasma
sterilization, close collaboration between microbiologists and
physical chemists will provide the best opportunity for the
future success of this technology.
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