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Abstract
We evaluated the SARS-CoV-2-inactivation activity of ozonated glycerol (OG). When a viral solution with 1% fetal bovine 
serum (FBS) was mixed with test solutions at a ratio of 1:19 and incubated for 20 s, OG with ozone concentrations of over 
1000 ppm inactivated ≥ 94.38% of the virus. Extension of the reaction time to 1 h led to the inactivation of ≥ 99.82% of the 
virus (the viral titer was below the detection limit). Extension to 24 h resulted in concentrations over 200 ppm OG inacti-
vating ≥ 99.87% of the virus (the viral titers were below the detection limit). Next, viral solutions with 1, 20, and 40% FBS 
were mixed with test solutions at a ratio of 1:19 and incubated for 5 min. Whereas the virucidal activity of 500 ppm OG 
was very limited in the presence of 1% FBS (79.47% inactivation), it increased in the presence of 20 and 40% FBS (95.13 
and 97.95% inactivation, respectively; the viral titers were not below the detection limit). Meanwhile, over 1000 ppm OG 
inactivated ≥ 99.44% of the virus regardless of the FBS concentration (the viral titers were below the detection limit). Exten-
sion of the reaction time to 1 h led to 500 ppm OG inactivating ≥ 99.91 and ≥ 99.95% of the virus with 20 and 40% FBS, 
respectively (the viral titers were below the detection limit). These results suggested that OG might be useful as a virucidal 
agent against SARS-CoV-2.
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Introduction

There has been a rapid worldwide increase in studies regard-
ing control of the novel coronavirus disease 2019 (COVID-
19), caused by severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) (WHO, 2021a). Since the main 
infection route of SARS-CoV-2 is droplet transmission, 

appropriate implementation of measures against it is needed 
to prevent COVID‐19 transmission. However, it is also pos-
sible to contract infections from the hands and environmen-
tal surfaces (Choi et al., 2021; Meyerowitz et al., 2021). 
The WHO recommends cleaning environmental surfaces and 
keeping hands clean, in addition to measures against drop-
let transmission (WHO, 2021b). Concomitantly, the need 
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for antiviral agents for hand and environmental hygiene has 
been increasing. In this study, we focused on the biological 
activity of ozone. Ozone is a triatomic molecule consisting 
of 3 oxygen atoms, and has a short half-life, quickly convert-
ing into oxygen (Burns, 1997). Ozone is an oxidant that is 
highly corrosive to metals. High concentrations of ozone gas 
are harmful to humans and animals, and have been shown to 
impair the respiratory system when inhaled (Bartlett et al., 
1974). However, low concentrations of ozone gas are not 
toxic, and an ozone and oxygen gas mixture has been used 
therapeutically (Bocci et al., 2011). Dissolution of ozone in 
water, creating ozonated water (OW), has been reported to 
improve both the effectiveness and safety of ozone (Hirai 
et al., 2019). However, ozone in OW has a shorter half-life 
than ozone gas (Rice & Gomez-Taylor, 1986). In particular, 
OW is known as a powerful inactivating agent against bac-
teria, fungi, protozoa, and viruses (Kim et al., 1999), and 
has been suggested to exert antimicrobial effects in running 
water (Nakamura et al., 2018). More recently, low concen-
trations of OW were shown to reduce viral infectivity upon 
exposure to SARS-CoV-2 for 1 min (Martins et al., 2021). 
In addition, it was reported that high ozone concentrations in 
OW rapidly inactivated SARS-CoV-2 (Inagaki et al., 2021).

As its name implies, ozonated glycerol (OG) is a glycerol 
gel containing ozone (Niinomi et al., 2004). More specifi-
cally, OG has been reported to have a long half-life (Niinomi 
et al., 2004), be safe for the skin, eyes, and oral mucosa 
(Fukui et al., 2015; Wang et al., 2011), as well as exert anti-
bacterial (Niinomi et al., 2004; Fukui et al., 2014) and hemo-
static (Sakai et al., 2014) effects.

