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Minimal food-processing methods are not effective against foodborne viruses, such as human norovirus (NV). It is impor-
tant, therefore, to explore novel nonthermal technologies for decontamination of foods eaten fresh, minimally processed
and ready-to-eat foods, and food contact surfaces. We studied the in vitro virucidal activity of cold atmospheric gaseous
plasma (CGP) against feline calicivirus (FCV), a surrogate of NV. Factors affecting the virucidal activity of CGP (a so-
called radio frequency atmospheric pressure plasma jet) were the plasma generation power, the exposure time and dis-
tance, the plasma feed gas mixture, and the virus suspension medium. Exposure to 2.5-W argon (Ar) plasma caused a 5.55
log10 unit reduction in the FCV titer within 120 s. The reduction in the virus titer increased with increasing exposure time
and decreasing exposure distance. Of the four plasma gas mixtures studied (Ar, Ar plus 1% O2, Ar plus 1% dry air, and Ar
plus 0.27% water), Ar plus 1% O2 plasma treatment had the highest virucidal effect: more than 6.0 log10 units of the virus
after 15 s of exposure. The lowest virus reduction was observed with Ar plus 0.27% water plasma treatment (5 log10 unit
reduction after 120 s). The highest reduction in titer was observed when the virus was suspended in distilled water.
Changes in temperature and pH and formation of H2O2 were not responsible for the virucidal effect of plasma. The oxida-
tion of viral capsid proteins by plasma-produced reactive oxygen and nitrogen species in the solution was thought to be
responsible for the virucidal effect. In conclusion, CGP exhibits virucidal activity in vitro and has the potential to combat
viral contamination in foods and on food preparation surfaces.

Foodborne illnesses continue to plague public health, as well as
world economies, costing approximately $152 billion in the

United States alone (1). Enteric viruses, particularly human noro-
virus (NV) and hepatitis A virus (HAV), are the leading causes of
viral foodborne illnesses (2). Human NV, one of the top five
pathogens with respect to the total cost of foodborne illnesses in
the United States, belongs to the family Caliciviridae and is a well-
known cause of “winter vomiting disease” or “stomach flu” (3).
NV causes 19 to 21 million cases of acute gastroenteritis annually
in the United States and leads to 1.7 to 1.9 million outpatient visits,
400,000 emergency room visits, 56,000 to 71,000 hospitalizations,
and 570 to 800 deaths, mostly among young children (4). More
than half of all foodborne disease outbreaks due to a known cause
reported to the CDC from 2006 to 2010 were attributed to NV. In
the European Union in 2007, caliciviruses (primarily NV) were
responsible for 507 of 675 foodborne viral disease outbreaks (5).

Multiple issues related to the quality of thermally processed
foods, e.g., nutritional losses and adverse effects on organoleptic
quality, have led to the emergence of so-called nonthermal tech-
nologies, which consist of preservation treatments that are effec-
tive at ambient or sublethal temperatures, thereby minimizing the
negative effects of thermal processing on nutritional and quality
attributes of food (6). In addition, consumers have increasing in-
terest in non-thermally processed and ready-to-eat food com-
modities with fresh-like and healthy attributes, leading to popu-
larization of minimally processed foods. However, such foods
carry a high risk of surface cross-contamination through cutting
boards, knives, working surfaces, equipment, or the processing
environment. In addition, the low inactivation efficiency of most

minimal food-processing methods against foodborne viruses is
also a concern (7). Recent experiments with NV in a variety of
foods revealed that minimal food processing (freezing, cooling,
and mild heat treatment) was not significantly effective in reduc-
ing titers of NV or its surrogates (8). Consequently, the develop-
ment of novel efficient and safe nonthermal technology for viral
decontamination of foods is of great interest to food scientists,
food producers, and ultimately customers. A few recent investiga-
tions have been aimed at studying the virucidal effects of some
novel nonthermal technologies, such as ozone treatment (9),
gamma irradiation treatment (10), and lactic acid bacteria as an
antiviral biopreservative (11), in combating foodborne viral con-
tamination in food.

Cold atmospheric gaseous plasma (CGP) refers to a partially
ionized gas composed essentially of photons, ions, free electrons,
and reactive species, including atoms (O and N), molecules (e.g.,
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O3, H2O2, and HNO2), and radicals {OH�, NO�, and singlet oxygen
[O2(a1�g)]}, all of which are important in biological reactions
(12). Due to its unique properties, plasma is often referred to as
the fourth state of matter and is normally generated in nature or
artificially by subjecting a gas to a strong electric field, which leads
to ionization; dissociation of molecules; and production of pho-
tons, radicals, and reactive species (13). As the electric field trans-
fers energy to the mobile electrons and the significant mass differ-
ence between electrons and neutral gas molecules (heavy
particles) leads to inefficient collisional energy transfer between
electrons and heavy particles, the energy of the electrons can be
significantly larger than the energy of the neutral gas molecules.
Various sources of plasma exploiting this physical property allow
the production of highly reactive cold atmospheric pressure plas-
mas for which the reactivity is induced by energetic electrons while
the gas temperature remains close to room temperature (14).
These conditions are easily obtained at low pressure and require
specific plasma generation strategies at atmospheric pressure.
Typical approaches for cold atmospheric pressure plasma gener-
ation at atmospheric pressure include corona discharge, dielectric
barrier discharges (DBD), radio frequency (RF) plasma, and glid-
ing-arc discharge (15).

CGP is attracting the attention of food researchers due to its
biocidal effects against various spoilage microorganisms and food
pathogens, because it can be applied at ambient air temperature
without the use of heat. The use of CGP appears to be especially
advantageous for decontaminating the surfaces of fresh foods,
such as vegetables, fruits, meats, nuts, poultry, and eggs, and also
for disinfection of food preparation surfaces (16–19).

