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Abstract: Chlorine dioxide (ClO,) is a strong oxidant that possesses an antimicrobial activity. We
demonstrated here that CIO, gas is easily generated by mixing 3.35% sodium chlorite solution
(Purogene) and 85% phosphoric acid at a 10:1 volume ratio without using an expensive machine. In
a test room (87 m3), experiments were carried out using various amounts of sodium chlorite solution
(0.25 ml/m3 to 20.0 ml/m3). The gas concentration increased in a sodium chlorite volume-dependent
manner and reached peak values of from 0.8 ppm to 40.8 ppm at 2 h-3 h, and then gradually
decreased. No differences in gas concentrations were observed between 0.1 and 2.5 m above the
floor, indicating that the gas was evenly distributed. Under high-humidity (approximately 80% relative
humidity), colony formation of both Staphylococcus aureus and Escherichia coli was completely
inhibited by ClO, gas exposure at 1.0 ml/m?3 sodium chlorite solution (mean maximal concentration
of 3.0 ppm). Exposure at 4.0 ml/m3 sodium chlorite solution (mean maximal concentration of 10.6
ppm) achieved complete inactivation of Bacillus atrophaeus spores. In contrast, without humidification,
the efficacy of CIO, gas was apparently attenuated, suggesting that the atmospheric moisture is
indispensable. Delicate electronic devices (computer, camera, etc.) operated normally, even after
being subjected to more than 20 times of fumigation. Considering that our method for gas generation
is simple, reproducible, and highly effective at decontaminating microbes, our approach is expected

to serve as an inexpensive alternative method for cleaning and disinfecting animal facilities.
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Introduction

Environmental cleaning efforts in animal research
facilities have been shown to play an important role in
the control of the spread of infectious microbes, which
often influence the outcome of animal experiments. We
have routinely employed the manual application of aque-
ous disinfectant in our animal facilities, but it is time
consuming, labor intensive, and prone to error. In addi-
tion, aqueous agents are generally not employable for

disinfection of various measurement instruments, where-
as gaseous disinfectants may be. With the advantages of
high efficacy, large disinfection volume, low corrosion,
low hazard and simple operation, gaseous disinfection
may be the best decontamination method. Traditional
fumigants, such as formaldehyde and ethylene oxide,
have been used to decontaminate spaces of microbes,
but their flammability and carcinogenicity limit their use
as decontaminants [5, 17, 21, 22]. Although ozone gas
and hydrogen peroxide vapor have been used as alterna-
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tives to formaldehyde [11, 14, 18, 26], so far there is no
method employed widely to fumigate laboratory animal
areas, which has prompted investigations into alternative
methods for environmental disinfection in animal fa-
cilities.

Chlorine dioxide (CIlO,) is a powerful oxidant that has
a potent antimicrobial activity against bacteria, fungi
and viruses [1, 2, 4]. Aqueous ClO, is known as an en-
vironment-friendly disinfectant and has been success-
fully employed for the treatment of drinking water [3,
19, 27] because, unlike chlorine, it does not result in the
formation of trihalomethanes or react with ammonia to
form chloramine in water. Recent studies presented that
gaseous ClO, also has a potent antimicrobial efficacy [6,
8-10, 23-25]. However, because the generation of C10,
typically requires employing an expensive machine, the
gas so far has not been widely used as a fumigant. We
therefore examined a method that is not dependent upon
an expensive machine for ClO, gas generation. We also
determined the antibacterial activity of C10, gas against
bacteria to further validate the utility of this method for
Cl0O, gas generation.

Materials and Methods

Organisms

Two organisms were selected to test antibacterial ac-
tivities of C10, gas: Staphylococcus aureus ATCC 12600
and Escherichia coli ATCC 11775. Each bacterium was
bound to porous beads (Microbank™, Pro-Lab Diagnos-
tics, Round Rock, TX, USA) and stored at —80°C. The
inoculated beads were streaked onto blood agar plates
and incubated at 37°C for 24 h. Each colony was diluted
in heart infusion broth (Eiken Chemical Co., Ltd., Tokyo,
Japan) and adjusted to about 9 x 10% colony forming
units per ml (CFU/ml) by turbidity measurements (Den-
siCHEK, bioMerieux Inc., Durham, NC, USA). Eighty
microliters of each suspension was inoculated onto a
1-cm paper disc (Advantec Co., Ltd., Tokyo, Japan) and
then dried inside a biosafety cabinet before use.

