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Because of increasing incidence of virus-containing aerosols,
ozone was potentially considered to be a promising method to inac-
tivate airborne viruses. In this investigation, bacteriophages MS2,
phi X174, phi 6, and T7 are under evaluation. The effects of ozone
concentration, contact time, different capsid architecture of virus
and relative humidity (RH) on inactivating airborne viruses by
ozone were evaluated in a laboratory test chamber. It was observed
that the survival fraction of airborne virus decreased exponentially
with increasing ozone dose. Airborne viruses required ozone doses
of 0.34 to 1.98 and 0.80 to 4.19 min-mg/m3 for 90% and 99% in-
activation, respectively. For all four tested, the ozone dose for 99%
inactivation was 2 times higher than that for 90% inactivation.
At airborne phase with a short contact time, viruses with more
complex capsid architectures were observed to be less susceptible
to ozone inactivation than those with simple ones. For all tested
viruses at the same inactivation, the required ozone concentration
at 85% RH was lower than that at 55% RH, possibly because the
generation of more radicals from ozone reacting with water vapor
at the higher RH. In summary, it was concluded that ozone is highly
effective for the inactivation of airborne virus.

INTRODUCTION
Viruses are obligating parasites that cannot multiply or prop-

agate outside specific host cells. Viruses can be transmitted by
various routes, including vector and vehicle transmission. The
vehicle transmission pathways include respiratory transmission
by droplets and aerosols. To reduce infection risk from virus-
containing aerosols, there are many control techniques includ-
ing filtration (Demers 2001), ultraviolet germicidal irradiation
(UVGI) (Jensen 1964; Tseng and Li 2005a), and ozone (Demik
and Degroot 1977; Kekez and Sattar 1997) have been extensively
researched. Among these methods, ozone is known in decreas-
ing the viral load (Berrington and Pedler 1998) and used as a
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potent oxidizing agent in food and other industries (Kim et al.
1999).

Up to now, the primary mechanism by which ozone inacti-
vates virus is not well understood. Ozone may react with virus
either by direct reaction with molecular ozone or by indirect re-
action with the radical species formed when ozone decomposes
(Kim et al. 1999). It was generally accepted that the inactiva-
tion is achieved mostly by the attack of molecular ozone instead
of free radicals (Zhou and Smith 2001). Ozone is known to at-
tack unsaturated bonds, and form aldehydes, ketones or carbonyl
compounds (Langlais et al. 1991). Additionally, ozone could re-
act with amino acids, proteins, protein functional groups and nu-
cleic acids very rapidly (Langlais et al. 1991). Therefore, viruses
may be inactivated by ozone acting on the protein structure of a
virus capsid, or nucleic acids of virus.

For viruses, early research on ozone applications focused
mainly in water (Lazarova et al. 1998; Shin and Sobsey 2003;
Thurston-Enriquez et al. 2005; Tyrrell et al. 1995). Recent stud-
ies report that relatively low ozone concentration (less than
1 mg/liter) and short contact time (1 min) are sufficient to
inactivate 99% virus, such as rotaviruses, parvoviruses, feline
calicivirus, and hepatitis A virus (Shin and Sobsey 2003;
Thurston-Enriquez et al. 2005). These previous studies reveal
that the susceptibility of viruses is highly related to ozone con-
centrations, pH value, water temperature, residence time, mixing
degree, and organic compounds.

Regarding ozone for inactivation of airborne microorgan-
isms, our previous study demonstrated that ozone can be used
for inactivating 1–3 logs of airborne bacteria (Escherichia coli)
and yeast (Li and Wang 2005). However, there were no ozone-
inactivation effects observed for spore types of Bacillus subtilis
and Penicillium citrinum at a very high ozone concentration of
20 ppm. Our study revealed that the microorganism susceptibil-
ity to ozone is highly depended on microorganism species. In
addition, it was also observed that microorganism susceptibil-
ity to ozone is significantly higher when relative humid (RH)
increased.