Several studies on the antibacterial effects of cold plasma
against bacteria—Escherichia coli (20), Salmonella spp. (16),
Staphylococcus aureus (18), and others (6)—are available. How-
ever, the antiviral activity of CGP has not been properly explored.
Only three studies have reported antiviral activity of CGP. Terrier
et al. (21) recorded reductions in virus titers of 6.5, 3.8, and 4.0
log10 units for influenza virus type A, human parainfluenza virus
type 3, and respiratory syncytial virus (RSV), respectively, using a
newly designed system based on physical decontamination of sub-
strates and air by cold atmospheric plasma. Zimmermann et al.
(22) achieved up to 6.0 log10 unit inactivation of adenovirus using
a CGP system. Alekseev et al. (23) suppressed corneal herpes sim-
plex virus 1 infection in vitro using a nonthermal DBD plasma
system. To date, no published study is available on the efficacy of
CGP against foodborne viruses, such as NV and HAV. The present
study was undertaken to determine the in vitro virucidal activity of
cold plasma using four different gas mixtures against feline calici-
virus (FCV), a surrogate for human NV, and to study factors that
might determine the virucidal effects of CGP.

MATERIALS AND METHODS
Description of the plasma generation system. The plasma jet used in this
study is identical to the one described by van Gils et al. (24). The plasma is
ignited in Ar, which is blown through a 1.9-mm quartz tube at 1.5 stan-
dard liters per minute (slm) by RF power (13.56 MHz). The RF power is
modulated at a frequency of 20 kHz with a duty cycle of 20%. Unless
otherwise stated, the work was performed at a time-averaged plasma dis-
sipated power of 2.5 W. The power level was measured as explained by
Hofmann et al. (25). In this study, 4 different gases were used: Ar, Ar plus
1% O2, Ar plus 1% dry air, and Ar plus 0.27% water. The amounts of
admixtures were controlled by mass flow controllers (MKS GE50; MKS
Instruments Inc., USA). In the case of Ar plus 0.27% water, part of the Ar

flow was sent through a bubbler containing sterile distilled water (DW) to
humidify part of the Ar gas feed.

The plasma jet is known to produce significant amounts of NO� (26),
O3 (27), OH�, HNO2, H2O2, and O2(a1�g) (28). These species are all
biologically active and are produced in large quantities. Different gas ad-
mixtures favor the production of certain species over others. For example,
mixing O2, air, and water favors the production of O3, NO�, and OH�/
H2O2, respectively (29), although even in the cases of Ar, Ar plus water,
and Ar plus O2, diffusion of the surrounding air in the jet effluent leads to
the production of NO�. The reactive species produced by the plasma in the
gas phase are transferred to the solution through complex gas-liquid in-
teractions (30).

For the virucidal experiments in this study, we placed a sterile 96-well
microtiter plate (containing 100 �l of virus suspension) below the plasma
jet. The tip of the plasma plume was allowed to approach the top of the
well. A diagram of the plasma setup, including a schematic of the 96-well
plate, can be seen in Fig. 1. After the desired treatment times, the samples
were removed and kept at room temperature for 2 h to allow the plasma-
produced reactive species in solution to react with the virus. Then, FCV
titration of treated and nontreated (control) samples was carried out (as
described below). The antiviral effects were identified by comparing the
titers of treated and nontreated (control) viruses.

Virus propagation. Strain 255 of FCV was used as a surrogate for NV
in this investigation. The virus was grown and titrated in Crandell-Reese
feline kidney (CRFK) cells, which were grown in minimum essential me-
dium (MEM) with Earle’s salts and L-glutamine (Mediatech Inc., Manas-
sas, VA, USA) supplemented with 8% fetal bovine serum (FBS) and anti-
biotics (neomycin, 90 U/ml; gentamicin, 50 �g/ml; penicillin, 455 IU/ml;
streptomycin, 455 �g/ml; and amphotericin B [Fungizone], 1.5 �g/ml).
The cells were incubated at 37°C under 5% CO2. The incubated cells were
examined daily under an inverted microscope for appearance of cyto-
pathic effects (CPE), which usually appeared 2 to 3 days after infection.
The infected cells were frozen and thawed three times, followed by cen-
trifugation at 2,000 � g for 30 min at 4°C. The virus-containing superna-
tant was decanted and distributed in 1- by 3.25-in. ultracentrifuge tubes
(Beckman Instruments Inc., USA). One milliliter of sterile 30% sucrose in
distilled water was underlaid in each tube. The balanced, capped tubes
were then ultracentrifuged at 111,857 � g for 2.5 h at 4°C (Optima L-90K
ultracentrifuge; Beckman Instruments) using an SW32 Ti swinging-
bucket rotor (Beckman Instruments Inc., USA). The supernatant was
carefully removed and discarded, and the virus pellet was resuspended in
1 ml of sterile DW. The purified virus was aliquoted and stored at �80°C
until it was used.

Virus titration. Serial 10-fold dilutions of samples were prepared in
MEM containing 4% FBS. The dilutions were inoculated into CRFK cell
monolayers prepared in 96-well microtiter plates using 3 wells per dilu-
tion. The plates were incubated at 37°C under 5% CO2 and examined
daily for the development of CPE for up to 5 days. The endpoint was taken
to be the highest dilution of the virus that produced CPE in 50% of the
inoculated cells. Viral titers were calculated by the Kärber method (31)
and are expressed as 50% tissue culture infective doses (TCID50)/0.1 ml.

Effect of plasma generation power. Aliquots (100 �l) of FCV sus-
pended in sterile distilled water (DW-FCV) were exposed to Ar atmo-
spheric plasma generated at five different power levels (1 � 0.1, 1.5 � 0.1,
2 � 0.1, 2.5 � 0.1, and 3 � 0.1 W). The exposure distance was 18.13 mm
from the plasma nozzle to the surface of the treated viral suspension. The
exposure times were 0 (control), 15, 30, 60, 120, and 180 s.

