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Abstract

The disinfection of high - level bio-safety laboratories poses challenges in terms of personnel safety, disinfection efficacy, and
corrosiveness to items. In this study, whole- room disinfection of BSL-3 using a dry mist H,O; generator and a vaporized H,O-
generator, as well as dry mist disinfection of HEPA exhaust, were proposed. A dry-mist H>O, generator and a vaporized H,O-
generator were applied individually to disinfect the space of the BSL-3, along with BSC and HEPA unit. Spores of B. subtilis
var. niger and B. stearothermophilus were applied as biological indicators to conduct a qualitative assessment of the disinfection
efficacy. The dry- mist H,O, generator, utilizing a 10% H,O; solution at a dosage of 10 mL/m3and with a disinfection duration
of 3h, achieved a killing logarithm of 5- 6 log10 for the two types of spores. The identical efficacy was achieved for the vaporized
H202 generator, by 35% H0, at a dosage of 6.5 mL/m=and with a residual duration of 3h. The disinfection of the exhaust HEPA
verification port using 10% dry-mist H,O2 presented significant challenges. All spores were capable of being inactivated when
the port was uncovered; while the inactivation of all spores was not achieved when the port was covered. Dry mist H,O, and
vaporized H;O disinfection methods demonstrated stable spatial disinfection effect on B. subtilis var. niger and B.
stearothermophilus. Achieving the disinfection effect at the disinfection verification port of the HEPA exhaust for the dry mist
H»0, disinfection poses a significant challenge.
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1. Introduction

The Biosafety Level-3 Laboratory (BSL-3) is specifically
designed for the manipulation of pathogenic microorganisms,
which are aerosol- borne transmission, and may lead to severe,
even fatal diseases [1], such as Mycobacterium tuberculosis,
SARS coronavirus, and Bacillus anthracis [2]. Effective dis-
infection measures are indispensable for safeguarding the ex-
perimental personnel and the environment [3].

Disinfection involves the elimination or removal of path-
ogenic microorganisms and to interrupt the dissemination of
microorganisms. The comprehensive terminal disinfection
conducted in BSL-3 subsequent to experimental activities
aims to eradicate the pathogenic microorganisms, and con-
sequently preventing laboratory- associated infection and
environmental contamination. It is indispensable upon the
completion of work in high-level bio-safety laboratories.
Surface and air are highly concerned in the terminal disin-
fection of BSL-3, and special attention should be paid to the
high efficiency particulate air filter (HEPA) unit. In accord-
ance with the laboratory standards of the World Health Or-
ganization (WHO) and China, all HEPA units in the exhaust
system of the core area of a bio-safety laboratory must be
conducted in-situ disinfection prior to monitoring or replace-
ment [2, 4]. HEPA unit is an important secondary protective
barrier in the exhaust system of bio-safety laboratory to pre-
vent the leakage of polluted air, which can filter more than
99.97% of particles with diameter larger than 0.3um in the
laboratory [5]. Despite the high efficiency of HEPA unit
used in bio-safety laboratories, laboratory-acquired infec-
tions still occur intermittently [6]. The microorganisms fil-
tered by HEPA units are capable of reproducing under suit-
able temperature and humidity conditions. To guarantee the
environmental safety, it is essential to perform in-situ disin-
fection of the HEPA unit [7].

