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Abstract:    Objectives: This pilot study of employing chlorine dioxide (CD) gas to disinfect gastrointestinal endoscopes 
was conducted to meet the expectations of many endoscopy units in China for a high-efficiency and low-cost disin-
fectant. Methods: An experimental prototype with an active circulation mode was designed to use CD gas to disinfect 
gastrointestinal endoscopes. One type of testing device composed of polytetrafluoroethylene (PTFE) tubes (2 m long, 
inner diameter 1 mm) and bacterial carrier containers was used to simulate the channel of the endoscope. PTFE 
bacterial carriers inoculated with Bacillus atrophaeus with or without organic burden were used to evaluate the spor-
icidal activity of CD gas. Factors including exposure dosage, relative humidity (RH), and flow rate (FR) influencing the 
disinfection effect of CD gas were investigated. Moreover, an autoptic disinfecting test on eight real gastrointestinal 
endoscopes after clinical use was performed using the experimental prototype. Results: RH, exposure dosage, or-
ganic burden, and the FR through the channel significantly (P<0.05) affected the disinfection efficacy of CD gas for a 
long and narrow lumen. The log reduction increased as FR decreased. Treatment with 4 mg/L CD gas for 30 min at  
0.8 L/min FR and 75% RH, resulted in complete inactivation of spores. Furthermore, all eight endoscopes with a 
maximum colony-forming unit of 915 were completely disinfected. The cost was only 3 CNY (0.46 USD) for each 
endoscope. Conclusions: The methods and results reported in this study could provide a basis for further studies on 
using CD gas for the disinfection of endoscopes. 
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1  Introduction 

 
As one of the widely used semi-critical items in 

clinics, a gastrointestinal (GI) endoscope must go 
through high-level disinfection (HLD) before its next 

use to ensure medical safety (Petersen et al., 2011). 
Most endoscopy units in China have used glutaral-
dehyde (GA) as the preferred disinfectant, which has 
been proven to be ineffective against Mycobacterium 
chelonae and harmful to the staff involved in re-
processing endoscopes (Zhang et al., 2011). Other 
choices might include electrolyzed acid water (EAW), 
peracetic acid (PAA), and ortho-phthaldehyde (OPA). 
Application experience has shown that EAW and 
PAA are likely to result in damage to GI endoscopes. 
Although OPA was considered as the best alternative 
to GA, the cost of OPA is prohibitive, at nearly  
40 CNY (6.20 USD) for each endoscope (Medivator 
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reprocessor with Cidex OPA). Thus, few Chinese 
endoscopy units have switched to OPA (Zhang et al., 
2011). Therefore, many endoscopy units have high 
expectations for new approaches of HLD in deliver-
ing effective disinfection of GI endoscopes at a much 
lower cost. 

To meet these demands, we conducted a pilot 
study on the use of chlorine dioxide (CD) gas for 
disinfection of GI endoscopes. CD gas is a registered 
sterilant that is approved by the United States Envi-
ronmental Protection Agency (US EPA) and can kill 
almost all microorganisms, including vegetative 
forms of bacteria, bacterial spores, fungi, bacillus, 
and viruses (US EPA, 2006). It has already been 
widely employed to sterilize pharmaceutical facilities 
(Eylath et al., 2003a; 2003b), sanitize fruits (Jin et al., 
2011), and vegetables (Park and Kang, 2015b), as 
well as to decontaminate several types of enclosed 
spaces, such as hospital rooms (Lowe et al., 2013a; 
2013c), ambulances (Lowe et al., 2013b), biosafety 
laboratories (Wang et al., 2015), and associated de-
vices (Luftman et al., 2008). Moreover, CD gas has 
been approved and is not carcinogenic, teratogenic, or 
mutagenic, and does not corrode stainless steel 
(316SS, 304SS), commonly used polymers or optical 
lenses (Kowalski, 1998; US EPA, 2010). In addition, 
because of its diffusion characteristics, CD gas is 
capable of decontaminating multiple devices with 
complex structures at one time. Therefore, it is very 
likely that CD gas can be applied to HLD of GI  
endoscopes. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Nonetheless, unlike the surfaces which have 
been tested in former studies (US EPA, 2004; Li et al., 
2012), a GI endoscope contains long and narrow 
polytetrafluoroethylene (PTFE) channels. So it is 
important to determine how to disinfect the inner 
surfaces of such channels using CD gas and to  
study the factors that may affect the efficacy of 
disinfection. 