Effect of plasma exposure distance and type of plasma feeding gas
mixture. In a factorial experiment, four plasma feeding gas mixtures (Ar,
Ar plus 1% O2, Ar plus 1% dry air, and Ar plus 0.27% water) were used
separately for the generation of CGP. The plasma dissipated power was
kept constant at 2.5 � 0.1 W. Aliquots (100 �l) of DW-FCV were exposed
to the four types of plasma for 0 (control), 15, 30, 60, and 120 s. To study
the effect of exposure distance on the virucidal effects of each plasma type,
three different exposure distances (the distance from the plasma jet nozzle
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to the surface of the virus suspension) were used (low exposure level,
11.25 mm; intermediate, 14.69 mm; and high, 18.13 mm [the distance
from the bottom of the well plate to the surface of the virus suspension was
6.49 mm]). The length of the plasma plumes used depended on the type of
feed gas mixture. The longest visible plasma plume was for Ar plasma,
followed by Ar plus 1% air plasma and Ar plus 0.27% water plasma, while
the shortest plume corresponded to Ar plus 1% O2. To accommodate
these differences, three exposure levels were chosen to represent (i) low
level, corresponding to the shortest distance between the nozzle and the
surface of the viral suspension (the visible plasma tip of the shortest
plasma plume was at the position of the top of the well); (ii) high level,
corresponding to the greatest distance between the nozzle and the surface
of the viral suspension (the tip of the longest plume was at the top of the

well); and (iii) intermediate level, corresponding to the middle distance
between the low and high levels. This experiment was repeated with the
feed gas mixture flows with the power off (gas-phase treatment) to deter-
mine if the gas flow on the suspension medium contributed to the viru-
cidal effect.

Effect of the virus suspension solution. The purified FCV was sus-
pended separately in three different types of suspension medium (steril-
ized double-distilled water, MEM, and NaCl-Tris-EDTA [NTE] buffer).
Aliquots (100 �l) of each viral suspension were distributed in 96-well
plates and exposed to the four plasma conditions for 0 (control), 15, 30,
60, and 120 s. The exposure to plasma was performed at the lower level
(11.25-mm exposure distance). The plasma power was kept constant at
2.5 � 0.1 W.

Measurement of solution temperature. In separate experiments,
100-�l aliquots of distilled water were exposed to the four types of plasma for
15, 30, 60, and 120 s. The temperature of the liquid was measured immedi-
ately after each exposure time, using an RTD Omega thermocouple (Omega
Engineering Inc., Stamford, CT, USA).

Measurement of pH changes. In separate experiments, 100-�l ali-
quots of distilled water, MEM, and NTE buffer were exposed to the four
types of plasma for 15, 30, 60, and 120 s at two distances (low and high
exposure levels). After treatment, the pH values were measured using a
Thermo Fisher Scientific (Waltham, MA, USA) Orion pH probe (model
8220BNWP).

Determination of H2O2 formed during plasma exposure. The con-
centration of formed hydrogen peroxide in plasma-exposed distilled wa-
ter was determined colorimetrically using the titanium sulfate method of
Satterfield and Bonnell (32) and Eisenberg (33). Briefly, 100-�l aliquots of
distilled water were exposed separately to the four types of plasma for 15,
30, 60, and 120 s at the low exposure level and 2.5 W power. Sodium azide
solution (4 mM) was added immediately after the plasma treatment to
quench nitrites, which may react with the formed H2O2. Then, 100 �l of
titanium sulfate reagent was added. The development of yellow color was
measured colorimetrically at 407 nm, and a standard curve of H2O2 was
generated.

FCV virucidal effect of liquid hydrogen peroxide. Aliquots (100 �l)
of DW-FCV suspension were mixed with equal volumes of different H2O2

solutions. The H2O2 concentrations after mixing were 5, 10, 20, 30, 40, 50,
80, and 100 mM. The FCV-plus-H2O2 mixtures were incubated at room
temperature for 30, 60, and 120 min. The surviving virus was titrated in all
mixtures after each incubation time and compared with nontreated virus
as a control.

The effective FCV lethal time of plasma exposure. Aliquots (100�l) of
DW-FCV were distributed in 96-well plates. Samples were exposed separately
to the four types of plasma for 15, 30, 60, 120, 180, 240, and 300 s. Immediately
after each exposure time, 10 �l of 0.1 M (the final concentration after mixing
with the sample) filter-sterilized sodium thiosulfate solution was added, fol-
lowed immediately by FCV titration. The sodium thiosulfate solution acts as
a scavenger for the oxidizing (long-lived) species in solution generated by the
plasma. The amount of surviving FCV was measured as the difference be-
tween the titers of treated and nontreated (control) samples. Virus inactiva-
tion was calculated as the decimal reduction time (D value), which is defined
as the time needed to achieve a 1-log-unit reduction in infectious virus titer
with a given plasma treatment.

Statistical analysis. Each titration was carried out in triplicate, and
each experiment was performed three times. The results are the means �
standard deviations (SD) of triplicate experiments. The analysis of vari-
ance (ANOVA) was generated by the F test. The statistical analysis was
carried out using STATISTICA software, v. 10 (Statsoft Inc., Tulsa, OK,
USA). The D value of each type of plasma was determined from the neg-
ative reciprocal of the slope of the regression line, using the linear portions
of the survival curves (log10 TCID50/0.1 ml versus time of exposure to the
plasma under constant conditions). The exposure times needed for a 4
log10 TCID50/0.1 ml reduction and complete reduction of FCV were de-
termined from the following equation: t � D � (log No � log Nf) � D �

FIG 1 Schematic diagram of the CGP system, including the plasma jet, treat-
ment of samples, and electrical and gas inputs.
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n, where D is the D value (in minutes) under the specified conditions; No

is the initial titer of the virus; Nf is the surviving titer after an exposure
time, t (in minutes), to the selected plasma type; and n is (log No � log Nf),
which is equal to the log10 reduction of the initial titer of the virus.