Commercially available biological indicator strips
preloaded with>10° spores of Bacillus atrophaeus ATCC
9372 (ACE test, Fukuzawa Shoji Co., Ltd., Yokohama,
Japan) were also used to validate C1O, gas decontamina-
tions.

ClO, gas generation
In this study, we used 3.35% sodium chlorite solution

(Purogene, Fuji Techno Service Co., Ltd., Sendai, Japan)
and 85% phosphoric acid (Kanto Chemical Co., Inc.,
Tokyo, Japan) without dilution. C1O, gas was generated
by mixing the sodium chlorite solution and phosphoric
acid. The resulting chemical reaction is as follows: 15Na-
ClO, +4H,5P0, — 12C10, + 6H,0 + 3NaCl + 4Na;PO,.
The concentration of gas was measured with either of
two distinct ClO, detector tubes (No. 23M: detection
range of 0.1 ppm—10 ppm, No. 8H: detection range of
12.5 ppm—250 ppm, Gastec Co., Inc., Ayase, Japan).
When using the No. 8H detector tube, the gas concentra-
tion was corrected using the conversion factor obtained
by following the written instructions.

Test chamber

ClO, gas was generated in a 14-1 chamber (width 38
cm % length 19 cm x height 19.5 ¢cm) at room tempera-
ture. The proper amount of 3.35% sodium chlorite solu-
tion and 85% phosphoric acid was mixed in a 5-ml glass
tube by vortexing, and the requisite amount was dis-
pensed into a small glass tube. The mixtures at volume
ratios of 2:1, 10:1 and 50:1 consisted of 4.0 ml/m> of
sodium chlorite solution (actual amount: 56 ul) and
phosphoric acid (actual amounts: 28, 5.6 and 1.1 ul,
respectively). The gas concentrations dependent upon
sodium chlorite solution volume were generated by mix-
ing 3.35% sodium chlorite solution in a range of from
0.5 ml/m? to 4.0 ml/m3(actual amounts: 7.0 ul to 56 ul)
and 85% phosphoric acid at a 10:1 volume ratio. For
monitoring gas in the test chamber, air samples were
obtained through the line connected to the C10, detector.
Changes in gas concentrations were monitored for up to
8 h.

Test room

To further evaluate the properties of the C10, gas, the
experiment was performed in a test room (87 m?) with
the dimensions of 5.5 m wide, 6.1 m long, and 2.6 m
high (Fig. 1). ClO, gas was generated by mixing 3.35%
sodium chlorite solution and 85% phosphoric acid at a
10:1 volume ratio in a glass beaker using a magnetic
stirrer. Experiments were carried out using various
amounts of sodium chlorite solution ranging from 0.25
ml/m3 to 20.0 ml/m3(actual amounts: 21.8 ml to 1,740
ml). Two air circulators were set up at the corner of the
room to promote circulation and mix the gas. Immedi-
ately after starting gas generation, the entry door was
sealed with duct tape from outside to limit gas leakage



CHLORINE DIOXIDE GAS 305

Sink Autoclave Centrifuge @

Lab bench

4 Fan

Thermo-

@ hygrometer
@ ®

Lab bench

gas generation

Beaker for

©,

Fan | EEEE

Safety

cabinet Laptop

|Timer | | Calculator

Humidifier

computer

1) (5)

Lab bench

Fig. 1. Schematic diagram of a test room. Size of the test room was as follows: volume 87 m?, width 5.5 mxlength
6.1 mxheight 2.6 m. Paper discs with bacterium were placed on the ceiling (No. 1, 2), walls (No. 4, 5) and
floor (No. 7, 8). Biological indicators were placed on the ceiling (No.1, 2, 3), walls (No. 4, 5, 6), floor (No.
7,8,9), and in a covered plastic petri dish on the lab bench (No.10). Two tube lines for air sampling were

placed at the wall close to the entry door.