Up to now, only limited data has been available on the inacti-
vation of airborne viruses by ozone (Demik and Degroot 1977;
Kekez and Sattar 1997). At a long exposure time of 30 min, the
use of ozone could inactivate 3 logs of airborne phi X174 phage
at an ozone concentration of 0.04 ppm (Demik and Degroot
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1977). In addition, phi X174 was observed to retain biological
activity of extracted DNA after 30 min. Therefore, ozone may
primarily inactivate the protein capsid, and then the naked nu-
cleic acid may be secondarily inactivated (Demik and Degroot
1977; Kim et al. 1980). In virus inactivation, ozone concen-
tration, contact time, and the type of viral capsid protein are
suggested to play critical roles.

In our current study, ozone for inactivation of virus-
containing aerosols was evaluated in a laboratory test cham-
ber. In general, virus-containing aerosols less than 2 µm in
size should have higher infectivity than those of the virus itself
(Couch et al. 1965). Therefore, virus-containing aerosols were
generated by Collison three-jet nebulizer to range from 0.5µm to
3.0 µm. Regarding the virus target, bacteriophages were used as
a model because it is safe and easy to handle. The bacteriophages
used in this study have been used as indicators of poliovirus,
enterovirus, enveloped viruses, and Human Immunodeficiency
Virus (Dileo et al. 1993; Lytle et al. 1991; Maillard et al. 1994).
Moreover, bacteriophages can grow to higher titers that could
constitute a more sensitive assay. According to the types of the
nucleic acids, viruses could be divided into four groups including
single-stranded RNA (ssRNA), single-stranded DNA (ssDNA),
double-stranded RNA (dsRNA), and double-stranded DNA (ds-
DNA). Viruses with different architecture of capsid protein were
also assessed, because ozone may cause capsid protein damage.
In this current study, MS2 (ssRNA), phi X174 (ssDNA), phi 6
(dsRNA), and T7 (dsDNA) phages are composed of 180, 60,
120, and 415 molecules of the capsid protein, respectively. The
effects of ozone concentration, contact time, nucleic acid type
of virus, architecture of capsid protein, and RH on virus survival
were under evaluation.

MATERIALS AND METHODS

Test Viruses
As shown in Table 1, the evaluated viruses were four differ-

ent bacteriophages: ssRNA (MS2, ATCC 15597-B1), ssDNA
(phi X174, ATCC 13706-B1), dsRNA (phi 6 with envelope
lipid, ATCC 21781-B1), and dsDNA (T7, ATCC 11303-B1).
The host bacteria were Escherichia coli F-amp (ATCC 15597)
for MS2, Escherichia coli CN-13 (ATCC 13706) for phi X174,
Escherichia coli 11303 (ATCC 11303) for T7, as well as Pseu-

TABLE 1
Characteristics of bacteriophages used in this study

Proteins make up
Virus Size (nm) Shape Genome the capsid Envelope

MS2 25 Icosahedral ssRNA 180 No
Phi X174 25–27 Icosahedral ssDNA 60 No
Phi 6 75–86 Spherical dsRNA 120 Yes
T7 45 Icosahedral dsDNA 415 No