 
 

2  Materials and methods 

2.1  Experimental prototype of a GI endoscope 
disinfector using CD gas 

Fig. 1 presents an experimental prototype that 
was designed and manufactured by our lab. Its main 
component is an air-tight chamber (width×depth× 
height, 500 mm×650 mm×800 mm) that is connected 
to other functional modules. A generator (Wu et al., 
2012) using the gas-solid method produces CD gas  
in situ. An electrical heating humidifier is used to 
adjust the relative humidity (RH). While the CD gas is 
being discharged from the chamber by the exhaust fan, 
it is absorbed by a scrubber and the fresh air supplied 
to the chamber is purified by a high efficiency par-
ticulate air filter (HEPA). Up to eight GI endoscopes 
or testing devices arranged in the chamber can be 
connected to a confluence. A float flowmeter is set 
between the confluence and a circulation pump to 
adjust and monitor the total flow rate (FR) through all 
channels to the GI endoscopes or testing devices.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig. 1  Schematic diagram showing the structure of the experimental set-up 

T: temperature sensor; H: relative humidity sensor; P: differential pressure sensor; HEPA: high efficiency particulate air filter
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Driven by the circulation pump, the gas re-enters the 
chamber after being flushed through the channels of 
the GI endoscopes or testing devices, confluence, 
flowmeter, and circulation pump. A CD gas sensor 
(AF26 sensor and C4000 controller; Optek-Danulat, 
Germany), a differential pressure sensor (DMP331P, 
BD|SENSORS, Germany), and a humidity and tem-
perature sensor (HMD60Y, Vaisala, Finland) are 
configured to monitor the corresponding parameters 
in the chamber in real time. 

2.2  Testing device resembling the internal channel 
of a GI endoscope 

Fig. 2 shows the schematic structure of a testing 
device simulating the internal channel of an endo-
scope. Two 10-cm-long and two 90-cm-long PTFE 
tubes (inner diameter 1 mm) were joined by 
fluorubber tubes and 4-cm-long straight fittings (inner 
diameter 2.4 mm). Three bacterial carriers (BCs) 
were arranged in these three straight fittings to indi-
cate the disinfection efficiencies of CD gas flow in the 
inlet, middle, and outlet sections of the PTFE channel. 
The PTFE tubes, fluorubber tubes, and straight fit-
tings were treated by a degreasing process and were 
autoclaved for sterilization before application. 

2.3  Bacterial preparation and carrier inoculation 

About 2.3×108 colony-forming units (CFUs) per 
milliliter of spore suspension of Bacillus atrophaeus 
(ATCC 9372; China Center of Industrial Culture 
Collection, China) were prepared according to the 
Technical Standard for Disinfection (2002 Edition, 
China). Also, about 4.1×108 CFU/ml of spore sus-
pensions of B. atrophaeus with 0.3% (3 g/L) and 3% 
(0.03 g/ml) organic burden (Bovine Serum Albumin- 
 

 
 
 
 
 
 
 
 
 
 
 
 

Fraction V (BSA-V), Roche, Switzerland) were pre-
pared, respectively. 

The spore suspension (10 µl) with or without 
organic burden was evenly smeared onto each bacte-
rial carrier (PTFE slice, 30 mm by 2 mm) with a pi-
pette. All carriers with the suspension were placed on 
plates in a Class II biological safety cabinet (BSC) for 
1 h to dry before use. The prepared bacterial carriers 
were used within 24 h of inoculation. 