The commonly employed whole-room disinfection in BSL-
3 is chemical disinfection [8], especially vaporized hydrogen
peroxide (H20) and dry mist H,O,. The H20- is vaporized
into small particles by the generator, which is particularly ef-
fective for microorganisms with strong resistance such as
spores and viruses, and there is no residual toxicity as the de-
composition products of H,O, are water and O,. It is espe-
cially suitable for the disinfection of precision equipments
such as incubators, centrifuge and biological safety cabinets
(BSC). Vaporized H,0, disinfection has been widely used in
pharmaceutical [9, 10], medical [11-13], biosafety [14, 15]
and other fields with high disinfection requirements. The dif-
ference between dry mist H,O, and vaporized H,O; is that the
dry mist disinfectant is atomized into smaller dry particles
[16]. Dry particles experience Brownian motion in the air and
remain suspended in the air for an extended period. They
demonstrate excellent diffusivity, guaranteeing comprehen-
sive coverage with no blind spots. Furthermore, they exert less
corrosive effects on the equipment, color - steel sheets, and
walls within the laboratory.
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Numerous researchers have carried out studies on high-
level bio-safety laboratories. Li Jinhua et al [17] employed
8.2% H,0, for sterilization in the BSL - 3, using B. stea-
rothermophilus spores as biological indicators. The results
indicated that all spore indicators were effectively inacti-
vated. When 9% H,0O; was used, with disinfection durations
of 3.5 h and 5 h, it could completely eradicate the Bacillus
carriers in the space, inside the biological safety cabinet
(BSC), and in the exhaust of the HEPA unit of the laboratory.
Wang Zequan et al. [18] reported that the qualification ration
of air disinfection in the ward of discharged patients by 7.5%
H20, dry-mist generator was 96.00%, and B. stearother-
mophilus (ATCC 12980) with a spore content of more than
1x10¢ CFU/piece could be entirely eradicated.

However, the in-situ disinfection of HEPA units remains a
scarcely explored area. The disinfection are predominantly in-
vestigated by carrier qualitative disinfection tests [19, 20]. In
our previous research, we have verified the efficacy of dry -
mist H,O, against bacteria and spores, and demonstrated its
high disinfection efficiency. In this study, we compare the dis-
infection efficiency of dry-mist and vaporized H,O; by quali-
tatively assessing the spores of Bacillus subtilis var. niger and
Bacillus stearothermophilus in a BSL-3. Specifically, our ob-
jective is to observe the disinfection efficiency of the exhaust
HEPA unit disinfection verification port through dry-mist dis-
infection.

2. Materials and Methods

Spores of Bacillus subtilis var. niger (B. subtilis var. niger;
ATCC 9372), and Bacillus stearothermophilus (B. stearother-
mophilus; ATCC 7953) were used as bio-indicators and were
qualitatively evaluated. They are commercially available
product (Beijing Sihuan, China) in filter paper coupons con-
taining 5 < 10° to 5 x<10® CFU/coupon. Dry mist H,O, gener-
ator (NOCOSPRAY2, OXY-PHARM, France) and vapor
H20- generator (HTY-SUPER SD5, Tailin, Zhejiang, China)
were applied. H,O, plasma sterilization chemical indicating
cards (Xinhua, Shandong, China) were also used to chemi-
cally indicate the disinfection efficacy.

2.1. Preparation of the Disinfection

The validation test was carried out in a 91 m3BSL - 3 core
laboratory, along with a 65 m3preparation room and buffer
room. The bio-closure valve, negative pressure and ventilation
systems of the BSL-3 were closed. Spores of B. subtilis var.
Niger and B. stearothermophilus coupons were employed as
indicators and aseptically affixed to the corresponding posi-
tions at varying heights, including the floor, table, and wall in
the core room, preparation room, and buffer room, along with
BSC and HEPA unit (Figure 1). The BSC were set to operat-
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ing conditions with the front shields opened. Biological indi-
cators were deposited on the countertop and at the exhaust
HEPA of the BSC.

The disinfection valve was activated for the in-situ disin-
fection of the HEPA unit of the laboratory. Test coupons were
deposited at the HEPA exhaust disinfection verification port.
Air circulators were connected to the disinfection interface of
the in- situ exhaust HEPA (Figure 2) according to the manu-
facturer.
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Figure 2. Schematic presentation of in-situ disinfection verification
of HEPA unit.

2.2. Disinfection and Detection

Whole-room disinfection within the laboratory was con-
ducted using a dry - mist H,O, generator and a vapor H,O,
generator, individually. The core room was disinfected in-
dependently, while the preparation room and the buffer
room were disinfected as a group with the connected door
opened. The laboratory was maintained at 20°C~26°C,
30%~65% R. H (relative humanity). Each test was repli-
cated 3 times.
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2.2.1. Dry Mist H,O; Disinfection

A dry-mist H,O generator containing 10% H,O, at a dos-
age of 10 mL/m3was positioned in the middle of the labora-
tory. The device was activated, and the indicating volume was
adjusted to the corresponding quantity of the disinfectant re-
quired, then the instrument initiated automatically 25s after
emitting a beep. Once the program was completed, the pro-
gram stopped automatically, and the disinfectant was left re-
sidual for 3h. Subsequently, the ventilation system of the la-
boratory was activated to conduct ventilation for 30 min to
eliminate the residual disinfectant.

