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A promising, environmentally safe method for inactivating fungal spores of Penicillium digitatum,
a difficult-to-inactivate food spoilage microorganism, was developed using a high-density
nonequilibrium atmospheric pressure plasma �NEAPP�. The NEAPP employing Ar gas had a high
electron density on the order of 1015 cm−3. The spores were successfully and rapidly inactivated
using the NEAPP, with a decimal reduction time in spores �D value� of 1.7 min. The contributions
of ozone and UV radiation on the inactivation of the spores were evaluated and concluded to be not
dominant, which was fundamentally different from the conventional sterilizations. © 2010
American Institute of Physics. �doi:10.1063/1.3399265�

Inactivation of microorganisms using a plasma process-
ing method has attracted much attention recently, especially
as a substitute for medical instrument sterilization methods.
A plasma processing method possesses many advantages
such as a low-temperature treatment and short processing
time. Plasma inactivation shows promise as a very effective
system, which causes minimal damage to the instruments.

Microorganisms were sterilized successfully using
plasma processing. Inactivation factors, such as ultraviolet-C
�UV-C� emission, charged species, neutral species, and syn-
ergic effects, for various plasma processes from low pressure
to atmospheric pressure have been intensively studied.1–6

However, there is no report based on the quantitative diag-
nostics on the gas phase and the inactivation.

In agricultural fields and plant protection stations, pesti-
cides are sprayed to protect crops from various insects and
viruses. Fungi, such as Aspergillus or Penicillium, contami-
nate foods, such as cereals, fruits, vegetables, and meat.7 The
green mold of citrus is caused by spores of Penicillium digi-
tatum, which is a difficult-to-inactivate postharvest disease.
Methyl bromide is an effective and widely used pesticide. In
2005, however, it was prohibited because of its high ozone
depletion potential. Residual agricultural chemicals8 also are
harmful to the human body and the environment. The inac-
tivation should cause minimal damage to crops, humans, and
the environment, and should be easy to use. Spores of P.
digitatum are different from other microorganisms for medi-
cal applications because of the resistant structure, composi-
tion, and function of their cell wall. For example, the larger
dose for 90% inactivation of spores such as Penicillium by
UV-C irradiation is required in comparison with the bacteria
such as Bacillus and Escherichlia coli.9 However, the effect
of NEAPP treatment on fungal spores has not been reported

yet and the quantitative evaluation on the resistances against
inactivation factors such as radicals are never known.

Nonequilibrium atmospheric pressure plasmas �NE-
APPs� have many advantages; including the capability of
being used outside a vacuum and not generating heat-
induced damage. Because the energy of charged species is
very low and densities are negligibly smaller than those of
neutral radicals in the remote plasma region. In this study,
the successful inactivation of the spores of P. digitatum using
high-density NEAPP is reported. We also investigated the
resistance against the UV radiation and ozone. The ozone
density was measured by ultraviolet absorption spectroscopy
�UVAS� and the effect of ozone was compared the ozonizer
with the NEAPP quantitatively.

A schematic diagram of plasma inactivation is shown in
Fig. 1. In this system, alternative current of 6 kV, trans-
formed from 100 V and 60 Hz commercial power line, was
applied to two electrodes, and Ar gas of 3 slm was flowed.
The electron density of the NEAPP was approximately
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FIG. 1. Schematic diagram of nonequilibrium atmospheric pressure plasma
for plasma inactivation of Penicillium digitatum with an optical system for
ultraviolet absorption spectroscopy.
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1015 cm−3,10 it was two orders of magnitude greater than
those of the conventional atmospheric pressure plasmas,
which led to the generation of high-density reactive species.

Spores of P. digitatum were diluted by sterilized water
including the surface-active agent for avoiding the clump of
spores. Diluted spores were placed on a cover glass. The
sample was set at distances �from the electrodes to the
samples� of greater than 10 mm with the sample surface
temperatures less than 60 °C in order to avoid heat damage
of the samples from the plasma and evaluate the resistances
against ozone and UV radiation precisely. In this case, the
gas temperature of the plasma was about 1100 K near the
electrodes. However, the length of the plasma torch was less
than 4 mm from the electrodes and the plasma did not reach
to the samples, so that the heat damage to the P. digitatum
was eliminated. After NEAPP exposure, the samples were
cultured on potato dextrose agar medium in an incubator for
72 h at 25 °C.

