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Abstract

 The authors evaluated vaporized hydrogen peroxide as an 
alternative to formaldehyde for space biodecontamination in a 
containment level 3 laboratory suite. The laboratory air pres-
sure during the biodecontamination process was maintained at 
a slightly negative pressure. This was done as a preventive 
measure to ensure that hazardous vaporized hydrogen perox-
ide would not escape during the process. Parameters such as 
temperature, relative humidity, vaporized hydrogen peroxide 
concentration, and pressure within the laboratory suite were 
monitored during the biodecontamination. The success of the 
decontamination process was validated using spores of G. 
stearothermophilus, the most resistant microorganism to va-
porized hydrogen peroxide (Kokubo et al., 1998; Meszaros, 
2005; Rickloff & Orelski, 1989). This research demonstrates 
the usefulness of vaporized hydrogen peroxide as a space 
biodecontaminant. 

Introduction 

 The Canadian Science Centre for Human and Ani-
mal Health houses 16 animal cubicles, five containment 
level 3 (CL3) suites, and seven CL4 suites, each contain-
ing individual laboratories. Since its opening in 1997, 
formaldehyde gas has been used to decontaminate the 
high-containment laboratories, animal cubicles, and bio-
safety cabinets. This process has often been slow, disrup-
tive, and difficult to standardize (Krause et al., 2001; 
Spiner & Hoffmann, 1971). Additionally, formaldehyde 
gas upon neutralization polymerizes to paraformaldehyde 
and settles on the surfaces, warranting thorough postde-
contamination clean-up. Porous materials such as wood, 
paper, and clothing absorb, retain, and release formalde-
hyde gas over time (Braswell et al., 1970). In addition to 
being a health hazard (Cogliano et al., 2004; Lancet, 1983; 
Rutala, 1990, 1996), a mixture of formaldehyde gas or 
paraformaldehyde dust in air has the potential to explode 
(WHO, 1994a; WHO, 1994b). Therefore, the authors 
have been exploring safer and automated alternative tech-

nologies for space decontamination. 
 Vaporized hydrogen peroxide (VHP)-based biodecon-
tamination technology was developed in the 1980s and 
commercialized in the early 1990s (Graham & Rickloff, 
1992; Heckert et al., 1997a; Rickloff & Graham, 1989). 
This technology has since been gaining popularity, now 
used for the decontamination of clean rooms, animal 
rooms, ambulances, large volume filling rooms, and hos-
pital wards contaminated with antibiotic-resistant bacteria 
(French et al., 2004; Jahnke & Gerhard, 1997; Krause et 
al., 2001; Malmborg, 2001; Mitchell, 2005). VHP is 
known to be a powerful oxidizer and it inactivates viruses, 
fungi, bacteria, bacterial spores, nematode eggs, and even 
prions (Fichet et al., 2004; Heckert et al., 1997b; Kokubo 
et al., 1998; Krause & Riedesel, 2004; Meszaros, 2005). 
The VHP process is rapid, dry, mobile, compatible with 
electronics, and effective at low concentrations and tem-
peratures. Unlike formaldehyde, VHP produces nontoxic 
by-products (water and oxygen) and, therefore, is ecologi-
cally safer and requires no postprocess neutralization and 
cleaning. However, a VHP concentration of over 75ppm 
is considered an immediate risk to human health; 
the accepted personal exposure level is under 1ppm 
(American Industrial Hygiene Association, 1957; Na-
tional Institute for Occupational Safety and Health, 
1996). In this study the authors have evaluated VHP bio-
decontamination in one CL3 laboratory suite. To address 
the safety concern, they maintained the laboratory suite at 
a slightly negative pressure to prevent VHP from escaping 
to the neighboring areas. Biological and chemical indica-
tors were placed within the lab to assess the success of the 
VHP decontamination processes. 

Materials and Methods 

Laboratory Suite 
 The laboratory suite was built as a CL3 lab and has 
adjacent dirty change, shower-out, and clean change 
rooms. It had a volume of 3,000 cubic feet and contained 
biosafety cabinets (Class II Type A2 & Class III), incuba-
tors, refrigerator, freezer, centrifuge, telephone, fax ma-
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chine, computer, security camera, microscope, and other 
routine laboratory equipment. The laboratory was sup-
plied with conditioned air and exhausted through double 
HEPA filters directly to the outside. 