2.4  Disinfection process in the experimental 
prototype 

In this study, three testing devices with bacterial 
carriers were arranged in the chamber and connected 
to the confluence. Three other bacterial carriers, rep-
resenting the outer surface of the GI endoscope, were 
placed in a sterilized plate inside the chamber. Another 
bacterial carrier was retained as a positive control in 
the Class II BSC. The total FR through these three 
testing devices was adjusted by the float flowmeter  
to the set value. One disinfection cycle was subse-
quently conducted in four steps: (1) pre-conditioning, 
turn on the vacuum pump until the relative pressure in 
the chamber reaches −25 kPa; (2) conditioning and 
charging, activate the humidifier and generator until 
the RH and concentration of CD gas reach the 
set-points; (3) disinfection, expose the testing devices 
to CD gas until the set disinfection time has elapsed; 
(4) aeration, remove the CD gas by ventilation and 
absorption. In addition, the sampling and circulation 
pumps are switched on at the beginning of steps (2) 
and (3), respectively, and switched off at the end of 
the cycle. After the disinfection cycle, the testing 
devices were wrapped in sterilized aluminum foil and 
transferred into a Class II BSC. The bacterial carriers  
 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2  Schematic diagram showing the structure of the testing device 
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were taken out one by one for spore extraction. Each 
experiment was carried out three times. 

2.5  Spore extraction and culture 

Each bacterial carrier was transferred into a 
sterile tube with 10 ml of sterilized extraction liquid 
(0.03 mol/L phosphate-buffered saline, 0.85% (8.5 g/L) 
NaCl, 0.1% (1 g/L) Tween-80, 1% (0.01 g/ml) pep-
tone, and 1% (0.01 g/ml) Na2S2O3) and was then 
vortexed for 1 min at a speed of 1000 r/min. Subse-
quently, the extraction liquid was aliquoted in a 
10-fold serial dilution, and then 1 ml of 103 and 104 
dilutions for the control carriers and 1 ml of 100, 101, 
and 102 dilutions for the disinfected carriers were 
spread on nutrient broth agar plates (duplicate plates). 
These plates were incubated for 48 h at 37 °C, and 
then the CFUs were recorded. The disinfection effi-
cacy results are expressed as follows:  

 
log reduction=log(N0/N), 

 
where N0 and N represent the CFUs recovered from 
disinfected and control carriers, respectively. 

2.6  Statistical analysis 

SAS Statistics software (Version 9.1.3, SAS In-
stitute Inc., USA) was used for analysis of variance 
(ANOVA) of the experimental data. P-values of  
less than 0.05 were considered to be statistically  
significant. 

2.7  Autoptic experiment of disinfecting GI endo-
scopes with the experimental prototype 

Verification of the disinfection effect of CD gas 
in real GI endoscopes was performed. Six gastro-
scopes (GIF-Q260, Olympus, Japan) and two colon-
oscopes (CF-Q260AI, Olympus, Japan) were simul-
taneously treated in the experimental prototype  
(Figs. S1 and S2) after clinical operation, pre-cleaning, 
manual cleaning, sampling, and blow-drying. For all 
of the treated endoscopes, the suction cylinder, air/ 
water cylinder, biopsy port, air supply connector, 
water supply connector, and electrical connector were 
sealed with matching accessories, and the suction 
connector and air pipe were connected to the branch 
connectors of the confluence (Fig. S3). Before and 
after disinfection using CD gas, samples were taken 
from the suction cylinder, air/water cylinder, biopsy 

port, and biopsy channel. Ten milliliters of eluent  
(0.03 mol/L phosphate-buffered saline and 1%  
(0.01 g/ml) Na2S2O3) were flushed through the biopsy 
channel using a 10-ml syringe and collected into a 
sterile tube from the distal end of the endoscope. For 
the other three samples, three sterile swabs wetted 
with sterile extraction liquid were used to swab the 
inner walls, and then their heads were cut into three 
tubes with 5 ml of sterile extraction liquid. The tubes 
with samples were vortexed for 1 min at a speed of 
1000 r/min, and then 1 ml of extraction liquid was 
spread on the bacterial count test pieces (duplicate 
pieces, Filmplate™ Aerobic BB202, Oasis Bio- 
chemical Tech., Guangzhou, China). The CFUs were 
recorded after these test pieces were incubated for  
48 h at 37 °C. 

