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Microbicidal Effects of Stored Aqueous Ozone Solution
Generated by Nano-bubble Technology
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Abstract. Background/Aim: Clinically used disinfectants
are often irritating and cause skin problems. Ozone water is
unique among disinfectants. It does not damage skin cells
and readily decomposes to oxygen without generating
harmful residues. On the other hand, it rapidly loses its
sanitizing activity. Recently developed nano-bubble ozone
water (NBOW) can keep its sanitizing activity much longer.
This study aimed to examine the microbicidal effects of
NBOW after long-term storage. Materials and Methods: The
concentration of ozone in NBOW was examined by
measuring the NBOW redox potential. Microbicidal activity
was evaluated by colony formation assays, after incubating
bacteria with NBOW for set time periods. Results: NBOW
lost its microbicidal activity after 1 year of storage at 4°C.
Stocked frozen, NBOW retained appreciable microbicidal
activity after 1 year of storage. Mycobacterium smegmatis,
one of the most disinfectant-resistant bacteria, was killed
within 15 min. NBOW was resistant to freeze-thawing.
Conclusion: NBOW that had been stored frozen possessed
sufficient microbicidal activity to kill bacteria even after
1 year of storage. Moreover, it was shown that NBOW is
freeze-thaw resistant. NBOW possesses desirable features
rendering it an attractive alternative disinfectant.

Ozone, discovered in 1839, is a triatomic molecule that is
widely used in the industry because of its strong oxidizing
ability. The use of ozone was first highlighted in water
treatment (1). Ozone effectively inactivates microorganisms
and removes organic stuff in water. Its strong sanitizing activity
is also exploited in the food industry (2, 3). In the clinical field,
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ozone is often used to sanitize soft tissues, e.g. mucosa. Ozone
therapy utilizes ozone to increase the amount of oxygen in the
blood and is used for treating cancer and other diseases (4-7).

Ozone exists as a pale blue gas with a pungent odour.
Highly concentrated ozone is harmful to humans but ozone
in aqueous solutions is less toxic (8). Moreover, ozone in
aqueous solution auto-decomposes rapidly to produce
oxygen and leaves no harmful residues. These features
render ozone one of the best sanitizers in the food science
and water industries. On the other hand, stocking ozone
aqueous solutions is challenging. The half-life of ozone in
aqueous solution at 20°C is generally considered to be
20-30 min (9). The solution should be used within 5-10 min
of production to assure its microbicidal activity (9). On-site
generation is, therefore, required for usage.

Nano-bubble ozone water (NBOW) was developed to
overcome this drawback (10). Nano-bubbles are small (less
than 200 nm in diameter) and have unique properties, such
as long life in solution and high solubility in solution (11).
The microbicidal activity of NBOW was first reported by
Hayakumo et al. and shown to be sufficient to kill
periodontopathic bacteria in vitro (10). Further, NBOW is
not cytotoxic to oral tissues (10).

The aim of this study was to examine the microbicidal
activity of NBOW after long-term storage. The freeze-thaw
sensitivity of NBOW was also tested.

Materials and Methods

Bacterial strains, sample preparation and culture conditions.
Escherichia coli W3110 was cultured in LB broth at 37°C for full
growth. For the colony formation assay, E. coli W3110 was grown
on LB agar plates. Mycobacterium smegmatis was grown in
Middlebrook 7H9 broth (BD Biosciences, San Jose, CA, USA) at
37°C. Middlebrook agar 7H10 (BD Biosciences, San Jose, USA)
plates were used in the colony-forming assay.

NBOW and ozone concentration measurements. Commercially
available NBOW, (NAnO5;; OPT CREATION INC., Yokohama,
Japan), was used. NAnOj3 was delivered frozen and was once
thawed and dispensed. The dispensed NAnO5; was frozen and stored
at —20°C. The ozone concentration was examined indirectly by

579



in vivo 37: 579-583 (2017)

>

120

—_
o
{
'

o
o

o2}
o

40

Redox activity (%)

20

o 1 2 3 7
Days (d)

B

120

—_
o
o
~

co
(=]
T

o)]
o
T

40 +

Redox activity (%)

0 1 2 3 4
Weeks (w)

Figure 1. Residual ozone concentrations in nano-bubble ozone water (NBOW) during storage. A: Residual ozone concentration in NBOW stored at
25°C for 1 week. B: Residual ozone concentration in NBOW stored at 4°C for 1 month. The experiments were repeated three (A) or five (B) times.