into the adjacent room. Two polyethylene tubes (No. 6,
Hibiki Co., Tokyo, Japan) entering the test room through
the small space between the floor and bottom of the en-
try door were placed at the positions of 0.1 and 2.5 m
above the floor of the test room. The tube lines allowed
air sampling of the room to monitor gas concentrations.
Air remaining in the tube lines was eliminated by apply-
ing suction with a 5-ml syringe, and shortly thereafter,
air samples in the test room were obtained. To evaluate
whether ClO, gas damages delicate equipment, a laptop
computer, digital camera, timer, and calculator were
placed on the laboratory bench for every experiment
(Fig. 1). Filter paper discs with each bacterium or bio-
logical indicators were placed on the ceiling, walls and
floor (Fig. 1). During gas exposure at room temperature,
the humidity in the test room was controlled using an
electric humidifier to maintain a high-humidity environ-
ment. The relative humidity and temperature were re-
corded by a thermo-hygrometer (Thermo-Hygrograph,
Ota Keiki Co., Ltd. Tokyo, Japan) during gas exposure.
In addition, filter paper discs without exposure to CIO,
gas were placed under the same conditions of tempera-
ture and humidity, and used as a control. All experiments

in the test room were performed after stopping the air
conditioning.

Colony forming unit determination

After 24 h of treatment with gas, control (non-ex-
posed) and gas-exposed paper discs were transferred into
a 15-ml sterile tube containing 10 ml PBS and vortexed
for 1 min. Following extraction, 10-fold dilutions were
performed as needed, and 0.1 ml of each dilution was
inoculated onto two kinds of selective agar: desoxycho-
late-hydrogen sulfite-lactose agar (Eiken Chemical Co.,
Ltd., Tokyo, Japan) for E. coli and X-SA agar (Nissui
Pharmaceutical Co., Ltd., Tokyo, Japan) for S. aureus.
Following incubation at 37°C for 24 h, the number of
colonies was counted, and the viable cell counts on the
plates were determined as CFU/disc. Log reduction in
viable organisms exposed to ClO, gas was assessed
through comparison with the serial dilution plate counts
of the non-exposed control organisms. Samples with 0
CFU on plates were assigned a value of 1 CFU in order
to obtain a log value of 0.
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Statistics

All data are expressed as mean values = SD. Statisti-
cal analyses were performed by using EXSAS version
7.6 (Arm, Osaka, Japan) which is based on SAS release
9.1.3 (SAS Institute, Tokyo, Japan). The antibacterial
effects of ClO, gas were analyzed by Student’s 7 tests.
Differences yielding a P value less than 0.05 were con-
sidered statistically significant.

Results

Generation of CIO, gas in a test chamber

We first evaluated the changes in the gas concentra-
tions generated by different ratios of 3.35% sodium
chlorite solution (4.0 ml/m?) to 85% phosphoric acid.
When mixed at a 2:1 volume ratio, Cl1O, gas levels in-
creased rapidly and reached maximum levels within 15
min, while a mixture at a 50:1 volume ratio exhibited a
slow increase in gas levels (Fig. 2A). In the case of a
10:1 volume ratio, gas levels peaked at 30 min after gas
generation, and then decreased thereafter (Fig. 2A). The
ratio of 10:1 was chosen for further evaluation because
it was found to be a ratio neither too fast nor too slow
for gas generation.

We then evaluated whether C10, gas levels are depen-
dent on the volume of the sodium chlorite-phosphoric
acid mixture. In the volumes of sodium chlorite solution
ranged from 0.5 ml/m? to 4.0 ml/m3, gas levels volume-
dependently increased, peaking at 1.2 ppm to 10.5 ppm
(Fig. 2B). In our preliminary tests, when we generated
ClO, gas at 50.0 ml/m?® of sodium chlorite solution,
maximal concentrations of gas reached approximately
100 ppm.

Generation of ClO, gas in a test room

The generation of C10, gas was performed under high-
humidity conditions using a humidifier. Ambient condi-
tions in a test room were observed in the range of
75%—-85% relative humidity and 20°C-25°C during
exposure to C10, gas. To confirm the distribution of C10,
gas in the test room, we measured the gas levels at both
0.1 and 2.5 m from the floor. When gas was generated
by mixing 4.0 ml/m? of 3.35% sodium chlorite solution
and 85% phosphoric acid at a 10:1 volume ratio, there
were no differences in gas concentrations between
lower and upper positions during exposure to the CIO,
gas (Fig. 3A), indicating that gas was equally distrib-
uted over the entire test room. Therefore, subsequent

measurements of gas levels were performed at 2.5 m
above the floor, unless stated otherwise in the text.