The number of spores that survived after exposure is
shown in Fig. 2. The decimal reduction time of spores �D
value� of this system at distances L of 10 mm, 20 mm, and
30 mm were 1.7 min, 5.8 min, and 15.6 min, respectively.
The D value of 1.7 min is as fast as other microorganism
sterilization procedures, indicating that this NEAPP is a high
potential for inactivation of P. digitatum.

In general, ozone generators and UV lamps are used for
inactivation. Therefore, it is important to investigate the in-
activation effects of ozone and UV radiation. Absorption
spectroscopy is a powerful tool to monitor the absolute den-
sity of species and has clarified plasma chemistry and the
mechanism of etching or deposition.11–13 To clarify the inac-
tivation effect of ozone, the absolute density of ozone was
measured by UVAS and inactivation rate was compared to
that from an ozonizer. In addition, the contribution of UV
radiation to inactivation was investigated.

The absolute density of ozone in the NEAPP was mea-
sured by UVAS as shown in Fig. 1. A quartz cell was placed
around the plasma to ensure that the absorption length was
constant at 10 mm. Ozone has its maximum absorption

cross-section of 1.15�10−17 cm2 at a wavelength of 254
nm.14 The absolute densities of ozone as a function of L,
which was varied from 10 to 30 mm, are shown in Fig. 3�a�.
The ozone density �NO3

� increased from 2 to 8 ppm with an
increase in L, while the inactivation rate decreased as shown
in Fig. 2. The main production mechanism of ozone consists
of two processes: the dissociation of oxygen molecules by
electron impact, and the recombination of oxygen molecules
and oxygen radicals via three-body collisions.1,15 In contrast,
the main loss mechanism is reaction with oxygen atoms.

To evaluate the effect of ozone, the inactivation rate of
the NEAPP was compared to that of an ozonizer, which pro-
duced ozone with a density of 600 ppm at a flow rate of 5
slm. The number of P. digitatum spore survivors after inac-
tivation as a function of the integrated number density of
ozone �NO3

�T�, the product of ozone density �NO3
� multi-

plied by exposure time �T�, is shown in Fig. 3�b�. In contrast,
the D value of the system at L of 10 mm was 1.7 min, while
that of the ozonizer was 6.1 min. Thus, the D value of this
system was three times smaller than that of the ozonizer.
Moreover, the NO3

�T of the ozonizer was approximately two
orders of magnitude larger than that of this system. There-
fore, the contribution of ozone to inactivation of P. digitatum
was small.

The UV-C emission originating from NO or N2 was ob-
served in this system. To investigate the inactivation effect of
UV radiation on P. digitatum, quartz was placed over the
Petri dish. The quartz allows most UV light to pass through.
This allows the contribution of UV emission on inactivation
to be evaluated because the quartz allows only UV light to
reach the samples, and prevents species such as ozone and
radicals from reaching the samples. The numbers of survi-
vors with and without quartz, corresponding to inactivation
by only UV light exposure and by the simultaneous exposure
of UV light and reactive species, are shown in Fig. 4. The
sample was placed at L of 20 mm. The D values with and
without quartz were 26.2 min and 3.8 min, respectively. The
inactivation rate produced by exposure to UV and reactive
species was approximately sevenfold greater than that pro-
duced by UV radiation alone. These results indicate that UV
radiation does not contribute significantly to inactivation be-
cause of absorption by ambient gas atoms and molecules but
reactive species play a major role in inactivation, which is
fundamentally different from the conventional sterilizations
using low pressure plasmas.1,3,4

In summary, spores of P. digitatum were successfully
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FIG. 2. Number of survivors as a function of distance from the electrode.
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FIG. 3. �a� Absolute density of ozone as a function of L; �b� Number of
survivors as a function of integrated number density of ozone.
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inactivated using high-density NEAPP. Results from studies
on the inactivation effects of ozone and UV radiation showed
that the inactivation rate of this system was nearly three
orders higher than that of an ozonizer using the integrated
number density of ozone. Moreover, the contribution of UV
radiation toward inactivation was not dominant for P. digi-
tatum inactivation by NEAPP. There are other effects such as
electric field and charged particle but it is assumed these
effects are small because the inactivation was performed un-
der the remote plasma region. The contribution of the reac-
tive species such as OH radical, O radical and their by-
product would be larger. Additional studies are necessary for
evaluating the contributions of individual reactive species

and performing the food and agricultural applications with
high throughput and lower temperatures.
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FIG. 4. Number of survivors inactivated by UV radiation alone and by
exposure to UV radiation and reactive species.
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