The values are presented as the means=SD.

measuring its redox potential. Redox potential was measured using
the 4-aminoantipyrine visual colorimetric method (KYORITSU
CHEMICAL-CHECK Lab., Tokyo, Japan).

Freeze-thaw experiments. The dispensed NAnO5; was thawed at
room temperature (25°C) just before use and the ozone
concentration was measured. Immediately after measurement,
NAnO; was frozen and stored at -20°C.

Colony formation assays. E. coli W3110 was cultured in LB broth
at 37°C for full growth (107 colony-forming units (CFU)/ml). M.
smegmatis was cultured in Middlebrook 7H9 broth at 37°C for full
growth (108 CFU/ml). For the colony formation assays, 100 pl of
the bacterial suspension was mixed with 900 wl of NAnO;. A
portion of the mixture was spread on agar plates at set time points.
Colonies were counted after incubation at 37°C. Unless mentioned
otherwise, the experiments were performed in triplicate.

Results

Sustainability of NBOW. The sustainability of NBOW was
tested at 25°C and 4°C. NBOW lost 90% of ozone after a
week of storage at 25°C (Figure 1A). NBOW retained more
than 90% of ozone after a week of storage at 4°C; 65% of
ozone was retained after a month of storage at this temperature
(Figure 1B). After 1 year of storage at 4°C, almost all NBOW
ozone had gone. The measured residual ozone concentration
was 0.34 ug/ml (Figure 2). By contrast, stored frozen NBOW
retained a high ozone concentration; the actual residual ozone
concentration was 3.68 ug/ml (Figure 2).
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Microbicidal activity of NBOW after long-term storage. To
evaluate the microbicidal activity of NBOW after long-term
storage, colony formation assays were performed. The
microbicidal activity of NBOW was tested against a Gram-
negative bacterium, E. coli W3110. Most cells survived a 15-
min exposure to NBOW that had been stored at 4°C, with ca.
60% of the cells surviving a 60-min exposure (Figure 3).
NBOW that had been stored frozen was then tested. NBOW
stored frozen for 1 month retained sufficient microbicidal
activity to kill E. coli W3110 within 5 min (Figure 4A);
NBOW stored frozen for 3 months killed E. coli W3110
within 15 min (Figure 4B); NBOW stored frozen for 1 year
killed >95% of E. coli W3110 within 60 min (Figure 4C). M.
smegmatis, one of the most disinfectant-resistant bacteria,
was then tested. Similarly to its effect on E. coli, NBOW
stored frozen for 1 year also killed all M. smegmatis cells
within 15 min.
Freeze-thaw  sensitivity testing. The 1initial ozone
concentration in the dispensed frozen NBOW was ca.
30 mg/l. The ozone concentration did not change after the first
freeze-thaw cycle. It was slightly reduced after four cycles of
freeze-thawing and ca. 90% of ozone was retained (Figure 5).

Discussion

Infectious diseases are still a serious problem for society. We
have partially succeeded in controlling infectious diseases by
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Figure 2. Residual ozone concentrations in nano-bubble ozone water (NBOW) stored for extended periods of time. The residual ozone concentrations
in NBOW stored for 1 year at different temperatures (4°C and —20°C) are shown. The experiments were performed in triplicate and the values are
presented as the means+SD. The actual mean ozone concentrations are denoted above the bars.

developing antibiotics and antivirals; however, changes in
society led to new problems, namely, the acquisition of
microbial resistance to these drugs.

The use of disinfectants is a fundamental method of
hygiene management. It has been used for a long time as a
cost-effective method of controlling infectious diseases. In
fact, most bacteria and viruses do not acquire resistance to
disinfectants.