Note that the upper and lower GI endoscopes 
must be disinfected separately in the practical opera-
tion. Putting the gastroscopes and the colonoscopes 
together in the process of the autoptic experiment was 
done to test the disinfection efficiency of CD gas on 
different GI endoscopes with different lengths and 
inner diameter channels. All eight endoscopes treated 
with CD gas were reprocessed according to guidelines 
using an automated endoscope reprocessor (AER; 
DSD-201, Medivator, USA) with OPA to ensure 
clinical safety. 

 
 

3  Results 

3.1  Disinfection efficiencies of CD gas with vari-
ous RHs 

Fig. 3 shows the log reduction of spores on 
bacterial carriers treated with 5.6 mg/L CD gas for  
30 min with an FR of 4.6 L/min and various RHs 
(55%–85%). In general, the disinfection efficiency of 
CD gas for bacterial carriers in the same position 
increased as the RH increased (P<0.05), and the log 
reductions of spores on bacterial carriers in the plates 
inside the chamber were greater than those in the 
testing devices. Also, for the bacterial carriers in each 
testing device, the log reduction of spores on the  
carrier near the inlet side was the largest, while that 
near the outlet was the smallest. When the RH was 
greater than 75%, the spores on the bacterial carriers 
in the plates inside the chamber were completely 
inactivated. 
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3.2  Disinfection efficiencies of CD gas with vari-
ous FRs 

The log reductions of spores on bacterial carriers 
following the 30 min treatment with 5.6 mg/L CD gas, 
75% RH, and various FRs (0.8–4.6 L/min) are shown 
in Fig. 4. As the FR decreased, the inactivation of 
spores on bacterial carriers in the testing devices in-
creased. When treated with an FR of 0.8 L/min, by 
passing about 0.27 L/min through each testing device, 
all of the bacterial carriers, both in the plates and in 
the testing devices, were thoroughly sterilized. 

3.3  Disinfection efficiencies of CD gas at various 
exposure dosages 

Four levels of exposure dosage (CD concentra-
tion multiplied by exposure time, h·mg/L) were 
evaluated (Table 1). 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5 shows the disinfection efficiency of CD 

gas in the inactivation of spores on the bacterial car-
riers with various exposure dosages, 75% RH and  
0.8 L/min FR. Complete inactivation of spores was 
achieved when the exposure dosage was greater than 
2.00 h·mg/L. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5  Log reductions of spores on bacterial carriers in the
plates and testing devices treated by various exposure dos-
ages (1.33–2.80 h·mg/L) with 75% RH and 0.8 L/min FR
BC: bacterial carrier. The means and standard deviations were
from nine replications (three parallel samples per experiment
and three sets of experiments). The means of log reductions with
various exposure dosages are significantly different (P<0.05)

Table 1  CD gas treatment dosages with different 
concentrations and exposure time 

Concentration of CD gas 
(mg/L) 

Exposure time 
(min) 

Exposure dosage
(h·mg/L) 

4.0 20 1.33 

5.6 20 1.87 

4.0 30 2.00 

5.6 30 2.80 

 

Fig. 4   Log reductions of spores on bacterial carriers in the 
plates and testing devices treated by 5.6 mg/L CD gas for
30 min with 75% RH and various FRs (0.8–4.6 L/min) 
The FR is the total value through the three testing devices. BC: 
bacterial carrier. The means and standard deviations were from 
nine replications (three parallel samples per experiment and 
three sets of experiments). The means of the log reductions 
with various FRs are significantly different (P<0.05) 

Fig. 3  Log reductions of spores on bacterial carriers in the 
plates and testing devices treated with 5.6 mg/L CD gas for
30 min with an FR of 4.6 L/min and various RHs (55%–85%)
BC: bacterial carrier. The means and standard deviations were
from nine replications (three parallel samples per experiment
and three sets of experiments). The means of the log reductions
with various RHs are significantly different (P<0.05) 



Yi et al. / J Zhejiang Univ-Sci B (Biomed & Biotechnol)   2016 17(7):526-536 531

3.4  Disinfection efficiency of CD gas on spores 
with or without organic burden 

Bacterial carriers contaminated with spores 
containing 0%, 0.3%, and 3% (1%=0.01 g/ml) BSA 
were treated by CD gas under two experimental con-
ditions (Table 2). 