domonas syringae (ATCC 21781) for phi 6. Because ozone
mainly caused capsid protein damage, viruses with different
architecture of capsid protein were also considered. MS2, phi
X174, phi 6, and T7 phages are composed of 180, 60, 120, and
415 molecules of the capsid protein, respectively. Moreover,
plaque assay and phage cultivation methods were followed from
the ATCC product information sheet. A high titer stock of bac-
teriophages (109–1010 PFU/ml, where PFU is Plaque Forming
Units) was prepared via plate lysis and elution. To allow the
phage to attach the host, the bacteriophages were mixed with
their own respective host. First, 5 ml of top agar was added to a
sterile tube of infected cells. The medium for MS2, phi X174,
T7, and phi 6 phage cultivation include Luria-Bertani Agar
(Difco Laboratories, 244520), Nutrient Agar (Difco Laborato-
ries, 213000) with 0.5% NaCl, Trypticase Soy Agar (Difco Lab-
oratories, 236950), and NBY Agar (containing Nutrient Broth,
Yeast extract, K2HPO4, KH2PO4, and MgSO4·7H2O), respec-
tively. Then, the contents of the tube were mixed by gentle tap-
ping for 5 sec and poured onto the center of a labeled agar plate.
Finally, the plate was incubated for 24 h either at 37◦C for col-
iphages or at 26◦C for phi 6. After cultivation, 5 ml SM buffer
(containing NaCl, MgSO4·7H2O, Tris, and gelatin) was pipet-
ted onto a plate that showed confluent lysis. Then, the plate was
slowly rocked for 40 min and the buffer was transferred to a tube
for centrifugation at 4,000 × g for 10 min. After the supernatant
was removed, the remaining phage stock was kept at −80◦C.
From our preliminary results (data not shown), virus infectivity
could be maintained for 24 h at 4◦C. Before ozone experiments,
the virus titers were determined by plaque assay, and the virus
suspension was stored at 4◦C within 24 h.

Aerosol Test System
Aerosol Generation Unit

In our current study, a Collison three-jet nebulizer (BGI Inc.,
Waltham, MA) was used to nebulize the bacteriophage stock in
deionized water at 3 L/min with dry, filtered, compressed labora-
tory air, then passed though a Kr-85 particle-charge neutralizer
(model 3077, TSI). The aerosolized suspension was then diluted
with filtered, compressed air. The stock solutions of bacterio-
phages MS2, phi X174, and T7 were diluted in sterile, deion-
ized water for nebulization. For phi 6 phage, the stock solution
was diluted in sterile, deionized water containing 0.03% Tween
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80 to preserve infectivity (Thompson and Yates 1999). In all of
the experiments, the phage concentrations in the nebulizer were
ranged from 2 × 108 to 7 × 108 PFU/ml.

RH Regulation Unit
A humidified gas stream was generated by passing pure com-

pressed air through a humidity saturator. The water vapor con-
tents (i.e., RH) in the gas stream was adjusted by changing
the flow rate ratio of humidified gas stream to dry gas stream,
and finally measured using a hygrometer (Testo, Sekunden-
Hygrometer 601) placed in the sampling chamber. For evalu-
ating the effect of RH, the humidified gas stream was heated by
adding a dry gas stream to reach the medial (RH 55%) or humid
condition (85%) at 25–28◦C.

Ozone Exposure Unit
As shown in Figure 1, the exposure chamber was approxi-

mately 23 liters in volume (ID 14 cm and height 38 cm). The
ozone was generated from an ozone generator (OZ1PCS-V/SW,
Ozotech Inc., Yreka, CA) with pure oxygen at 3 L/min. Ozone
levels were measured by an ozone analyzer (model 401, Ad-
vanced Pollution Instruments, San Diego, CA) with a detection
limit of 1.0 ppb. The gas flow rates were 45 L/min and 60 L/min
to obtain contact time at 18.4 sec and 13.8 sec, respectively.
The gaseous ozone was continuously generated through a Teflon
tube into the chamber at a flowrate of 3 L/min. In addition, the
virus-containing aerosols were also generated continuously into
this chamber from a Collison three-jet nebulizer at a flowrate of
3 L/min. The ozone generator voltage was adjusted to produce
the appropriate ozone/oxygen ratio for attaining the target ozone
concentrations in the range of 0.1–10 ppm. Experiments were
done at least in triplicate for each set of conditions with different
ozone concentrations (0.1–10 ppm), contact time (13.8 sec and

FIG. 1. Experimental apparatus to evaluate ozone on virus-containing aerosols.

18.4 sec) RH (55% and 85%), and test virus (MS2, phi X174,
T7, and phi 6). The test system was located in a chemical hood
so that the exhausted gas was vented outside.