The time course of changes in concentration of C10,
gas was investigated at various volumes of 3.35% so-
dium chlorite solution in the range of 0.25 ml/m? to 20.0
ml/m3. Respectively, the gas concentrations volume-
dependently increased, peaking at 2 h—3 h, ranging from
0.8 ppm to 40.8 ppm, and then gradually decreased
thereafter (Fig. 3B). In the volumes of sodium chlorite
solution ranged from 0.25 ml/m? to 4.0 ml/m?, gas levels
were nearly undetectable (<0.05 ppm) after 24 h of gas
generation. When CIO, gas was generated at sodium
chlorite solution volumes of 10.0 ml/m? and 20.0 ml/m?,
gas concentrations of 0.6 ppm—1 ppm were detected
after 24 h of gas generation, but became undetectable
after 30 min of aeration. Although study staff stayed in
an adjacent room to monitor gas levels, leakage from the
treated room was undetectable (<0.05 ppm) throughout
the time of the gas exposure.

Delicate electronic devices, including a laptop com-
puter, digital camera, timer and calculator, were placed
on the laboratory bench for every trial (Fig. 1). There
were no signs of functional damage even after these
devices were exposed to C1O, gas more than 20 times.

Antibacterial effects of ClO, gas

As model microbes, we selected both Gram-positive
S. aureus and Gram-negative E. coli. Bacteria dried onto
paper disc surfaces were placed at 6 sites (Fig. 1) and
exposed for 24 h to ClO, gas at the sodium chlorite solu-
tion volumes of 0.25, 1.0 and 4.0 ml/m? under high-
humidity conditions (Table 1). The colony formation of
S. aureus and E. coli was completely inhibited by expo-
sure to ClO, gas generated at 4.0 ml/m3(mean maximal
concentration of 10.6 ppm). Similarly, gas exposure at
1.0 ml/m3(mean maximal concentration of 3.0 ppm) also
achieved complete inactivation of both bacteria. Al-
though exposure to lower levels of gas (0.25 ml/m?,
mean maximal concentration of 0.8 ppm) did not result
in complete inactivation, its effects were more than 3
log;, CFU reductions in both bacteria. By contrast, with-
out a humidifier (relative humidity of 30% to 40%), the
efficacy at 1.0 ml/m? apparently declined to less than a
2 log;o CFU reduction (Fig. 4).

B. atrophaeus spore strip biological indicators were
the standard for validation of CI1O, gas decontamination.
As shown in Fig.1, biological indicators were placed at
10 sites, including a biological indicator in a covered
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Fig. 2. Generation of ClO, gas in a 14-1 chamber. CI1O, gas was
generated by mixing 3.35% sodium chlorite solution and
85% phosphoric acid. (A) Gas generation at three different
volume ratios. The mixtures at 2:1, 10:1 and 50:1 volume
ratios were prepared by mixing 4 ml/m3(actual amount: 56
u1) of sodium chlorite solution and phosphoric acid (ac-
tual amounts were 28, 5.6 and 1.1 ul, respectively). (B)
The dependency of gas concentrations on sodium chlorite
solution volume. Sodium chlorite solution and phosphoric
acid were mixed at a 10:1 ratio, and the mixture was used
at various volumes of sodium chlorite ranged from 0.5 ml/
m? to 4.0 ml/m3(actual amounts: 7.0 ul to 56 ul). Three
independent experiments were performed, and data repre-
sent mean + SD (n=3).

petri dish, in addition to the ceiling, walls, and floor. Gas
exposure at 10.0 ml/m? and 20.0 ml/m?3 of sodium chlo-
rite solution (mean maximal concentration of 22.4 ppm
and 40.8 ppm, respectively) achieved complete inactiva-
tion of B. atrophaeus at all 10 placement sites (Table 2).
Generation of ClO, gas at 4.0 ml/m? also completely
inactivated spore strip indicators at 9 sites, but failed to
inactivate the biological indicator at placement site 10,
which was located in the covered petri dish (Table 2).
However, a second trial at the same volume resulted in
complete inactivation of biological indicators at all
placement sites (Table 2).
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Fig. 3. Generation of C10, gas in a test room (87 m?). Under high-
humidity (75% to 85% relative humidity), ClO, gas was
generated by mixing 3.35% sodium chlorite solution and
85% phosphoric acid at a 10:1 ratio. (A) Distribution of
ClO, gas in the test room. The mixture of sodium chlorite
solution (4.0 ml/m?) and phosphoric acid was as follows:
actual amounts were 348 ml and 34.8 ml, respectively.
CIO, gas concentrations were measured at both 0.1 m and
2.5 m from the floor. (B) Time course of changes in ClO,
gas concentrations. Experiments were carried out using
various amounts of sodium chlorite solution ranged from
0.25 ml/m? to 20.0 ml/m? (actual amounts: 21.8 ml to 1,740
ml). Three independent experiments were performed, and
data represent mean £ SD (n=3) except 20 ml/m? (n=2).