Preparation for Biodecontamination 
 For thorough circulation of VHP within the lab-
space, six oscillating fans were positioned inside the labo-
ratory suite (Figure 1). Their locations and directions of 
oscillation were determined by a smoke test using Drager 
air current tubes. Additionally, the Class II BSC was left 
running to further enhance VHP distribution. To decon-
taminate the dirty change and shower-out rooms, the 
doors between the laboratory and dirty change room, and 
between the dirty change and shower-out rooms were 
held open. All the electronics and laboratory equipment 
were left in-situ to determine their compatibility to VHP. 
The VHP generator (STERIS® VHP 1000ED) was situ-
ated in the mechanical space above the laboratory. VHP 
was piped-in and the return air piped-out of the lab using 
two 1-1/2-inch stainless steel pipe penetrations in the 
concrete floor slab. 

Biodecontamination Program Cycle 
 The following parameters were programmed into the 
VHP generator: Dehumidification to 30% relative humidity 
(30 minutes), Conditioning sterilant injection rate 11g of 
35% H2O2/min (20 minutes), Decontamination injection 
rate 8g H2O2/min (90 minutes), Aeration 60 minutes and 
the Flow rate was set at 20cfm (STERIS, 2002). 

Safety Assurance 
 The laboratory suite was not completely airtight. To 
prevent hazardous levels of VHP from leaking out, the lab 
pressure was set at approximately minus 10 Pascals. This 
was accomplished by shutting down the HVAC system 
and opening a manual bioseal damper on the laboratory’s 
exhaust duct to vent out a small volume of airflow. Dur-
ing the process, air was sampled in the neighboring labs, 
rooms, and the penthouse mechanical space for the pres-
ence of VHP using Dräger H2O2  detection tubes capable 
of measuring as low as 0.1 ppm VHP (Drager Safety, 
2005). No VHP was detected. On the following day, the 
HVAC system was started to aerate the lab and to de-
crease the VHP concentration to safe levels. To determine 
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Figure 1 
Laboratory suite set up for VHP decontamination. The laboratory suite is approximately 

3000 cubic feet in volume. Thin arrows indicate fans’ directions of oscillation and the 
star represents the location of the VHP sensor suspended from the ceiling. 
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the concentration of residual VHP inside the lab, exhaust 
duct air was sampled using Dräger H2O2 tubes. After 
about 24 hours of HVAC-assisted aeration, the VHP con-
centration fell below 0.3ppm, which is well below the 
personal exposure level. Therefore, normal access to the 
lab was permitted for the retrieval of biological and 
chemical indicators. 

Process Control and Monitoring 
 An ATI series B12 two-wire gas transmitter fitted 
with an H2O2 electrochemical sensor (0-2000ppm) was 
suspended from the ceiling in the middle of the labora-
tory to monitor real-time VHP concentration. A second 
VHP sensor was mounted in the exhaust duct to deter-
mine the amount of VHP being lost during the decon-
tamination process and the post process residual VHP 
concentration. The lab pressure during the process was 
monitored using a digital manometer (ATE-100, Ashcroft 
Instruments Canada Inc. Mississauga, Ontario). The data 
from these monitors were logged using OM-CP process 
input data loggers (±25mA) (OM-CP-PROCESS110-
25MA, Omega Technologies, Laval, Quebec). The tem-
perature and relative humidity in the lab were also moni-
tored and logged (OM-CP RFRHTEMP101A, Omega 
Technologies). VHP chemical indicators (NB305, Steris®,
Mentor, Ohio) were placed at different locations (N=50) 
in the lab to visualize the extent of VHP distribution. 