In this study, we evaluated the ability of various concen-
trations of ozone in OG to inactivate SARS-CoV-2. Fur-
thermore, we compared the viral-inactivating activity of 
OG in the presence of various fetal bovine serum (FBS) 
concentrations, which were used as a potentially interfering 
organic substance, and translated the obtained results for 
hand hygiene.

Materials and Methods

Test Samples

Glycerol (concentration ≥ 95%) was purchased from Saka-
moto Yakuhin Kogyo Co., Ltd. (Osaka, Japan). For the 
preparation of OG samples, glycerol was ozonated using 
an Ozonizer (Mediplus Co., Tokyo, Japan), which produces 
ozone from medical grade oxygen. The maximal ozone 
concentration in OG was 2000 ppm. Glycerol (undiluted) 
was used as the solvent control for OG (2000 ppm). Then, 
OG samples (20, 200, 500, and 1000 ppm) were prepared 
by diluting the prepared OG (2000 ppm) with ultrapure 
water. Glycerol (100-times-, 10-times-, 4-times-, and 

2-times-diluted) was also prepared by diluting glycerol with 
ultrapure water, and used as the solvent control for the OG 
sample (20, 200, 500, and 1000 ppm).

Virus and Cells

SARS-CoV-2 (JPN/TY/WK-521 strain) was kindly provided 
by the National Institute of Infectious Diseases (Tokyo, 
Japan). VeroE6/TMPRSS2 cells (cell number: JCRB1819) 
(Nao et al., 2019) were purchased from the Japanese Col-
lection of Research Bioresources (Osaka, Japan). The virus 
growth medium (VGM) was Dulbecco’s modified Eagle’s 
medium (Nissui Pharmaceutical Co., Ltd., Tokyo, Japan) 
supplemented with 1% FBS, 2 mM l-glutamine (Fujifilm 
Wako Pure Chemical Co., Ltd., Osaka, Japan), 100 μg/mL 
kanamycin (Meiji Seika Pharma Co., Ltd., Tokyo, Japan), 
and 2 μg/mL amphotericin B (Bristol-Myers Squibb Co., 
New York, NY).

Evaluation of Virucidal Activities of Test Samples

SARS-CoV-2-containing VGM with a viral titer of ~ 7.0 
 log10 50% tissue culture infective dose  (TCID50)/mL was 
supplemented with 1, 20, or 40% (v/v) FBS and mixed with 
test samples at viral-to-test sample ratios of 1:19. These 
mixtures were incubated for 20 s to 24 h at 22 °C and then 
inoculated into cells cultured in VGM containing 10 mM 
sodium thiosulfate, which quenches the ozone by reducing 
it. Then, the inoculated mixtures were diluted ten-fold in 
the cell culture medium (VGM) in the presence of sodium 
thiosulfate. After incubation for 3 d at 37 °C, the cytopathic 
effect was observed, and the viral titer  (TCID50/mL) in each 
sample group was calculated using the Behrens–Kärber 
method (Kärber, 1931). Then the reduction in viral titer was 
calculated as  log10  TCID50/mL of the control group subtract 
 log10  TCID50/mL of the OG group. The means of multiple 
samples are presented in the Results section. The detec-
tion limit of the viral titer in each test sample group was 
determined based on the cytotoxicity of each test sample. 
The detection limit was set higher in the group treated with 
higher cytotoxicity test samples. As the 20 ppm OG sample 
did not show any cytotoxicity, the detection limit of the viral 
titer in the group treated with this sample was set to 1.25 
 log10  TCID50/mL, according to our viral titer calculation. 
Whereas, the rest of the OG samples (200, 500, 1000, and 
2000 ppm) demonstrated cytotoxicity. The detection limit in 
the groups treated with these samples was set to 2.25  log10 
 TCID50/mL.

Statistical Analysis

The Student’s t test was performed to analyze the statisti-
cal significance of the differences in viral titer between the 
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solvent control and OG groups. Statistical significance was 
set at p < 0.05.