The results of log reductions of spores shown in 
Fig. 6 indicated that the disinfection efficiency of CD 
gas on spores was greatly weakened by organic bur-
den. Disinfected by CD gas with the same parameters, 
spores without BSA on bacterial carriers were thor-
oughly killed, but spores with 0.3% BSA were killed 
only by 3.2 log reductions. When the concentration of 
CD gas and the RH increased to 8 mg/L and 85%, 
respectively, >6 log reductions of spores with 0.3% 
BSA were obtained. 

3.5  Autoptic experiment of disinfecting GI endo-
scopes with the experimental prototype 

Table 3 shows the results of disinfecting the GI 
endoscopes with CD gas in the experimental prototype. 
After treatment with 5.6 mg/L CD gas for 20 min with 
75% RH and a 2.4 L/min total FR, no viable bacteria 
were detected in the disinfected endoscopes. 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 2  Concentration of BSA and CD gas treatment conditions 

Group 
Concentration of 

BSA (%)* 
Concentration of 
CD gas (mg/L) 

Exposure time 
(min) 

Total flow rate 
(L/min) 

Relative humidity 
(%) 

1 0 5.6 30 0.8 75 
2 0.3 5.6 30 0.8 75 
3 3 5.6 30 0.8 75 
4 0.3 8.0 30 0.8 85 

* 1%=0.01 g/ml 

Table 3  Numbers of colonies counted from each sampling location of the endoscopes before and after disinfection 
using CD gas in the Department of Digestive Endoscopy, General Hospital of Shenyang Military Region, China 

No. 
Type of  

endoscope* 
Serial No. of 
endoscope 

Number of colonies (CFU)** 
A B C D 

BD AD BD AD BD AD BD AD 
1 GIF Q260 2150290 0 0 3 0 0 0 0 0 
2 GIF Q260 2150292 0 0 0 0 68 0 25 0 
3 GIF Q260 2857663 495 0 8 0 333 0 915 0 
4 GIF Q260 2934941 0 0 0 0 0 0 0 0 
5 GIF Q260 2150313 0 0 0 0 0 0 15 0 
6 GIF Q260 2150282 13 0 0 0 0 0 70 0 
7 CF Q260AI 2814087 3 0 25 0 153 0 60 0 
8 CF Q260AI 2930389 43 0 0 0 0 0 105 0 

* All eight endoscopes treated with CD gas were reprocessed according to guidelines using an automated endoscope reprocessor (DSD-201, 
Medivator, USA) with OPA to ensure clinical safety. ** The sampling location of the endoscope: A, suction cylinder; B, air/water cylinder; 
C, biopsy port; D, biopsy channel. BD: before disinfection; AD: after disinfection 

Fig. 6  Log reductions of spores with various concentra-
tions of BSA on bacterial carriers in the plates and testing 
devices treated under two different conditions 
COND1: 5.6 mg/L CD gas for 30 min with 75% RH and 
0.8 L/min FR. COND2: 8.0 mg/L CD gas for 30 min with 85% 
RH and 0.8 L/min FR. BC: bacterial carrier. The means and 
standard deviations were from nine replications (three parallel 
samples per experiment and three sets of experiments). The 
means of log reductions with the different uppercase or low-
ercase letters are significantly different (P<0.05) 
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4  Discussion 
 