RESULTS
Effect of Ar plasma generation power. The exposure of DW-FCV
to an Ar plasma jet at all tested power values showed time-depen-
dent decreases in the FCV titer (Fig. 2). Exposure of FCV to 1.0,
1.5, 2.0, 2.5, and 3 W Ar plasma for 15 to 180 s led to gradual
reductions in the FCV titer ranging from 0.33 to 2.66, 0.66 to 4.00,
0.88 to 4.66, 0.99 to 5.55, and 1.11 to 5.55 log10 TCID50/0.1 ml,
respectively. After exposure to 2.5 and 3 W plasma for 120 s, more
than 99.999% of FCV was inactivated (more than 5 log10 TCID50/
0.1 ml reduction). There was no significant difference (P � 0.05)
between the reductions of the FCV titer after exposure to 2.5 W
and 3 W Ar plasma at each tested exposure time.

Effects of plasma exposure distances and plasma feeding gas
mixture types. Figure 3 shows that treating FCV with gas flow
only (without plasma) for all gas mixtures (Ar, Ar plus 1% O2, Ar
plus 1% dry air, and Ar plus 0.27% water) resulted in no signifi-
cant changes (P � 0.05) in FCV titers. For all gas mixtures, the
plasma exposure showed reductions in the FCV titer. The reduc-
tions increased with increasing exposure time and decreased with
increasing distance from the plasma plume.

FIG 2 Effects of changes in Ar-based plasma generation power on virucidal
activity. Aliquots (100 �M) of DW-FCV suspension were exposed to Ar
plasma. The exposure distance from the nozzle to the surface of the virus
suspension was 18.13 mm. Five different powers (1 � 0.1, 1.5 � 0.1, 2 � 0.1,
2.5 � 0.1, and 3 � 0.1 W) and six exposure times (0, 15, 30, 60, 120, and 180 s)
were used, followed by immediate titration. The results are averages of tripli-
cate experiments, and the error bars indicate the standard deviations.

FIG 3 Effects of plasma exposure distance and gas mixture type on virucidal activity. Aliquots (100 �M) of DW-FCV suspension were exposed to Ar plasma (A),
Ar plus 1% O2 plasma (B), Ar plus 1% air plasma (C), and Ar plus 0.27% water plasma (D). Three different exposure distances (low level [11.25 mm],
intermediate level [14.69 mm], and high level [18.13 mm]) from the plasma nozzle to the surface of the treated viral suspension were used. The plasma dissipated
power was kept constant at 2.5 � 0.1 W. The exposure times were 0, 15, 30, 60, and 120 s, followed by 2 h of incubation at room temperature before titration. The
experiment was repeated with the feed gas mixture flows with the power off (gas-phase treatment). The results are the averages of triplicate experiments, and the
error bars indicate the standard deviations.
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For Ar plasma, more than 99.9999% of FCV (6.18, 6.22, and
6.23 log10 TCID50/0.1 ml) was inactivated after exposure times of
30 s, 60 s, and 120 s at low, intermediate, and high exposure levels,
respectively (Fig. 3A). As shown in Fig. 3B, more than 99.9999%
(6.22, 6.00, and 6.25 log10 TCID50/0.1 ml) of FCV was inactivated
after exposure to Ar plus 1% O2 plasma for 15 s, 30 s, and 60 s at
low, intermediate, and high exposure levels, respectively. For Ar
plus 1% air plasma, more than 99.9999% of FCV (6.21, 6.22, and
6.29 log10 TCID50/0.1 ml) was inactivated after exposure times of
30 s, 60 s, and 120 s at low, intermediate and high exposure levels,
respectively (Fig. 3C). As shown in Fig. 3D, the FCV titer was
decreased only 99.9993% (more than 5.00 log10 TCID50/0.1 ml)
after exposure to Ar plus 0.27% water plasma for 60 s at the low
exposure level, whereas the intermediate and high exposure levels

showed only 99.995% (4.29 log10 TCID50/0.1 ml) and 99.988%
(3.91 log10 TCID50/0.1 ml) reductions, respectively, after the 120-s
exposure.

Among the four tested gas mixtures, the greatest anti-FCV ef-
fect was achieved with exposure to Ar plus 1% O2 plasma, since
approximately 100% (more than 6 log10 TCID50/0.1 ml) of the
virus was inactivated after only 15 s at the low level, while a smaller
anti-FCV effect occurred with Ar plus 0.27% water plasma treat-
ment, resulting in a reduction of only 5 log10 TCID50/0.1 ml
(99.9993) after 120-s plasma exposure.

Effect of virus suspension medium. The results presented in
Fig. 4 show that the type of virus suspension solution significantly
(P � 0.05) affected the virucidal activities of the four tested gas
mixture plasmas. For Ar plasma exposure (Fig. 4A), when DW was

FIG 4 Effects of virus suspension media on virucidal activity of CGP. Aliquots (100 �M) of DW-FCV, MEM-FCV, and NTE-FCV suspensions were exposed to Ar
plasma (A), Ar plus 1% O2 plasma (B), Ar plus 1% air plasma (C), and Ar plus 0.27% water plasma (D). The plasma dissipated power was kept constant at 2.5 � 0.1 W.
The exposure distance from the nozzle to the surface of the virus suspension was 11.25 mm. The exposure times were 0, 15, 30, 60, and 120 s, followed by 2 h of incubation
at room temperature before titration. The results are the averages of triplicate experiments, and the error bars indicate the standard deviations.