Results

Evaluation of Virucidal Activity of Ozonated Glycerol

First, we evaluated the SARS-CoV-2-inactivating activity 
of OG samples (ozone concentrations: 500–2000 ppm) after 
20 s of reaction time. We mixed the 1% FBS-containing viral 
solution with either solvent control glycerol or OG sam-
ples at a viral-to-test solution ratio of 1:19. We observed 
that, whereas, the viral titer in the 500 ppm OG group was 
comparable to that in the control group, the viral titers 
in the 1000 ppm and 2000 ppm OG-treated groups were 
lower than those of the control [OG (1000 ppm): 1.25  log10 
 TCID50/mL reduction compared with the control: 94.38% 
virus inactivation; OG (2000 ppm): ≥ 1.81  log10  TCID50/
mL reduction: ≥ 98.46% virus inactivation] (Fig. 1a). We 
subsequently evaluated the virucidal activities of OG sam-
ples (20–2000 ppm) after 1 h of reaction time. Whereas the 
viral titer in the 20 ppm OG group was comparable to that in 
the control group, the 200 to 2000 ppm OG-treated groups 
showed concentration-dependent virucidal activity [OG 
(200 ppm): 0.94  log10  TCID50/mL reduction: 88.45% virus 
inactivation; OG (500 ppm): 1.56  log10  TCID50/mL reduc-
tion: 97.26% virus inactivation; OG (1000 ppm): ≥ 2.75  log10 
 TCID50/mL reduction: ≥ 99.82% virus inactivation; OG 
(2000 ppm): ≥ 2.28  log10  TCID50/mL reduction: ≥ 99.58% 
virus inactivation]. We further found that the viral titers in 

the 1000 ppm and 2000 ppm OG groups were below the 
detection limit (Fig. 1b). After 24 h of reaction time, we 
noticed that the viral titer in the 20 ppm OG group was 
comparable to that in the control group, whereas the viral 
titers in the 200 to 1000  ppm OG-treated groups were 
below the detection limit [OG (200  ppm): ≥ 2.88  log10 
 TCID50/mL reduction: ≥ 99.87% virus inactivation; OG 
(500 ppm): ≥ 2.81  log10  TCID50/mL reduction: ≥ 99.85% 
virus inactivation; OG (1000 ppm): ≥ 2.63  log10  TCID50/mL 
reduction: ≥ 99.76% virus inactivation]. As the viral titers in 
both the glycerol control, of which the virucidal activity is 
known (Cameron et al., 2000), and the 2000 ppm OG-treated 
groups were almost below the detection limit, we did not 
observe any statistically significant difference between these 
two groups (Fig. 1c).

Impact of Fetal Bovine Serum Content in Viral 
Solution on Virucidal Activity of Ozonated Glycerol

Next, we tested the virucidal activity of OG samples against 
SARS-CoV-2 solutions in different FBS concentrations (1, 
20, and 40%). Viral solutions were mixed with either solvent 
control glycerol or OG samples at a viral-to-test solution 
ratio of 1:19. After 5 min of reaction time, we observed 
that the reduction in viral titer by the 500 ppm OG sam-
ples was proportional to the FBS content in the viral solu-
tion (1% FBS: 0.69  log10  TCID50/mL reduction compared 
with the control: 79.47% virus inactivation; 20% FBS: 1.31 
 log10  TCID50/mL reduction: 95.13% virus inactivation; 40% 
FBS: 1.69  log10  TCID50/mL reduction: 97.95% virus inac-
tivation). In contrast, the viral titers in the 1000 ppm and 

Fig. 1  Evaluation of virucidal activity of ozonated glycerol (OG). 
(a–c) Severe acute respiratory syndrome coronavirus 2 solution con-
taining 1% fetal bovine serum was mixed with OG samples (ozone 
concentration: 20, 200, 500, 1000, and 2000 ppm) or solvent control 
glycerol at a viral-to-test sample ratio of 1:19. The viral titer of each 
reaction mixture was measured after 20 s (a), 1 h (b), or 24 h (c) reac-
tion time. Results are presented as the mean ± SD (n = 8 per group). 