The complex structure of GI endoscopes poses a 
challenge for thorough cleaning and HLD (Ribeiro 
and Oliveira, 2012; Ofstead et al., 2015). More seri-
ously, some pathogens including Pseudomonas ae-
ruginosae (Qiu et al., 2015) and M. abscessus (de 
Groote et al., 2014) show resistance to GA and OPA. 
Recently, outbreaks of superbugs in the United States 
and other countries associated with GI endoscopes 
ignited concerns about shifting endoscope repro-
cessing from HLD to sterilization or improving the 
margin of safety (Edmiston and Spencer, 2014; Ru-
tala and Weber, 2014). Extending disinfection time 
may be an effective approach, but it will increase the 
cost of disinfectants, which is a problem for endos-
copy units in developing countries. Another way is to 
develop new endoscope reprocessing technologies. 
CD gas may be a reliable choice. Unlike liquid CD 
solutions, which have been applied to disinfect GI 
endoscopes and have been criticized because of their 
corrosiveness, CD gas has good material compatibil-
ity. In the present study, we designed and tested an 
experimental prototype which used CD gas for dis-
infection of GI endoscopes. An active circulation 
mode using a pump, similar to an AER but different 
from other gas sterilizers, such as low-temperature 
hydrogen peroxide gas plasma (LTHPGP), low- 
temperature steam with formaldehyde (LTSF), and 
ethylene oxide (EtO) sterilizers, was designed to drive 
CD gas through the long and narrow channel to dis-
infect its inner surface and accelerate the removal of 
the residuals after disinfection. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

4.1  Comparison of CD gas method with other 
methods 

If eight GI endoscopes are treated with 5.6 mg/L 
CD gas for 20 min in the experimental prototype,  
a disinfection cycle can be completed within 30 min 
and costs only about 20 CNY for consumable materials 
(2% chlorine gas and technical grade sodium chlorite, 
China). So it costs less than 3 CNY for each endo-
scope, which is much cheaper than using OPA at 
nearly 40 CNY per endoscope (CIDEX OPA). Both 
the CD gas disinfector and EtO gas sterilizer can 
process more endoscopes than AER with liquid 
chemical disinfectant, but the EtO sterilization cycle 
is 10-h long. So EtO is not suitable for the daily dis-
infection of GI endoscopes. A CD gas disinfector has 
advantages of low-cost, large processing capacity, 
and real-time concentration monitoring (Table 4). 

However, it should be noted that the endoscope 
reprocessing using CD gas is different from that using 
a liquid chemical disinfectant, but is similar to that of 
an EtO sterilizer. Using CD gas, the reprocessing 
procedure was designed as follows: pre-cleaning, leak 
testing, manual washing and brushing, rinsing, drying, 
and disinfection of the endoscopes (Fig. 7). After 
manual washing and rinsing, cleaning and rinsing are 
repeated in an AER cycle to remove organic residues 
further. In the CD gas procedure, the manual washing 
and brushing step should be more carefully carried 
out to remove organic residues which can weaken the 
disinfection effect of a gaseous disinfectant. Also, the 
drying step is shifted between rinsing and the disin-
fection cycle to avoid corrosion by the CD solution  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 4  Comparison of different reprocessing methods 

Method 
Maximum 
endoscopes 
per cycle 

Cycle 
time 

(min)*

Cost per 
endoscope

(CNY) 

Level of 
disinfection 

Monitoring of disinfectant 

AER with 2% GA 2 35–45 9 HLD Test by strip every day (replaced 
after 14 d or 40 endoscopes) 

AER with 0.55% OPA 2 20–30 40 HLD Test by strip every day (replaced 
after 14 d or 60 endoscopes) 

EtO sterilizer 5** 600 40 Sterilization Real-time monitoring 

CD gas disinfector in 
this study 

8 30 3/4# HLD Real-time monitoring 

* Cycle time with AER, CD gas disinfector, or sterilizer. ** For 150 L chamber volume. # 3 CNY is for 5.6 mg/L and 4 CNY is for 
 8.0 mg/L CD gas in a 260-L chamber. AER: automated endoscope reprocessor; GA: glutaraldehyde; OPA: ortho-phthaldehyde; EtO: 
ethylene oxide; CD: chlorine dioxide; HLD: high-level disinfection 
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formed from CD gas dissolving in residual water. As 
a result, using CD gas for disinfecting GI endoscopes 
will increase the manual workload in the two steps of 
brushing and drying. 