Sterility Validation 
To validate the process’ extent and efficiency of 

microbial sterilization within the lab-space, biological in-

dicator pouches containing >106 spores of Geobacillus 
stearothermophilus dried on stainless steel metal discs 
sealed in Tyvek pouches (Apex Laboratories, Inc. Apex, 
NC) were placed, in pairs with chemical indicators, at 
different locations (ceilings, walls, floors, corners, and 
behind, under, and inside of cabinets and various equip-
ment) within the laboratory suite (N=50). Three batches 
of the biological indicators were used and their lot num-
bers and D values were H1535 (1.6 min), H0635 (1.6 
min), and H0035 (1.4 min). Upon completion of the 
biodecontamination program, the pouches were retrieved 
and opened and the discs were transferred aseptically into 
Tryptic Soy Broth and incubated at 56ºC. An unexposed 
biological indicator was also included as a positive growth 
control. The cultures were observed for bacterial growth 
for up to 7 days. All cultures remained negative for 
growth except for the positive control, which became 
positive after overnight incubation. 

Results and Discussion 

 The authors believe that this study is the first pub-
lished work describing the VHP-based biodecontamina-
tion of a laboratory suite under negative pressure while 
the rest of the building was occupied. VHP has been in 
use as an alternative to formaldehyde for space biodecon-
tamination. Following the post 9/11 anthrax letter cam-
paign in the United States, the State Department mail-
processing facility SA32 (1.4 million cubic feet of volume) 
was decontaminated with VHP (National Homeland Se-
curity Research Center, 2005). The mail-processing facil-
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Figure 2 
Laboratory’s negative pressure. The laboratory suite was kept at about minus 10 Pascals to prevent VHP from leaking 
out into the surrounding area. This was monitored and maintained throughout the VHP decontamination process. 
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ity was kept at negative pressure during the decontamina-
tion to prevent VHP from escaping into the surround-
ings. However, this was done only after complete evacua-
tion of the facility. An average of minus 11.28 Pascals 
of negative pressure (Figure 2) was maintained through-
out the decontamination process by venting out 2.97 
(average) cubic feet of air per minute from the lab (Figure 
3). By doing so, it was anticipated that a significant 
amount of VHP would be lost via the exhaust air. How-
ever, VHP was not detected in the exhaust duct until 6 
hours after the end of H2O2 injection. Possible explana-
tions for this lag in detection of VHP by the sensor 
mounted on the exhaust duct include the following: 
1. The volume of air preexisting in the exhaust duct 
(about 60 cubic feet) had to be vented out at a rate of 
2.97 cubic feet per minute before the VHP-containing air 
reaches the sensor. 
2. The sensor was placed upstream to two 24 X 24 
HEPA filters and they are known to absorb and retain 
VHP (Jones et al., 2004). 
3. The galvanized metal exhaust ductwork is capable of 
decomposing H2O2 into water and oxygen and thus di-
minishing small quantities of VHP from reaching the 
sensor.
 Spores of G. stearothermophilus have been identified as 
the hardiest bacterial spores to VHP inactivation (Kokubo 
et al., 1998; Meszaros, 2005; Rickloff & Orelski, 1989). 
Therefore, we have chosen to validate our biodecontami-
nation processes using G. stearothermophilus spore-discs as 
biological indicators. Furthermore, the biological indica-
tors were strategically placed on locations (behind, under, 
and inside cabinets and equipment) that are harder for 

the VHP to reach. The peak VHP concentration meas-
ured at the central location of the laboratory suite was 
517ppm (Figure 4), slightly higher than the concentration 
reported in a recent hospital ward decontamination study 
(French et al., 2004). However, cultures of all the biologi-
cal indicators failed to grow upon incubation up to a 
week indicating the thoroughness of microbial decon-
tamination achieved within the laboratory suite (data not 
shown). This was not surprising because a VHP concen-
tration of less than 100 ppm was shown to be cidal to G. 
stearothermophilus spores (National Homeland Security 
Research Center, 2005). The authors were unable to do 
total colony counts of the environmental microbes before 
and after the decontamination processes because the labo-
ratory was supplied with nonsterile un-HEPA-filtered air. 
 The authors were able to visualize most of the chemi-
cal indicators placed within the laboratory in real-time 
using the security camera. A few minutes after the steri-
lant injection, these underwent a color change from blue 
to beige indicating their contact with VHP. All 50 chemi-
cal indicators retrieved at the end underwent color 
changes indicating that VHP reached virtually everywhere 
within the laboratory suite. 
 The VHP concentration in the laboratory continued 
rising until the beginning of the aeration phase; then it 
started to decline slowly. The longest phase of the exercise 
was the postprocess aeration. It took over 24 hours of 
HVAC-assisted aeration for the VHP concentration to 
fall below 1ppm, the permissible personal exposure limit, 
whereas the actual decontamination program cycle re-
quired only 3 hours and 20 minutes. The design of the 
laboratory suite with its exhaust air vented out directly 