Discussion

Microbial decontamination is one of the practical is-
sues of maintaining animal facilities for research. Here,
we describe an alternative method for Cl1O, gas genera-
tion that can be applied to cleaning and disinfecting
animal facilities.

For our study, ClO, gas was easily generated by mix-
ing 3.35% sodium chlorite solution (Purogene) and 85%
phosphoric acid without using an expensive gas genera-
tor. In a test room, the mixture volume-dependently
produced ClO, gas, reaching maximum levels at 2 h to
3 h, followed by a decline, and becoming nearly unde-
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Table 1. Antibacterial effects of Cl1O, gas on S. aureus and E. coli

Sodium chlorite (ml/m?)

Bacteria Group 0.25 1.0 4.0
(Log,; o CFU/disc)
S. aureus Control 7.1+£0.22 7.4+0.33 7.2+0.36
ClO, gas 2.1 £1.49%* 0.0+0.00 0.0 +0.00
E. coli Control 3.5+0.91 4.8 £0.45 4.8 +0.61
ClO, gas 0.28 £0.20** 0.0 +0.00 0.0+ 0.00

Three independent experiments were performed under high-hu-
midity conditions (75% to 85%) using a humidifier. Paper discs
with each bacterium were placed at 6 locations in the test room as
shown in Fig. 1. ClO, gas was generated by mixing 3.35% sodium
chlorite solution and 85% phosphoric acid at a 10:1 ratio. Experi-
ments were carried out at 0.25, 1.0 and 4.0 ml/m3 of 3.35% so-
dium chlorite solution. After 24 h of C10, gas exposure, the viable
cell counts were determined as log;, CFU per disc. Data represent
mean = SD (n=3). **P<0.01, significantly different from control
paper discs treated without C1O, gas (Student’s #-test).

Table 2. Effect of Cl10, gas on B. atrophaeus biological
indicator

B. atrophaeus spores

Sodium chlorite

(ml/m?) No. of sites No. of sites
with growth without growth
4.0 1 9
0 10
10.0 0 10
0 10
20.0 0 10
0 10

Two independent experiments were performed under
high-humidity conditions (75% to 85%) using a hu-
midifier. Biological indicators were placed at 10 loca-
tions in the test room as shown in Fig. 1. C1O, gas was
generated by mixing 3.35% sodium chlorite solution
and 85% phosphoric acid at a 10:1 ratio. Experiments
were carried out at 4.0, 10.0 and 20.0 ml/m? of 3.35%
sodium chlorite solution. After 24 h of C1O, gas expo-
sure, indicator strips were incubated at 37°C for 48 h.

tectable or up to 30-fold less than peak levels after 24 h
of gas generation. The mean peak values in the test room
were similar to those found in a 14-1 test chamber, sug-
gesting that our approach for gas generation is highly
reproducible and flexibly applicable in various sizes of
spaces.

According to safety guidelines, C10, has a permissive
exposure limit of 0.1 ppm and a short term exposure
limit of 0.3 ppm set by the American Conference of
Governmental Industrial Hygienists (ACGIH). Since we
adjusted the seal around the entry door to the test room,

OControl
B 1ml/m3

Viable count (log CFU/disc)

Staphylococcus aureus Escherichia coli

Fig. 4. Antibacterial effects of ClO, gas on S. aureus and E. coli
without using an electric humidifier. The relative humid-
ity in the test room was 30% to 40%. ClO, gas was gener-
ated by mixing 3.35% sodium chlorite solution and 85%
phosphoric acid at a 10:1 volume ratio. Sodium chlorite
solution was used at a volume of 1.0 ml/m3(actual amount:
87 ml). After 24 h of gas generation, the viable cell counts
were determined as log;, CFU per disc. Three independent
experiments were performed, and data represent mean +
SD (n=3). * P<0.05, significantly different from control
discs treated without C1O, gas (Student’s #-test).

leakage of gas into the adjacent room was undetectable
(<0.05 ppm) at any volumes of the mixture.