4.2  Biological indicator organism 

To our knowledge, the spore form of Gram- 
positive bacteria has the greatest resistance to chem-
ical disinfectants among the different types of mi-
croorganisms, including Gram-negative and -positive 
bacteria, mycobacteria, viruses, and fungi. Thus, if a 
gaseous disinfectant is proven to be able to obtain a 
suitable log reduction of spores of Gram-positive 
bacteria, we would like to believe that it is also ef-
fective in deactivating all the other pathogens. As one 
of the most common spore-forming strains belonging 
to Gram-positive bacteria, B. atrophaeus has been 
widely used as a biological indicator for sterilization 
(Sella et al., 2015) and surface decontamination using 
formaldehyde gas, CD gas, and EtO gas. Disinfecting 
a GI endoscope involves decontaminating its inner 
and outer surfaces. Also, according to the Technical 
Standard for Disinfection (2002, China) and Tech-
nical Standard for Disinfection Effect Inspection of 
Automated Endoscope Reprocessor, Trial (2003, 
China), B. atrophaeus spores are required to be the 
biological indicator organism. So B. atrophaeus was 
the only indicator organism used in our study. 
Moreover, former studies have shown that CD gas is 
effective in inactivating various microorganisms in-
cluding Geobacillus stearothermophilus (Luftman 
and Regits, 2008), M. smegmatis (Lowe et al., 2013c), 
Acinetobacter baumannii (Lowe et al., 2013c),  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

methicillin-resistant Staphylococcus aureus (Lowe  
et al., 2013b), Escherichia coli (Mahmoud et al., 
2008; Lowe et al., 2013c), and B. cereus spores in a 
biofilm (Nam et al., 2014). 

4.3  Factors influencing the disinfection efficacy of 
CD gas 

Previously published studies showed that ex-
posure dosage and RH are the main factors influenc-
ing the disinfection efficacy of CD gas (Jeng and 
Woodworth, 1990; Park and Kang, 2015a). We ob-
tained similar results in our study: the log reductions 
of spores became greater with increasing exposure 
dosage or RH. Furthermore, we found that the FR 
through the channel could also strongly impact the 
disinfection efficacy of CD gas when it was used to 
disinfect the long and narrow lumens. The disinfec-
tion efficacy at a low FR was significantly superior to 
that at a high FR. One possible reason for this ob-
servation may be as follows. Because PTFE is a type 
of air-proof hydrophobic material, a spore suspension 
will form a plaque of a certain thickness on the carrier 
when dry. A higher FR could reduce the probability of 
water molecules persisting on the spore plaque, con-
sequently abating the chance of water molecules 
softening the spore wall. As a result, the ability of CD 
molecules to penetrate the spore wall and inactivate 
the spore will be weakened. The decrease in the log 
reduction of spores as the bacteria were carried away 
from the inlet of the testing device may also have 
occurred because of the change in the concentration 
of CD gas and RH while the gas flowed through the 
long and narrow channel. 