TABLE 1 Changes in the temperature of distilled water after exposure to various types of atmospheric gaseous plasma jets for various exposure
times

Exposure time (s)

Tempa (°C)

Ar Ar 	 1% O2 Ar 	 1% air Ar 	 0.27% water

0 24.20 � 0.21A/A 24.20 � 0.21A/A 24.20 � 0.21A/A 24.20 � 0.21A/A
15 24.55 � 0.07AB/A 25.25 � 0.21AB/AB 25.60 � 0.71B/B 25.95 � 0.07B/B
30 25.60 � 0.71ABC/A 25.85 � 1.34AB/A 25.90 � 0.14B/A 25.90 � 0.42B/A
60 25.90 � 0.57BC/A 26.30 � 0.28AB/A 25.95 � 0.21B/A 25.95 � 0.21B/A
120 26.70 � 0.85C/A 26.91 � 0.14B/A 26.30 � 0.42B/A 26.78 � 0.14B/A
a The values shown are averages of triplicate measurements � standard deviations. Values followed by the same letters indicate no significant difference in the temperatures (P �

0.05) across the treatment times within the same plasma treatment group (letters before slashes) or across the plasma treatment group within the same treatment time group (letters
after slashes). The distance from the plasma jet nozzle to the surface of the virus suspension (low level) was 11.25 mm.
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used to suspend FCV, 99.9997% (5.56 log10 TCID50/0.1 ml) of the
FCV was inactivated after 30 s of exposure. However, 99.992%
(4.11 log10 TCID50/0.1 ml) and 95.43% (1.34 log10 TCID50/0.1 ml)
reductions were attained after the longest exposure time (120 s) in
the cases of NTE- and MEM-suspended FCV, respectively. FCV
exposed to Ar plus 1% O2 plasma using DW and NTE buffer as
the suspending solutions led to almost complete inactivation
(99.9998% [5.67 log10 TCID50/0.1 ml] and 99.9996% [5.45 log10

TCID50/0.1 ml] inactivation) of FCV after only 15 s, while the use
of MEM led to a very small reduction (1.78 log10 TCID50/0.1 ml)
in the FCV titer even after the longest exposure time (120 s). When
the virus was suspended in distilled water and exposed to Ar plus
1% air plasma (Fig. 4C), 99.9996% (5.45 log10 TCID50/0.1 ml) of
the FCV was inactivated after 30 s of exposure, while 99.94% (3.23
log10 TCID50/0.1 ml) and only 78.62% (0.67 log10 TCID50/0.1 ml)
reductions were attained after the longest exposure time (120 s) in
the cases of NTE- and MEM-suspended FCV, respectively. Even-
tually, as presented in Fig. 4D, FCV exposed to Ar plus 0.27%
water plasma for the longest exposure time (120 s) using DW,
NTE buffer, and MEM as the suspension solutions led to only
99.990% (4.00 log10 TCID50/0.1 ml), 99.950% (3.34 log10 TCID50/
0.1 ml), and 97.860% (1.67 log10 TCID50/0.1 ml) reductions in
FCV, respectively.

Temperature and pH value changes. As shown in Table 1, the
temperature of the DW exposed to all tested plasma types in-
creased slightly with an increase in treatment time; the maximum
increase was 2.5°C after the longest treatment time (120 s). There
were minor differences (P � 0.05) in the temperature changes
among the four types of plasma; the highest solution temperature
never exceeded 27°C.

A decrease in pH values with treatment time was observed
(Table 2).The amount of change depended on the treated solution
and the plasma conditions. In the case of DW, at the two exposure
levels, there were gradual decreases, but not exceeding pH 4.1
(�1.35) at all exposure levels and with all plasma types except Ar
plus 1% air plasma, for which the pH decreased to 3.1 and 3.87 at
lower and higher levels, respectively. In treated MEM, the lowest
value attained (pH 8.39) was with Ar plus 1% air plasma at the
lower exposure level. In NTE buffer, the pH decreased slightly but
remained close to the neutral value (pH 7).

Determination of the H2O2 formed during plasma exposure.
As shown in Table 3, hydrogen peroxide was formed in distilled
water when it was exposed to all types of plasma. The measured
H2O2 concentrations were time dependent: the longer the expo-
sure, the higher the concentration. Higher concentrations of H2O2

were detected when distilled water was exposed to Ar plus 0.27%
H2O plasma (251.7 to 2,785 �M H2O2), followed by Ar plasma
(36.6 to 120 �M H2O2), whereas the lowest concentrations were
found with exposure to Ar plus 1% air plasma and Ar plus 1% O2

plasma (11.6 to 105 and 18.3 to 48.3 �M H2O2, respectively).
FCV virucidal effect of liquid hydrogen peroxide. The viru-

cidal effect of liquid H2O2 was concentration and time dependent,
as shown in Fig. 5. In the 30-min treatment group, all tested H2O2

concentrations resulted in nonsignificant changes (P � 0.05) in
the FCV titer, except that the 80 and 100 mM treatments showed

1.1 and 
1.5 log10 TCID50 reductions, respectively. In the 1-h
treatment group, significant reductions (P � 0.05) ranged from

0.8 to 
1.5 log10 TCID50 at all concentrations, except that the 80
and 100 mM treatment groups showed 
2.2 and 
2.6 log10

TCID50 reductions in the FCV titer, respectively. After 2 h treat-
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ment, all concentrations led to significant reductions (P � 0.05) in
the FCV titer; the smallest reductions (
1 log10 TCID50) were
observed in the 5, 10, and 20 mM treatment groups, while 30, 40,
50, 60, and 80 mM H2O2 led to greater reductions (
2.3 to 2.5
log10 TCID50). The greatest virucidal effect (
2.7 log10 TCID50)
was seen in the 100 mM H2O2 treatment group.