Strong disinfectants, such as chlorine and alcohol, have
been most widely used in the clinical field. These disinfectants
are irritating compounds and cannot be applied to soft tissues,
such as mucosa. Instead, povidone iodine is used to sanitize
the oral mucosa and eyes; however, residual povidone iodine
is problematic because of its cytotoxicity. The development of
an alternative disinfectant is, hence, of utmost importance. In
this regard, ozone water is an interesting alternative. Unlike
other strong disinfectants, it does not damage the skin cells
and repeated sanitizing does not result in skin roughness.
Moreover, ozone rapidly decomposes to oxygen and leaves no
harmful residues after use. On the other hand, ozone water
rapidly loses its sanitizing activity, necessitating on-site
generation. This is a marked drawback and prevents ozone
water from being widely used. In the current study, we showed
that frozen NBOW retains enough microbicidal activity after
1 year of storage. In addition, multiple freezing and thawing
cycles did not reduce the ozone concentration in NBOW.
These features of NBOW obviate the need for on-site
generation of ozone water.
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Figure 3. Microbicidal activity of nano-bubble ozone water (NBOW)
stored for 1 year at 4°C. The microbicidal activity of NBOW was tested
using E. coli W3110. The colony formation assay is described in
Materials and Methods. The experiments were performed in triplicate
and the values are presented as the means+SD.

Although NBOW can be easily handled by freezing and
convenience of usage is expected, limitations for clinical
applications still exist. Hayakumo et al. (10) reported its
application in eradicating periodontopathic bacteria. The
authors suggested that clinical usage of NBOW is not
straightforward because saliva and bacterial biofilm may
reduce its microbicidal activity. In this regard, a pathogenic
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Figure 4. Microbicidal activity of nano-bubble ozone water (NBOW) that had been stored frozen for up to 1 year. The microbicidal activity of NBOW
was first tested with E. coli W3110: A: Microbicidal activity of NBOW stored frozen for 1 month; B: Microbicidal activity of NBOW stored frozen
for 3 months; C: Microbicidal activity of NBOW stored frozen for 1 year. The microbicidal activity of NBOW stored frozen for 1 year was also
tested with M. smegmatis (D). The colony formation assay is described in Materials and Methods. The experiments were performed in triplicate

and the values are presented as the means+SD.

mycobacterium, M. avium, also forms biofilms by oxidative
stress, similarly to the periodontopathic bacteria mentioned
above(12). In fact, M. avium is resistant to most strong
disinfectants, including ozone water (12). The ozone
sensitivity of Mycobacterium might vary by species and all
pathogenic mycobacteria, including M. tuberculosis and M.
leprae, should be tested.

Ozone can be easily consumed by oxidizable organic stuff
and reductants present in its surroundings (13). Notably, in
our in vitro experiments, NBOW that had been stored frozen
for 1 year killed one of the most resistant bacteria, M.
smegmatis, within 15 min; however, E. coli W3110 was not
entirely killed even after a 60-min exposure. It is probable

582

that oxidizable organic substances and reductants in the
media may have consumed the ozone. Taken together, further
examination is necessary before practical usage of NBOW.

NBOW is characterized by remarkable usability. We have
not yet tested NBW3, another NBOW described by
Hayakumo et al., and, therefore, we cannot expand the
findings described herein to all the available NBOW.
Nevertheless, the sustainability of NAnOj is not affected by
freeze-thawing and NAnOj exhibited enough microbicidal
activity even after 1 year of frozen storage. Considering the
above, NBOW succeeded in overcoming the pronounced
practical drawbacks associated with the use of ozone water
and its wide usage is expected.
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Figure 5. Sensitivity of nano-bubble ozone water (NBOW) to freeze-
thawing. Frozen NBOW was thawed at 25°C and the redox activity of
the solution was measured. NBOW was then frozen in a freezer (-20°C).
The experiments were repeated four times and the values are presented
as the means+SD.
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