The detection limits of the viral titer were 1.25  log10 50% tissue cul-
ture infective dose  (TCID50)/mL in the 20  ppm OG-treated groups, 
whereas it was 2.25  log10  TCID50/mL in the 200, 500, 1000, and 
2000 ppm OG-treated groups. ND stands for not detected, indicating 
that the viral titer was below the detection limit. Student’s t test was 
performed to analyze the statistical significance between the solvent 
control and OG groups; ***p < 0.001
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2000 ppm OG-treated groups were below the detection limit 
regardless of the FBS content in the viral solution (≥ 2.25 
 log10  TCID50/mL reduction: ≥ 99.44% virus inactivation) 
(Fig. 2a). We further found that after 1 h of reaction time, 
the viral titer in the 500 ppm OG-treated groups was not 
below the detection limit when the viral solution contained 
1% FBS (1.50  log10  TCID50/mL reduction: 96.84% virus 
inactivation). We noticed that the viral titer in this group was 
below the detection limit when it contained 20 or 40% FBS 
(20% FBS: ≥ 3.06  log10  TCID50/mL reduction: ≥ 99.91% 
virus inactivation; 40% FBS: ≥ 3.31  log10  TCID50/mL reduc-
tion: ≥ 99.95% virus inactivation) (Fig. 2b).

Discussion

The mechanism of inactivation of viruses by ozone is known 
to involve the destruction of viral spikes, envelope proteins, 
and lipids through the oxidation of viral proteins, lipopro-
teins, lipids, glycolipids, and glycoproteins (Rowen & Rob-
ins, 2020), resulting in potential inhibition of the attachment 
of the virus to the host receptor (Tizaoui, 2020). In the case 
of SARS-CoV-2 and other coronaviruses, the nucleocapsid 
is surrounded by an envelope consisting of a lipid bilayer, 
with the spike protein (S protein) being expressed on the 
surface of the viral particle. The S protein consists of 2 subu-
nits: the S1 and S2 subunits. SARS-CoV-2 has been reported 
to initiate invasion into host cells after binding of the S1 

subunit to the viral receptor (ACE2) on the cell membrane. 
The S protein is then cleaved into S1 and S2 subunits by a 
protease, thought to be furin, derived from host cells. The 
S2 subunit is further cleaved and primed by transmembrane 
serine protease 2 (TMPRSS2), a serine protease on the sur-
face of host cells, resulting in the fusion of the viral enve-
lope with the host cell membrane (Hoffmann et al., 2020). 
Recently, ozone was proposed to act on the S protein of 
coronavirus, preventing membrane fusion with host cells 
(Manjunath et al., 2021).

OW has recently been shown to reduce the infectivity of 
SARS-CoV-2 following exposure of the virus to low con-
centrations of OW for 1 min (Martins et al., 2021). In addi-
tion, 10 ppm OW, which is a high ozone concentration for 
OW, rapidly inactivates SARS-CoV-2 (Inagaki et al., 2020). 
While the ozone in OW is rapidly lost, OG maintains its bac-
tericidal activity over a longer period. Almost no decrease 
was observed in its virucidal activity even when OG was left 
at 25 °C (room temperature) for 2 months after production 
(Niinomi et al., 2004). The viscosity of glycerol has been 
suggested to impede the release of ozone from OG into the 
air, and delay its decomposition owing to its stabilization 
by glycerol.

Disinfectants are generally affected by the presence of 
organic substances, such as blood and saliva (Kampf et al., 
2005). In case the object to be sterilized contains a large 
amount of protein, such as blood, it is recommended to 
remove the protein by wiping or prewashing before exposure 