J. Krishnan, et al. 

Figure 3 
Exhaust air flow. A slight flow of air from the lab was exhausted to maintain negative pressure 

in the laboratory suite. This was monitored throughout the VHP decontamination process. 
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Figure 4 
VHP concentration recorded in the lab (thin line) and in the exhaust duct 

(thick line). Note that the actual decontamination program cycle lasted only 200 
minutes (boxed) and no VHP was detected in the exhaust air during this period. 

Figure 5 
Temperature and relative humidity recorded in the lab. The temperature (thin line) rose from 21.3°C to 24.5°C by 
the end of the aeration phase whereas the relative humidity  (thick line) fell from the initial 47% to 36.5% during the 
dehumidification phase, rebound back to 39.5% by the end of decontamination phase before falling further to 32%. 
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facilitated the aeration and removal of residual VHP from 
the laboratory. All the equipment and electronics in the 
laboratory remained fully functional after the biodecon-
tamination processes (N=5). 
 Relative humidity directly affects the condensation of 
VHP; therefore, it was important to reduce the relative 
humidity to approximately 40% to prevent the VHP from 
condensing to liquid H2O2, which would otherwise lead 
to a wet decontamination process. Even though relative 
humidity was programmed at 30%, the authors were able 
to achieve only 36.5% from the initial 47% by the end of 
the dehumidification phase. This is not unusual when 
dehumidifying such a large volume. During the condi-
tioning phase, the relative humidity started to increase 
and peaked at 39.5% by the end of the decontamination 
phase and further fell to 32% by the end of the aeration 
phase (Figure 5). The initial temperature in the lab was 
21.3°C, which continued rising throughout the program 
cycle and peaked at 24.5°C by the end of the aeration 
phase (Figure 5). Even though the temperature was not 
controlled, the above-noted range of temperatures proves 
that the VHP-based biodecontamination can be per-
formed under ambient conditions. 

Conclusion 

 VHP can be used safely to biodecontaminate a labo-
ratory under negative pressure. The negative pressure 
virtually isolated the lab from the rest of the facility which 
was occupied by hundreds of people without interrup-
tion. The VHP-based biodecontamination was auditable, 
reproducible, and compatible with a variety of routine 
laboratory equipment and electronics. The decontamina-
tion process was fast, just over 3 hours, but the postproc-
ess aeration required more than 24 hours. In conclusion, 
this study shows that VHP is an effective alternative to 
formaldehyde for volume decontamination. 
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Fact Sheets on Terrorist Attacks 

 The U.S. National Academies of Science has prepared fact sheets to provide reporters with reliable information on 
biological, chemical, nuclear, and radiological attacks. This effort was a collaboration with the U.S. Department of 
Homeland Security, and the Radio and Television News Directors Foundation. ABSA members may find the 
information useful in educational efforts on emergency planning. 
 The fact sheets can be found at www.nae.edu/factsheets. 
Biological Attack (pdf file, 277 KB)—Where do biological agents originate? What’s the difference between “infectious” 
and “contagious”? How long after exposure will symptoms appear? 
Chemical Attack (pdf file, 72 KB)—What are the different origins of toxic chemicals that could be used? How do 
chemical toxicities vary? What are the practical steps to take if there’s a chemical release? 
Radiological Attack (pdf file, 68 KB)—What are radiological dispersal devices, a.k.a. “dirty bombs”? How are they 
different from nuclear bombs? What are their physical and psychological health effects? 
Nuclear Attack (pdf file, 192 KB) NEW!—What is radioactive fallout, and how is it dangerous? What are the short-term 
and long-term effects of radiation exposure? What is the likely size of a nuclear explosion from an attack by terrorists? 
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