2.2.2. Vaporized H;O; Disinfection

A vaporized H2O; generator using 35% H,0, at a dosage of
6.5 mL/m3was employed. The program (comprising machine
pre-heating, disinfection, and residual removal) was executed,
and the residual was allowed to residual for 3h. Subsequently,
the ventilation system of the laboratory was activated to con-
duct ventilation for 30 min to eliminate the residual disinfect-
ant.

2.2.3. Cultivation of Spores

Personnel equipped with appropriate personal protec-
tive equipment entered the laboratory subsequent to disin-
fection and retrieved the spore coupons from each sampling
point by aseptic operation. The coupons of B. subtilis var.
niger were placed into a test tube with 5 mL of neutralizing
solution (0.5% sodium thiosulfate + 0.5% Tween - 80) in
nutrient broth and incubated at 37°C for 3 days. Addition-
ally, the B. stearothermophilus coupons were transferred
into a 5 mL test tube of bromocresol purple peptone me-
dium that contained neutralizing solution (0.5% sodium
thiosulfate + 0.5% Tween - 80) and incubated at 56°C for 7
days. Negative results from the spore cultivation indicated
that the disinfection was qualified.

2.3.4. Observation of H,O, Chemical Indicating
Cards

The color change of the H,0; sterilization chemical indicat-
ing cards was observed post- disinfection. Disinfection was
considered to be qualified when the color of the indicating
cards attained or surpassed the standard color.

3. Results

3.1. Space Disinfection

The disinfection carried out using dry-mist H.O, generator
with 10% H,O; at a dosage of 10 mL/m3and vaporized H,0;
with 35% at a dosage of 6.5 mL/m3with both a residual time
of 3h. The cultivation of B. subtilis var. niger and B. stea-
rothermophilus spores on the floor, wall, BSC and transfer
window were all negative, suggesting that the disinfection
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process can effectively eliminate 5 - 6 log10 of B. subtilis var.
niger and B. stearothermophilus on the space (Table 1). Re-
sults indicated that spores at different heights were inactivated.

Simultaneously, all the sterilization chemical indicating cards
in the laboratory space were changed to standard colour.

Table 1. Disinfection efficacy of the space.

Dry mist
sample  Location and height B. subtilis var. ni-
ger
1 behind the door (1.2m) 0/3
2 table (0.8m) 0/3
3 table (0.8m) 0/3
4 transfer window with door opened 0/3
5 floor 0/3
6 corner (1.5m) 0/3
7 back wall of BSC (1.5m) 0/3
8 corner (1.2m) 0/3
9 back of the incubator (1.2m) 0/3
10 Side wall of the refrigerator (1.2m) 0/3
11 inside of BSC 0/3
12 HEPA exhaust port of BSC 0/3
13 floor 0/3
14 wall (1.0m) 0/3
15 wall (1.5m) 0/3
16 floor 0/3
17 wall (1.2m) 0/3

vaporized

B. stearother- B. subtilis var. ni-  B. stearother-

mophilus ger mophilus
0/3 0/3 0/3
0/3 0/3 0/3
0/3 0/3 0/3
0/3 0/3 0/3
0/3 0/3 0/3
0/3 0/3 0/3
0/3 0/3 0/3
0/3 0/3 0/3
0/3 0/3 0/3
0/3 0/3 0/3
0/3 0/3 0/3
0/3 0/3 0/3
0/3 0/3 0/3
0/3 0/3 0/3
0/3 0/3 0/3
0/3 0/3 0/3
0/3 0/3 0/3

Note: The denominator means 3 tests. The molecule is the number of unqualified tests for 3 tests.