Fig. 2  Evaluation of the impact of fetal bovine serum (FBS) content 
in the viral solution on virucidal activity of ozonated glycerol (OG). 
(a, b) Severe acute respiratory syndrome coronavirus 2 solution con-
taining 1, 20, or 40% FBS was mixed with OG samples (ozone con-
centration: 500, 1000, and 2000 ppm), or solvent control glycerol at a 
viral-to-test sample ratio of 1:19. The viral titer of each reaction mix-
ture was measured after 5 min (a) or 1 h (b) reaction time. Results 

are indicated as the mean ± SD (n = 8 per group). The detection limit 
of the viral titer was 2.25  log10 50% tissue culture infective dose 
 (TCID50)/mL. ND stands for not detected, indicating that the viral 
titer was below the detection limit. Student’s t test was performed to 
analyze the statistical significance between the solvent control and 
OG groups; *p < 0.05, ***p < 0.001
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to OW (Hirai et al., 2019). In this study, we added excess 
FBS as an organic contaminant in the viral solution. We 
found that OG with high ozone concentrations strongly 
inactivated SARS-CoV-2 contaminated with 1–40% FBS. 
Notably, at high concentrations of 20 or 40% FBS, viral 
inactivation by 500 ppm OG samples was stronger than that 
with 1% FBS. It has been shown that the oxidizing ability 
of ozone is improved when used in combination with iron, 
ultraviolet rays, and hydrogen peroxide (Aziz & Amr, 2015). 
As the activity of ozone is known to be increased by activa-
tion factors such as iron ions contained in FBS, the inactiva-
tion activities of OG might have increased with increases in 
the concentration of FBS. As OG can contain much higher 
concentration of ozone than OW, which has been previously 
shown to exert SARS-CoV-2-inactivation activity, a suffi-
cient amount of ozone would have remained even after reac-
tion with excess amounts of organic substances. Hence, such 
a high concentration of residual ozone might have shown 
potent virucidal activities through not only a single function 
but also an additive function with an activation factor in 
FBS. Saliva contains lactoferrin, which contains iron ions. 
Therefore, OG is expected to potentially have the same inac-
tivation activity on SARS-CoV-2 coexisting with saliva on 
environmental surfaces as that observed in this experiment.

It has been reported that SARS-CoV-2 is active on most 
contactable surfaces (Wu et al., 2020). It has also been 
pointed out that SARS-CoV-2 might survive for 9 h on the 
skin (Hirose et al., 2020). Although the main route of SARS-
CoV-2 infection is droplet transmission, it is also possible 
to contract the infection from hands and environmental sur-
faces (Choi et al., 2021; Meyerowitz et al., 2021). Therefore, 
healthcare professionals need to encourage handwashing 
procedures to achieve robust SARS-CoV-2 control measures 
during the COVID-19 pandemic (The Lancet, 2020). Spe-
cifically, disinfection with 80% ethanol for 15 s was shown 
to completely inactivate SARS-CoV-2 on the skin, demon-
strating the importance of hand hygiene for SARS-CoV-2 
(Hirose et al., 2020). Most recently, a disinfectant contain-
ing ethyl alcohol, chloroxylenol, and quaternary ammonium 
compounds has been reported to inactivate SARS-CoV-2 
(Ijaz et al., 2020). However, these disinfectants have been 
shown to cause skin irritation, and as handwashing measures 
have now been strengthened, healthcare professionals were 
reported to exhibit increased skin irritation (Erdem et al., 
2020; Guertler et al., 2020; Lan et al., 2020). Recent studies 
have shown that OW is less irritating to the skin than tradi-
tional disinfectants, raising interest in OW as an alternative 
handwashing treatment (Breidablik et al., 2019; Kashiwa-
zaki et al., 2020). Likewise, OG is also less irritating to the 
skin and has a longer ozone half-life than OW (Fukui et al., 
2015; Wang et al., 2011).

We believe that OG, which showed an antiviral effect on 
SARS-CoV-2 even in the presence of high concentrations of 

organic substances, is a good candidate for safe disinfection 
procedures. OG is slower to inactivate viruses than ethanol. 
Thus, at this point, it is difficult to use OG as a substitute for 
ethanol. However, OG is less harmful to the skin than etha-
nol, and its effects are sustainable. Therefore, applying OG 
to the hands after washing may prevent infectious viruses 
from subsequently attaching to the hands for a long time. OG 
is also less irritating to mucous membranes than ethanol. To 
further expand the use of OG, we are currently investigating 
its application to mucous membranes such as the nasal and 
oral cavities.
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