Fig. 7  Reprocessing procedures with different methods 
The background shaded steps indicate the main differences among the reprocessing procedures of manual, AER, and CD gas
disinfectors. A: manual reprocessing with a liquid chemical disinfectant; B: AER with a liquid chemical disinfectant; C: repro-
cessing with chlorine dioxide gas. AER: automated endoscope reprocessor; CD: chlorine dioxide 
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The sporicidal efficacy of CD gas was also ad-
versely affected by organic burden. An evaluation of 
decontaminating enclosed space by CD gas (Jia et al., 
2013) involving qualitative experiments indicated 
that both stainless and filter paper coupons contami-
nated by spores of B. subtilis var. niger without BSA 
were sterilized, while more than 66% of all coupons 
with 1% BSA failed, following treatment with 10–3 
(v/v) CD gas for 4 h at 75% RH. Our study showed 
similar results. Under the same disinfection condition, 
if spore suspensions contained 0.3% BSA, the log 
reductions of spores decreased from 6.5 to 3.1. It is 
believed that CD gas primarily inactivates cell mem-
branes but not the DNA of spores (Young and Setlow, 
2003). Organic substances added in the spore sus-
pension may wrap the spores and hinder the penetra-
tion of CD. To enhance the penetration of CD into 
spores and improve the disinfection efficacy of CD 
gas on spores with protection from organic substances, 
effective means may include increasing the concen-
tration of CD gas and the RH of the space. In our study, 
this was proven to be effective. 

When applying CD gas to disinfect GI endo-
scopes, the influence of organic burden must be taken 
into account because contaminated GI endoscopes in 
real-life are commonly loaded with body fluids. 
Although >3.1 log reductions of spores with 0.3% 
BSA can be obtained, which meets the requirements 
of HLD, by using 5.6 mg/L CD gas for 30 min with 
75% RH and 0.8 L/min FR, it is better to consider 
more effective disinfection parameters to enlarge the 
medical safety margin. 

4.4  Limitations of this study 

Based on this paper, further tests should be im-
plemented on the disinfection efficacy of CD gas with 
a testing device composed of multiple channels and 
right-angle turns, which is more similar to a GI en-
doscope. Also, more autoptic experiments, especially 
on the disinfection efficiency of CD gas against 
Clostridium difficile spores and aldehyde-resistant 
mycobacteria, should be carried out in future. 

 
 

5  Conclusions 
 

The experimental results indicated that disin-
fecting GI endoscopes using CD gas could reduce the 
cost of disinfectants while ensuring a high log reduc-

tion of spores. Thus, CD gas may be a feasible choice 
for disinfection of GI endoscopes. Furthermore, this 
study provides information for decontaminating long 
and narrow lumens with gaseous sterilants. 
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中文概要 
 

题 目：应用二氧化氯气体消毒消化内镜的初步研究 

目 的：以大型消化内镜中心控制消化内镜消毒成本的需

求为牵引，评价二氧化氯气体应用于消化内镜消

毒的可行性。 

创新点：首次研究了二氧化氯气体对细长管腔内部的消毒

效果及其影响因素，并以此为基础研究了采用主

动灌流方法的二氧化氯气体消毒消化内镜的原

型机。 

方 法：设计了一种聚四氟乙烯（PTFE）细长管腔实验

装置（长 2 m，内径 1 mm），在其进气端、中

部和出气端分别设置 PTFE 菌片容器。将含有

PTFE 菌片和细长管腔和置于平皿内的 PTFE 菌

片装载于一种消毒实验原型机中，通过主动灌流

使二氧化氯气体流过细长管腔，平皿内的 PTFE

菌片直接曝露于二氧化氯气体中，分别评价二氧 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

化氯气体对 PTFE 细长管腔内壁和外壁的消毒效

果。以萎缩芽孢杆菌为指示微生物，评价二氧化

氯剂量（浓度与时间的乘积）、相对湿度、流过

细长管腔的流量及有机干扰物对消毒效果的影

响。同时使用实验原型机对 8 条消化内镜进行了

实效验证实验。 

结 论：实验结果表明，除了相对湿度、二氧化氯剂量和

有机干扰物都显著影响二氧化氯气体的消毒效

果外（图 3、5 和 6），随着经过细长管腔流量的

增大，二氧化氯气体对细长管腔内部的芽孢杀灭

对数值有减小的趋势（图 4）。按照本文设计的

流程，应用实验原型机对 8 条消化内镜消毒后，

未检出存活的微生物。应用二氧化氯气体消毒消

化内镜时，其每条内镜的消毒剂成本小于 3 元人

民币。 

关键词：二氧化氯；气体消毒剂；消化内镜；细长管腔；

萎缩芽孢杆菌 