The effective FCV lethal time of plasma exposure. The viru-
cidal times of the four plasma types are shown in Fig. 6. More than
5 log10 TCID50 (
100%) of FCV was inactivated after 2, 3, and 5
min of exposure to Ar plus 1% O2, Ar plus 1% dry air, and Ar
plasmas, respectively, whereas exposure of FCV to Ar plus
0.27% plasma did not reach the virucidal effect of the other types
of plasma (
3.3 log10 TCID50 after 5-min exposure). The expo-
sure times needed for 1 log10 reductions (D values) of Ar, Ar plus
1%O2, Ar plus 1% air, and Ar plus 0.27% water were 0.94, 0.38,
0.56, and 1.49 min, respectively.

DISCUSSION

Feline calicivirus was chosen in this study as a surrogate for human
NV because NV cannot be grown in vitro, although several at-
tempts have been made (27, 34). FCV belongs to the same family
(Caliciviridae) as human NV, and therefore, it has similar charac-
teristics (35). The chemical interaction between the chemical spe-
cies of plasma and the virus was the supposed mode of action of
the plasma; therefore, we selected FCV in our study as a worst-case
scenario, since it is known to have high resistance to chemical

disinfectants. Many investigators recommend the use of murine
norovirus (MNV) instead of FCV, although FCV is more resistant
to chemical disinfectants and high temperature than MNV. Can-
non et al. (36) found that FCV was more stable than MNV type 1
(MNV-1) at 56°C. Sattar et al. (37) compared the effects of etha-
nol-based hand rubs to eliminate FCV and MNV. They showed
that over a short contact time (20 s), FCV was 100 times more
resistant to inactivation than MNV. Park et al. (38) reported that
MNV was more readily inactivated by alcohols than FCV. Thus,
we preferred to use it in our study instead of MNV. In addition,
FCV has been used previously as a surrogate to evaluate the effi-
cacies of common preservation processes used in the food indus-
try (39).

In a preliminary test, we found that FCV is susceptible to cold
Ar plasma. Since previous studies reported that the biological ac-
tivity of CGP is multifactorial and highly dependent on plasma
type and exposure parameters (6, 23, 40), we studied the effects of
several operational and exposure parameters affecting the reactiv-
ity of the resultant cold plasma and its virucidal activity in order to
reach the objective of complete inactivation of FCV in solution.
The effects of the plasma generation power, feed gas mixtures,
exposure time, exposure distance, and virus suspension medium
were studied.

To determine if changes in temperature might be responsible
for the virucidal activity, we measured the changes in temperature
during several treatments. It has been reported that FCV has D
values of 4 days and 6.7 min at 25°C in tap water (41) and 56°C in

TABLE 3 Concentrations of H2O2 formed in distilled water after exposure to various types of plasma

Exposure
time (s)

H2O2 concna (�M)

Pure Ar plasma Ar 	 1% O2 plasma Ar 	 1% air plasma Ar 	 0.27% H2O plasma

15 36.6 � 6.7C/B 18.3 � 1.7C/C 11.6 � 1.7D/C 251.7 � 5.0D/A
30 70.0 � 6.7B/B 31.7 � 5.0B/C 21.7 � 1.7C/C 458.3 � 31.7C/A
60 116.7 � 15A/B 48.3 � 1.7A/C 56.6 � 10.0B/C 975.0 � 8.3B/A
120 120.0 � 3.3A/B 48.3 � 5.0A/C 105.0 � 1.7A/C 2785.0 � 61.7A/A
a The values are the averages of triplicate measurements. Values followed by the same letters indicate that there was no significant difference in the H2O2 concentration (P � 0.05)
across the treatment times within the same plasma treatment group (letters before slashes) or across the plasma treatment within the same treatment time group (letters after
slashes). The distance from the plasma jet nozzle to the surface of the virus suspension (low level) was 11:25 mm.

FIG 5 Virucidal effect of liquid hydrogen peroxide against FCV. Aliquots (100
�l) of DW-FCV suspension were mixed with equal volumes of different H2O2

solutions (5, 10, 20, 30, 40, 50, 80, and 100 mM final H2O2 concentrations).
The samples were incubated for 30, 60, and 120 min at room temperature. The
results are the averages of triplicate experiments, and the error bars indicate the
standard deviations. The letters on the bars represent comparisons between
the means of the treatment times within the same H2O2 concentration group;
there is no significant difference (P � 0.05) between bars labeled with the same
letter.

FIG 6 Effective FCV lethal time of plasma exposure. Aliquots (100 �M) of
DW-FCV suspensions were exposed to Ar, Ar plus 1% O2, Ar plus 1% air, and
Ar plus 0.27% water plasmas for 15, 30, 60, 120, 180, 240, and 300 s. Immedi-
ately after plasma exposure, 0.1 M sodium thiosulfate was added, followed
immediately by FCV titration. The exposure distance from the nozzle to the
surface of the virus suspension was 11.25 mm. The results are the averages of
triplicate experiments, and the error bars indicate the standard deviations.
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MEM (36), respectively. None of our treatments produced tem-
peratures higher than 27°C (Table 1), indicating that the observed
virucidal effects (�5 log10 TCID50/0.1 ml after 15 s of plasma
exposure) were not due to an increase in temperature.

Also, the observed reductions in FCV titers induced by plasma
cannot be attributed to changes in pH, either, since only 
2.5
log10 and 
2 log10 TCID50/0.1 ml decreases in FCV titers were
seen when wet virus was exposed for 30 min to pH 4 and pH 9,
respectively, at 37°C (36). We believe that the effect of the plasma
is caused by the production of active chemical species in solution.

To study the effect of the plasma generation power (Fig. 2), we
used Ar plasma, which was generated at various power values, as a
reference plasma type. The results showed an increase in the viru-
cidal effect with increasing plasma generation power up to 2.5 W.
This is consistent with the observed increase in reactive species,
such as O3 and NO�, with increasing power (26, 29). In the present
study, a plasma generation power of 2.5 W was selected to be used
in the subsequent tests, as it had the greatest virucidal effect and
there was no significant difference (P � 0.05) between its effect
and the effect of 3 W of power at all exposure times.