Virus Aerosol Sampling
From our previous investigation (Tseng and Li 2005b), an

aerodynamic particle sizer (APS, Model 3310A, TSI, Inc., St.
Paul, MN) was used to measure the real-time number concentra-
tion and size distribution of the virus-containing aerosols in the
test chamber. By using the Andersen 6-STG sampler, the mea-
sured geometric mean aerodynamic diameter of MS2, phi X174,
T7, and phi 6 was found to be 1.23 µm, 1.25 µm, 1.24 µm,
and 1.25 µm, respectively, with a geometric standard devia-
tion of 1.5 (data not shown). In addition, more than 95% of
virus-containing aerosols were found to be less than 2.1 µm in
diameter. In the current study, an Andersen one-stage viable im-
pactor (Andersen Samplers, Inc., Atlanta, GA) was used to col-
lect virus-containing aerosols before and after ozone treatment.
This stage has four hundred 0.25-mm holes and has a sampling
flow rate of 28.3 L/min (corresponding to a velocity of 24 m/s)
when 20 ml LB (Luria-Bertani) broth is used with 3% gelatin
plates. The measured and theoretical cut-point diameters of this
stage are 0.57 µm and 0.65 µm, respectively (Nevalainen et al.
1993). The samples of each virus aerosol were taken without
and with ozone exposure. To collect a sufficient concentration
of virus (at least 30 plaques), sampling times ranged from 30 sec
to 1 min without ozone exposure, and ranged from 1 min to 5 min
with ozone exposure. The lower limit of 30 plaques is necessary
to obtain sufficient statistical power for comparison purposes
(Lembke et al. 1981; Thorne et al. 1992). After sampling, the
plate with collection medium from the impactor was placed in
an incubator at 37◦C for 10 min. All of the viral samples were
immediately subjected to plaque assay for coliphages at 37◦C
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and for phi 6 at 26◦C. Then, PFU per cubic meter (PFU/m3)
was calculated based on plaque numbers, dilution ratio, plated
volume, sampling time, and sampling flowrate.

Survival Fraction of Viruses vs. Ozone Exposure
The ozone dose to which an airborne virus exposed was de-

fined as the product of ozone concentration on the virus and the
contact time (Ct). The survival fraction (SF, unitless) is a ratio
that represents the virus concentration after ozone exposure, and
defined as

SF = Ns

N0
= e−KCt

Where

Ns = Concentration of airborne virus surviving after exposure
to ozone by using one-stage Andersen sampler
(PFU/m3)

N0 = Concentration of airborne virus unexposed to ozone by
using one-stage Andersen sampler (PFU/m3)

C = Ozone concentration (mg/m3), (mg/m3) = (ppm×
48g/mol)/24.45(L/mol)at 25◦C, 1atm

t = Ozone contact time (min)
K = Virus susceptibility factor (m3/mg-min)

Statistics
The parameter exponential log of the survival fraction versus

ozone concentration and ozone dose for each experiment was
used to perform regression analysis on the data for each virus.
R2 values were obtained by regression analysis. Generation of
regression curves and prediction of the ozone concentration re-
quired for 90% and 99% viral reduction were accomplished by
including data points from all experiments for each virus. Com-
parisons of survival fraction among the viruses were performed
using a t-test to evaluate statistically significant differences.

RESULTS AND DISCUSSION
In this study, airborne ozone was evaluated for inactivation of

airborne viruses. The effect of ozone dose and RH was evaluated
for four different bacteriophages selected to represent all types
of virus. In our experimental chamber, the virus infectivity in
the aerosolized suspension and aerosol phase (at 55% and 85%
RH) could be maintained up to 90 min with a coefficient of
concentration variation less than 25% (Tseng and Li 2005b).
Therefore, the natural decay rates of the aerosolized suspension
were found to be insignificant.

At 55% RH, to obtain 90% virus inactivation at the contact
time of 13.8 sec (as shown in Figure 2), phi 6, phi X174, MS2,
and T7 required ozone of 1.16 ppm, 1.87 ppm, 3.43 ppm, and
5.20 ppm, respectively. For 99% virus inactivation, phi 6, phi
X174, MS2, and T7 required ozone of 2.50 ppm, 3.84 ppm,

FIG. 2. Survival fraction of airborne MS2, phi X174, phi 6 and T7 exposed
to different ozone concentrations at RH 55% and 85%. Error bars represent one
standard deviation of the mean of at least three trials.