3.2. In-situ Disinfection of the Exhaust HEPA
Unit

In-situ disinfection of the exhaust HEPA unit was con-
ducted using a dry- mist H20O2 generator with 10% H.0, at a
dosage of 10 mL/m3nd a residual time of 3h. All spore tests
at the outlet of the air circulators were negative, while the cul-
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tivation results at the disinfection verification port of the ex-
haust HEPA were dependent. Neither of the two types of
spores was fully inactivated when the disinfection verification
port was covered. Simultaneously, the indicating cards at the
disinfection verification port of the HEPA units failed to meet
the colour change. However, upon removing the lid, both
spore types could be fully inactivated, achieving a killing log-
arithm of 5-6 log10 (Table 2). This finding suggested that it
was difficult for H,O; to penetrate the disinfection verification
port of the HEPA unit when covered the port.
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Table 2. Disinfection efficacy of the HEPA units.

10%?
Sample  Location .
B. subtilis
var. niger
HEPA exhaust disinfection verification
1. . 0/3
port (left) in the core room
HEPA exhaust disinfection verification
2. . . 1/3
port (middle) in the core room
HEPA exhaust disinfection verification
3. ) . 1/3
port (right) in the core room
air outlet of gas blanketing circulator in
4, 0/3
the core room
HEPA exhaust disinfection verification
5. . . 0/3
port in the preparation room
6 outlet of air circulator in the preparation 03
' room
. HEPA exhaust disinfection verification 03

port in the buffer room

109%°
B. stea- chemical L. B. stea- chemical
o B. subtilis o
rother- indicating . rother- indicating
. var. niger .

mophilus cards mophilus cards
1/3 0/3 0/3 0/3 0/3
1/3 1/3 0/3 0/3 0/3
1/3 1/3 0/3 0/3 0/3
0/3 0/3 0/3 0/3 0/3
0/3 0/3 0/3 0/3 0/3
0/3 0/3 0/3 0/3 0/3
0/3 0/3 0/3 0/3 0/3

Note: ‘a’ cover the verification lid, ‘b’ uncover the verification lid. The denominator means 3 tests. The molecule is the number of unqualified

tests for 3 tests.

4. Discussion

Dry mist and vaporized H,O; generators were employed to
validate the disinfection of laboratory space and HEPA ex-
haust. The two disinfection methods demonstrated a killing
logarithm of 5-6 log10 on spores of B. subtilis var. niger and
B. stearothermophilus in the space. The killing efficacy of the
dry mist H20 generator on the exhaust of HEPA unit is asso-
ciated with the sealing status. The spores can be thoroughly
inactivated when the verification port was not sealed, however,
complete inactivation can not be achieved when it was sealed.

Under the condition of 10% H,0O; and a space dosage of
1.00 g/m3the dry mist H.O, generator can perform whole-
room disinfection with 3h residual. There was no moisture ob-
served on the object surfaces after disinfection, and the corro-
sion was minimal over an observation period of approximately
5 years. The vaporized HO; can also inactivate 5-6 log10
spores of B. subtilis var. niger and B. stearothermophilus un-
der the conditions of 35% H,O, and a space dosage of 2.23
g/m=3Upon inspection, it was noted that the surface of the ob-
ject exhibited slight moisture subsequent to disinfection.
Moreover, after several years of repeated use, foaming corro-
sion was observed on the colour steel sheets within the labor-
atory. The dry mist H.O generator employed in the experi-
ment is easy to operate, and the concentration and dosage of
the H,O; solution are relatively low. Conversely, the operation
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of the vaporized H,O; generator is relatively intricate, and the
concentration of H,O: is high, presenting a corrosion risk to
the objects. It is worthy of noting that equipments such as the
transfer window, incubator, and centrifuge must be kept open
and exposed to H20; to attain fully disinfection.