Aqueous disinfectants are generally not employable
for disinfection of animal rooms, particularly where
various measurement instruments and expensive equip-
ment are placed, whereas gaseous agents may be. How-
ever, it remains unknown whether vaporous peracetic
acid, hydrogen peroxide and ozone gas are applicable to
delicate equipment without causing functional damage.
A laptop computer, digital camera, timer and calculator
were placed in the test room for every experiment. We
confirmed that there were no signs of functional damage
even after more than 20 times of fumigation. We cannot,
however, rule out the possibility that C1O, gas reduces
the durability of such devices.

Although gaseous ClO, inactivates bacteria, viruses
and fungi [6, 8-10, 23-25], its antimicrobial effect is
known to be affected by the atmospheric moisture [14,
16, 17]. Therefore, under conditions of high-humidity
(75%—85% relative humidity), we evaluated the antibac-
terial effect of C10, gas against S. aureus, E. coli and B.
atrophaeus spores. ClO, gas generated at 1.0 ml/m? of
sodium chlorite solution (mean peak concentration of
3.0 ppm) completely inhibited the colony formation of
S. aureus and E. coli. In addition, nearly complete inac-
tivation was also observed for spore strip indicators
exposed to C10, gas (4.0 ml/m? of sodium chlorite, mean
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peak concentration of 10.6 ppm). In previous reports,
sporicidal activities have been evaluated at high levels
of ClO, gas (170 ppm to 3,000 ppm) [7, 8, 13, 20]. Of
note, we found that under our experimental conditions,
the sporicidal activity of ClO, gas was achieved with
comparatively low levels of gas. On the other hand, when
performing gas exposure without a humidifier (relative
humidity of 30% to 40%), the efficacy of ClO, gas was
apparently attenuated, which is consistent with previous
reports indicating that the atmospheric moisture is in-
dispensable for C10, gas to inactivate microbes [13, 15,
16]. Thus, it is possible that humidification may result
in a higher probability of the ClO, gas making contact
with bacteria and potentially increasing the efficacy of
the ClO, gas.

It is generally assumed that gaseous disinfectants can
diffuse broadly into rooms by using an air circulator.
Indeed, there were no differences in C1O, gas concentra-
tions between upper and lower positions in the test room,
indicating that the gas was evenly distributed in the test
room. Supporting this result, the antibacterial effects of
ClO, gas were observed on the ceiling, walls and floor.
Furthermore, C10, gas was capable of completely inac-
tivating bacteria in covered petri dishes. These results
indicate that gaseous ClO, is highly diffusible and per-
meable, thereby gaining access to the small spaces that
are hard to disinfect with aqueous agents.

Regarding the efficacy of Cl10,, parameters other than
humidity are also necessary to consider. Previous report-
ing suggests that the activity of ClO, gas is different
between inoculated porous and nonporous materials,
such as cotton cloth and glass [12]. In our preliminary
studies, C1O, gas generated at 1.0 ml/m? of sodium chlo-
rite solution showed decontamination efficacy against
bacteria dried on glass surfaces. For organic contamina-
tion, recent reports have shown that the inactivation of
microbes by ClO, gas decreases with the increase of
organic substances in a bacteria suspension [15, 16]. In
our study, bacteria were suspended with heart infusion
broth media, which contains organic matter derived from
porcine heart. Further investigation is needed to iden-
tify the effects of ClO, gas on various inoculated test
materials and organic contamination.

Overall, our method for ClO, gas generation was
simple, reproducible, and did not require an expensive
machine for gas generation. Furthermore, in addition to
the high efficacy of ClO, gas in decontaminating mi-
crobes, functional damage to delicate equipment and

potential health risks for staff members were negligible.
Thus, our approach is expected to serve as an alternative
method to formaldehyde fumigation for cleaning and
disinfecting animal facilities, and is also expected to be
particularly useful in situations where various measure-
ment instruments are present.
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