6.63 ppm, and 10.33 ppm, respectively. There were two times in
which ozone concentration differences between 90% and 99%
inactivation for all types of viruses. Moreover, it is indicated
that the ozone concentration for both 90% and 99% inactivation
of MS2 and T7 is approximately 2–4 times higher than those
of phi X174 and phi6 (p < 0.05). For 90% virus inactivation
at the contact time of 18.4 sec, phi 6, phi X174, MS2, and T7
required ozone of 0.64 ppm, 0.85 ppm, 1.45 ppm, and 2.32 ppm,
respectively. For 99% virus inactivation at 18.4 sec, phi 6, phi
X174, MS2, and T7 required ozone of 1.43 ppm, 1.90 ppm,
2.90 ppm, and 5.12 ppm, respectively. It was observed that the
required ozone concentration at 85% RH was 1.2–1.7 times
lower than those found at 55% RH at the same 90% and 99%
inactivation.

In comparison with our previous study (Li and Wang 2005),
Escherichia coli and yeast required ozone concentration of 8.7
ppm and 19 ppm for 90% inactivation, respectively. In this study,
the required ozone concentrations for cell type bacteria and fungi
were 4–13 times and 8–30 times higher than those of the tested
four viruses, respectively. Moreover, there was no inactivation
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for spore types of Bacillus subtilis and Penicillium citrinum at
a very high ozone level of 20 ppm. Therefore, it was demon-
strated that virus susceptibility to ozone is much higher than
those of bacterial and fungal aerosols. The higher susceptibil-
ity of airborne bacteriophage indicated that ozone reacts more
readily with capsid proteins than with lipids of cell membrane
(Komanapalli and Lau 1998). The differences in the phage cap-
sid protein and bacterial cell membrane may result in the dif-
ferent microorganism susceptibility to ozone (Mudd et al. 1969;
Pryor et al. 1991).

From our findings, it was indicated that the survival fraction
of all four viruses decreased exponentially with increasing ozone
dose (as shown in Figure 3). At 55% RH, to obtain 90% viral
inactivation, phi 6, phi X174, MS2, and T7 required ozone dose
of 0.47, 0.72, 1.28, and 1.98 min-mg/m3, respectively. For 99%
viral inactivation, phi 6, phi X174, MS2, and T7 required ozone
dose of 1.05, 1.58, 2.60, and 4.19 min-mg/m3, respectively. The
results obviously indicated that T7 and MS2 phages are more
resistant to ozone than those of phi X174 and phi 6 phages (p <

FIG. 3. Survival fraction of airborne MS2, phi X174, phi 6, and T7 exposed
to different ozone doses at RH 55% and 85%. Error bars represent one standard
deviation of the mean of at least three trials.

0.05). Furthermore, our results of ozone doses for phi X174
were similar to those evaluated at a long exposure time of 30
min (Demik and Degroot 1977). Our findings demonstrated that
the germicidal effects of ozone for airborne virus inactivation
depended on ozone dose, and were not individually influenced
by ozone concentration or the contact time. From our previous
investigation of airborne E. coli and yeast, it is revealed that
survival fraction did not decline exponentially with ozone dose
increase (Li and Wang 2005). These differences could be due to
the different inactivation mechanism of ozone between viruses,
and cell type bacteria and fungi. Currently, US EPA recom-
mended that using Ct values, (ozone dose), as an indicator for
viral inactivation in water by ozone (US EPA Guidance Manual,
1989). The Ct values of 0.15–0.30 min-mg/L for 2–4 logs viral
inactivation by ozone at 25◦C are suggested. Compared with air-
borne viruses, viruses in water were more difficult to inactivate.