The absence of virucidal effect of any feeding gas mixture when
the power was off (Fig. 3A to D) confirms that the virucidal effects
of CGP are not due to disturbance of the solution by the flow of
gases. The increase in virucidal effect with increasing plasma ex-
posure time is probably due to an increase in the production of
reactive species in solution, as is illustrated by the reduction of
the pH with increasing treatment time. This is in agreement with
the results of Alekseev et al. (23), who found that reduction in the
infectivity of herpes simplex virus 1 was proportional to the expo-
sure time when the infection medium was treated with nonther-
mal DBD air-based plasma. A similar effect was found with this
plasma source in treating Pseudomonas aeruginosa (24).

The FCV virucidal activities of all tested plasma types were
inversely proportional to the exposure distance. This is consistent
with a smaller reduction in pH at the high level of plasma than at
the low level (Table 2). Also, experiments with plasma plumes

showed that the densities of reactive species decreased with in-
creasing distance from the nozzle (26, 29). In contrast, Niemira
(42) found that E. coli O157:H7 on the surfaces of almonds was
reduced more effectively with greater distance from the dry-air-
based cold-plasma emitter. These results clearly illustrate the dif-
ference between plasma treatments of pathogens in solution ver-
sus those that are directly treated on surfaces.

One of the major factors that determine the reactive species
produced by plasma is the gas composition, which leads to signif-
icant differences in their biological impacts (42). All four gas mix-
tures investigated in this study had significant virucidal effects
against FCV (Fig. 3A to D). The addition of 1% air or O2 led to an
increase in the virucidal effect compared to Ar alone, indicating
that the addition of O2 and air enhances the FCV virucidal effect of
Ar plasma. This is also consistent with the increase of O3 and NO�

densities found for these plasma conditions (29). Obviously, the
Ar plus 1% O2 plasma was the best among all the tested feed gas
mixtures, since FCV was completely inactivated at the low expo-
sure level with only 15 s of exposure followed by 2 h posttreatment
incubation at room temperature. We believe that this phenome-
non may be attributed to an increase in the reactive oxygen species
(ROS), particularly ozone, released from plasma discharge (29) to
the treated solution, which may have the main virucidal effect
against FCV.

The beneficial effect of adding O2 in the inactivation of bacteria
has been reported by many researchers, although these studies
were performed to study the effects against bacteria on surfaces
rather than in solution. In a study conducted on S. aureus, the
authors found that the antibacterial activity of plasma was more
significant when 97%:3% He-O2 was used than using 97%:3%
He-N2 (43). Sureshkumar et al. (44) reported that addition of 2%
O2 to the gas mixture (N2) enhanced the anti-S. aureus effect of RF
plasma, leading to a 6.0-log-unit reduction. Noriega et al. (19)
observed that the presence of O2 in helium-based atmospheric
cold plasma enhanced reductions of Listeria innocua on chicken
samples. Chen et al. (45) studied the antibacterial effect of an
atmospheric low-temperature helium-based plasma and found
that the He-O2 plasma killed Enterococcus faecalis more effectively
than the pure He plasma.

Our results show that the addition of 0.27% water to the Ar
flow decreased the virucidal activity of the Ar plasma. This is not
surprising, because it is known that the augmentation of feed gas

FIG 7 Survival kinetic curves of FCV exposed to Ar, Ar plus 1% O2, Ar plus
1% air, and Ar plus 0.27% water plasmas showing the slopes of regression lines
using the linear portions of the survival curves. The D values are the negative
reciprocals of the slopes of the regression lines. The plasma dissipated power
was kept constant at 2.5 � 0.1 W. The exposure distance from the nozzle to the
surface of the virus suspension was 11.25 mm.

TABLE 4 D values and estimated times for 4 log10 reduction and
complete reduction (5.83 log10) of FCV under different plasma
conditionsa

Treatment D value t4
b tT

c

Ar plasma 0.94 3.75 5.46
Ar 	 1% O2 plasma 0.38 1.53 2.23
Ar 	 1% dry air plasma 0.56 2.26 3.29
Ar 	 0.27 % water plasma 1.49 5.95 8.68
a The exposure times needed for 4 log10 TCID50/0.1 ml reduction and complete
reduction of FCV were determined from the following equation: t � D � (log No � log
Nf) � D � n, where D is the D value (in minutes) under the specified conditions; No is
the initial titer of the virus; Nf is the surviving titer after an exposure time, t (in
minutes), to the selected plasma type; and n is (log No � log Nf), which is equal to the
log10 reduction of the initial titer of the virus.
b t4, estimated plasma exposure time (in minutes) needed for 4 log10 TCID50 reduction.
t4 � D � n; n � 4 log10.
c tT, estimated exposure time (in minutes) needed for complete reduction of the initial
FCV titer (5.83 log10 TCID50). tT � D � n; n � 5.83 log10.
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humidity increases H2O2 production (46) but decreases certain
ROS species, such as ozone (47). Indeed, we found that the H2O2

concentration in distilled water increased from �120 �M for Ar,
Ar plus 1% O2, and Ar plus 1% air to 2,785 �M for Ar plus 0.27%
water after a 2-min treatment time.

The results for virus suspension solutions (Fig. 4A to D) indi-
cate that the FCV virucidal activity of plasma is greatly affected by
the type of virus suspension medium. Generally, the greatest re-
duction in FCV was observed when the virus was suspended in
distilled water. In MEM, all types of plasma showed minimum
virucidal activity. When FCV was suspended in NTE buffer, FCV
virucidal activity was found to be variable; virus suspension in
NTE buffer did not affect the virucidal activity of Ar plus 1% O2

plasma but did decrease the virucidal activities of all other plasma
types. It is clear that pH has an important effect on the plasma-
induced liquid-phase chemistry, as has been shown for the same
plasma source using Ar for bacterial inactivation (48). However,
the effect of Ar plus 1% O2 seems to be pH independent. The
reduced virucidal effect in MEM may be due to the presence of
bovine serum and proteins, which may act as scavengers of the
ROS produced by the plasma through an oxidation process with
the molecules. We hypothesize, based on this observation, that the
virucidal efficiency of this new technology might be positively or
negatively affected by the chemical composition of the treated
foods, and it indicates that plasma might not be applicable with
high-protein foods. However, further investigations of various
food models are needed to study the effect of food composition on
the virucidal efficacy of plasma.