subtilis var. niger serves as a commonly employed indica-
tor bacterium for validating the sterilization efficacy of eth-
ylene oxide and B. stearothermophilus is frequently utilized
to verify the sterilization efficacy of high pressure steam ster-
ilization, H20. gas, and peracetic acid solution. The two
spores were chosen as bio - indicators in line with the experi-
mental activities of pathogenic microorganisms conducted in
our research. The disinfection effectiveness of the two spores
was comparable. Previous experiments indicated that under
the condition of 10% H,O,, B. stearothermophilus exhibited
higher resistance to H,O, than B. subtilis var. niger within 1-
3h, the spores could not be completely eliminated even after
4h. Whereas 10% H,0, was able to inactivate all the spores of
B. subtilis var. niger within 2 h [21]. Charlotte Falaise and
their research groups [20] investigated the disinfection effi-
ciency of vaporized H,O; generated from 35% H,0,, and
demonstrated a 5-7 log10 reduction for Anthracis spores in the
BSL- 3 environment. In contrast, Vaccinia exhibited a higher
resistance to the decontamination process, which was depend-
ent on the location of the biological indicator within the labor-
atory. Kohs J et al. [22] conducted a comparison of the VHP -
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based inactivation and proposed that the current practice pri-
marily entails the use of bacterial spore carriers for the estab-
lishment and validation of inactivation protocols. They rec-
ommended that safe and effective inactivation protocols can
only be formulated by employing appropriate test organisms
that are customized to the respective individual requirements.
Consequently, it is recommended that researchers focus on the
verification and assessment of the disinfection efficacy of bi-
ological indicators with different resistance levels.

The HEPA exhaust disinfection verification port is the ter-
minal disinfection the of laboratory. The disinfection gas must
be circulated through the HEPA unit to attain thorough disin-
fection. In this research, during the disinfection verification
process, the air circulator is connected to the exhaust HEPA
unit to augment the wind pressure across the HEPA unit, and
enables the gaseous disinfectant to pass through the HEPA
unit and the disinfection verification port. Experimental find-
ings suggests that even the spatial disinfection is fully imple-
mented, the disinfection efficiency of the exhaust HEPA unit
was unstable. According to the specifications of the exhaust
HEPA unit, it is difficult to disinfect when the port is covered,
whereas the disinfection requirements can be achieved when
the port is uncovered. Disinfection of the HEPA units is diffi-
cult, Similarly, Zeng Zhigiang et al. [23] utilized 9% H,O- for
1.5h, even the carriers of B. subtilis var. niger and B. stea-
rothermophilus on the surface of the room were eliminated, it
failed to exterminate the spores in the HEPA unit of the BSC
and the laboratory completely. It is advisable to design the dis-
infection procedure and verify its effectiveness in accordance
with the structural characteristics of the HEPA unit in the
BSL-3 [7]. Particularly in experimental activities involving
highly pathogenic pathogens, special attention should be paid
to the disinfection and verification of the HEPA unit. Failure
of disinfection with sealed lid for HEPA unit implies that it is
needed to improve the in-situ disinfection effect of HEPA unit
and further promote the construction of high-level bio-safety
laboratories, and to establish the physical object of HEPA unit
[24].

Dry mist H,O; disinfection exhibits distinct advantages in
terms of material compatibility, operational convenience, and
economic efficiency, particularly for corrosion - sensitive ma-
terials. Vaporized H,O, disinfection demonstrates superior
performance regarding sterilization efficacy, penetration abil-
ity, and sterilization thoroughness, and is suitable for scenar-
ios with extremely high requirements for disinfection efficacy.
The two technologies do not possess absolute merits and de-
merits; rather, there is only the most appropriate selection
based on specific requirements. In this research, one limitation
is lack of comparison of the vaporized and dry mist generator
for the disinfection of HEPA unit, owing to the unavailability
of the vaporized generator in the later stage, so only the dry-
mist H,O, generator was employed for the disinfection of
HEPA to verify and compare the disinfection effects of the
two bacterial spores. Comparative analysis should be con-
ducted simultaneously to deep research into the penetrativity
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of vaporized H,O; generator to the HEPA unit.

5. Conclusion

In conclusion, dry fog and vaporized H,O; disinfection ex-
hibit stable spatial disinfection effect on B. subtilis var. niger
and B. stearothermophilus spores. However, it is challenging
to attain the disinfection effect at the disinfection verification
port of the HEPA exhaust of the laboratory. The dry mist dis-
infection method employs a relatively low dosage of disinfect-
ant and exerts minimal corrosion on laboratory items. In con-
trast, the vaporization method utilizes a high- concentration of
disinfectant and is more corrosive. Appropriate disinfection
method should be selected according to the laboratory condi-
tions.
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