Based on the exponential decay model, the virus suscepti-
bility factors, K (expressed in m3/mg-min), were found to vary
widely. It was observed that the K factors of phi X174 and phi
6 phages (3.12–5.94) were higher than those of T7 and MS2
phages (1.25–2.54). This may be related to the fact that virus
with a more complex capsid but without envelope lipids could
provide protection from ozone inactivation. For the four types
of viruses, K values at 85% RH (1.54–5.94) were higher than
those (1.25–4.25) at 55% RH. A higher ozone dose is required to
inactivate virus at lower RH (p < 0.05). This could be related to
generation of more radicals from ozone reacted with more water
vapor at higher RH, which agreed with those from the previous
studies (Foarde et al. 1997; Li and Wang 2003).

In the current study, the order of resistance to ozone was phi
6 < phi X174 < MS2 < T7. In comparison with simple cap-
sid architecture (phi X174), more complex virus capsid (MS2
and T7) was observed to be less susceptible to ozone (p <

0.05). Virus capsid would be degraded into protein subunits by
ozonation (Kim et al. 1980), as well as more complex virus
capsid could provide protection from ozone inactivation. From
the previous investigations (Demik and Degroot 1977; Shin and
Sobsey 2003), it was indicated that ozone could act on both nu-
cleic acids and virus capsid to inactivate virus. At a low ozone
concentration (0.04 ppm) and long contact time (30 min), air-
borne phi X174 phage was observed to keep biological activity
of extracted DNA (Demik and Degroot 1977). Therefore, it is
suggested that ozone may mainly alter the capsid protein, and
inactivate the naked nucleic acid later. In our study, the ozone
contact time is very short (13.8 and 18.4 sec), therefore, ozone
may mainly cause capsid protein damage rather than damage the
nucleic acid. In our findings, phi 6 was found to be the most sen-
sitive virus to ozone, however, phi 6 has higher molecules of the
capsid protein than phi X174. This may be related to the higher
sensitivities of the enveloped viruses to physical and chemi-
cal challenges than those of the naked viruses. (Woolwine and
Gerberding 1995). Moreover, it is recommended that only one
strand of the nucleic acid is damaged during inactivation, and
the undamaged strand might then serve as a template for repair
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by host enzymes in the host cell repair mechanisms (Thurston-
Enriquez et al. 2003). This may cause T7 to be less susceptible
to ozone. Consequently, viral components such as capsid pro-
tein, nucleic acid, and lipid content would be oxidized by ozone.
Further studies are needed to determine which component is the
primary target of ozone at different ozone concentrations and
contact time.

Up to now, bacteriophages of the male-specific group are
used as indicators of the efficiency of wastewater disinfection
(Havelaar et al. 1991). MS2 with high resistance has commonly
served as an indicator of viral inactivation (Shin and Sobsey
2003). In our current study, T7 with more complex capsid archi-
tecture is less susceptible to ozone than MS2. Therefore, MS2
could not be a suitable indicator for virus inactivation by ozone in
air. In summary, our current findings demonstrated that the sur-
vival fraction of viruses decreased exponentially with increas-
ing ozone dose. In the airborne phase with a short contact time,
virus susceptibility to ozone could be mainly related to the type
of virus capsid architecture.

CONCLUSION
The effects of ozone concentrations, contact time, and RH

for virus inactivation were evaluated in a laboratory test cham-
ber. Our findings demonstrated that the survival fraction of air-
borne viruses decreased exponentially with increasing ozone
dose. Virus required ozone doses of 0.34–1.98 and 0.80–
4.19 min-mg/m3for 90% and 99% inactivation, respectively. In
the airborne phase with a short contact time, virus susceptibility
to ozone could be related to the type of virus capsid architec-
ture, and with or without envelope. A more complex virus capsid
could provide protection from ozone inactivation, as well as the
enveloped viruses which were found to have higher suscepti-
bility to ozone. Regarding the RH effects, the susceptibility for
viruses was higher at 85% RH than that at 55% RH. This might
be related to the generation of more radicals from ozone which
reacted with more water vapor at higher RH.
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