We believe that the virucidal effect of plasma is not due to the
production of H2O2 in solution, as the maximum virucidal effect
was not more than 2.7 log10 TCID50/0.1 ml of FCV when treated
with 100 mM liquid H2O2 for 2 h (Fig. 5). However, there was
more than a 4.5 log10 TCID50/0.1 ml decrease with Ar plus 0.27%
water plasma, which did not yield more than 2.8 mM H2O2 (Table
3). The key factor for the FCV virucidal activity is the chemical
interaction of ROS and reactive nitrogen species (RNS), such as
singlet oxygen (O2*), ozone (O3), and superoxide (O2

�) or per-
oxynitrous acid. These species potentially react with the capsid
protein of FCV, leading to protein peroxidation and destruction
of the capsid. In addition, they can damage the viral RNA, leading

to reduced gene expression and elimination of viral RNA, or both.
This hypothetical mode of action has been suggested in several
reports. Yasuda et al. (49) suggested that CGP mainly affects the
bacteriophage lambda coat protein and, to a lesser extent, causes
damage to the bacteriophage DNA. They also showed experimen-
tal evidence that degradation of proteins and DNA was detectable
only at long plasma exposures. However, lambda coat protein can
be inactivated quickly, suggesting chemical modification, such as
oxidation or reduction. A similar mode of action was suggested by
Zimmermann et al. (22), explaining the inactivation of a recom-
binant strain of human adenovirus using CGP. Since FCV consists
of RNA, packaged in the capsid protein coat, the mechanism of
inactivation by our CGP system may be similar.

In the plasma exposure protocol used in this study, the plasma-
exposed samples are kept at room temperature for 2 h before
titration of the surviving virus is performed. This was done to
provide ample time for the chemical reactions to occur between
the plasma-produced species in the liquid and the virus. Hence, an
experiment was conducted to measure the effective virucidal time
of the virus exposed to all tested types of plasma (Fig. 6). The titers
of surviving virus were measured immediately after the exposure
time and addition of a general scavenger of oxidative species pres-
ent in the liquid at the end of the exposure time. This effectively
eliminated all potential post-plasma exposure chemical reactivity
that might influence the virus inactivation. The results show that
the plasma system has fast and efficient virucidal activity up to 6.0
log10 reduction after 3 min with a very low D value (0.38 min) in
the case of Ar plus 1% O2 plasma, as seen in Fig. 6 and 7 and Table
4. The results show that our plasma system has fast and effective
virucidal activity in comparison with the other systems reported
in the published literature. Terrier et al. (21) reported 6.5, 3.8, and
4 log10 TCID50/ml reductions in the titers of influenza virus type A
(H5N2), human parainfluenza virus type 3, and RSV suspensions,
respectively, as a result of treating them for 3 min in a newly
designed system based on cold oxygen plasma treatment. Within 4
min of CGP treatment, 6.0 log10 units of human adenovirus was
inactivated (22). Furthermore, the virucidal efficacy of our CGP
seems to be faster and more effective against FCV than a num-
ber of novel nonthermal food-processing techniques and is
comparable with some others (Table 5). Compared to the

TABLE 5 Comparison of known virucidal effects of several nonthermal food-processing techniques

Technique Virusa

Log10 reduction in
virus titer Treatment time Sample typeb Reference

5,000 mg/liter sodium hypochlorite in water (4 times the
FDA-allowed concn)

FCV 3.0 Water 50

Chlorine (3,000 mg/liter) NV No effect 10 min Water 51
Ozone treatment (ozone/h at a flow rate of 2.4 liters/min

[6.25 ppm])
FCV �6.0 5 min Water 9

High-hydrostatic-pressure processing (HHP) (275 MPa) FCV 7.0 5 min DMEM 52
UV irradiation (130 mW/cm2) FCV 3.0 Phosphate buffer 53

Ionized gamma irradiation
500 kGy FCV 3.0 Tap water 54
5.6 kGy MNV1 1.7–2.4 Fresh produce 10

Pulsed electric field treatment (20–29 kV/cm) RV No effect 145.6 �s MEM 55
Ar 	 1% O2 plasma FCV �6.0 2 min Water Present study
a MNV1, murine norovirus type 1; RV, rotavirus (nonenveloped enteric RNA virus, like human norovirus).
b DMEM, Dulbecco’s modified Eagle medium.
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strong virucidal activity of short exposure followed by 2 h of
incubation, longer exposure times were needed for virus inac-
tivation when the scavenger (sodium thiosulfate) was added
immediately after the plasma treatment. This indicates that
virus inactivation is partially caused by long-lived ROS or RNS.
When plasma-treated solution was added to the virus after
different intervals, we found that in most cases, the virucidal
effect was no longer present 5 min after the plasma treatment
(data not shown).

In conclusion, oxygen-based CGP is a novel, versatile nonther-
mal tool that has great virucidal potential against FCV, a surrogate
for human norovirus, which is the most important foodborne
virus. This novel technology has strong potential in food-process-
ing and food safety applications for controlling viral contamina-
tion of food-processing surfaces and fresh and minimally pro-
cessed foods. Further studies are recommended to determine the
mechanism of action of CGP used in this study. Experiments
should also be conducted to determine if this CGP system can
inactivate FCV, HAV, and NV on ready-to-eat foods and foods
eaten fresh and on food contact surfaces.
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