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Understanding the deactivation capabilities 
of Hydrogen Peroxide: Bacillus atropheaus vs 
Geobacillus stearothermophilus

Lethality kinetics study over the two most important spore-
formers within the Life Science industry



A  B  S  T  R  A  C  T
This article analyzes the hydrogen peroxide deactivation kinetics of representative bioburden in 
the pharmaceutical, healthcare and food industries, as well as the role of microbial and process 
variables, such as, type of microorganism (Geobacillus stearothermophilus or Bacillus atrophaeus), 
temperature, or particle distribution impact over the deactivation process. In addition, the effect 
of the use of an atomized hydrogen peroxide technology for surface decontamination against 
the two spore formers microorganisms is also explored.

1.- Introduction and objectives

Without a thorough understanding of the 
microbial inactivation mechanisms which occur 
when hydrogen peroxide is applied, it would be 
impossible to predict the microbiocidal effectivity 
of the hydrogen peroxide technology. The perfect 
microbiocidal prediction model should ensure, 
with a probability of 1 in 1,000,000, that all 
potential biological contamination is inactivated 
(when sterility is the target, obviously). 

However, the biological and experimental 
variability makes it almost impossible to get 
a coefficient of determination (R2) with this 
magnitude (0.999999) in a prediction model 
(Halvorson and Ziegler, 1933). The objective of 
the present study is to reduce as much as possible 
the different uncertainties associated with the 
ongoing microbiological processes. 

The first variable encountered when analysing 
the system from the microbiology perspective is 
the quantitative and qualitative variability of the 
microbial contamination on the surfaces and the 
environment. Also, the sensibility to the hydrogen 
peroxide might differ between microbial groups. 

Some microorganisms with high resistance to one 
biocide method could be easily decontaminated 
by other methods (Møretrø et al., 2019; Raguse 
et al., 2016; Sandle, 2013). Therefore, choosing 
the proper microorganism and clearly evaluating 
its inactivation kinetics is crucial for obtaining the 
best prediction model. There are published papers 
referring to the kinetic understanding but focused 
on HPV and VHP processes where the gas phase 
is the principal player in the inactivation process 
(Ali et al., 2016; Linley et al., 2012; Møretrø et al., 
2019; Unger-Bimczok et al., 2008).

In the technology subject of this study, the 
Geobacillus stearothermophilus spore is the 
reference. This reference will be compared with 

the Bacillus atrophaeus, as there are inconclusive 
published experiments about its resistance versus 
the current reference. Pottage et al. (2012b) 
compared both spores observing how the 
first was more resistant than the second one. 
However, Pruß, K. et al. (2012), proved that 
the most resistant spore against this technology 
would be the second. 

Therefore, the importance of this investigation 
relies on the use of an atomized hydrogen 
peroxide technology (in particular the Azbil 
Telstar Technology SLU technology, ionHP+) 
for surface decontamination against two spore 
formers microorganisms.

2.- Material and method 

2.1 Process engineering

A specific prototype was built. Figure 1 represents 
the main parts of the system. The dimensions 
of the isolator results in a 0.6 m3 volume to be 
decontaminated: 

Circulating fans to ensure faster aeration after 
the exposition time were incorporated into the 
system. A pressure sensor to control the relieving 
pressure and a relief valve at the bottom of the 
volume was installed. This way a control of the 
airflow streamlines was achieved. A specifically 
designed port was manufactured to allow a safe 
extraction of the bioindicators while performing 
the decontamination cycle (Figure 1a). 

A temperature and RH monitoring sensor (Sensor 
Push, New York, USA) was included in the 
system (Figure 1c). A recipe control throughout 
a Programmable Logic Controller (PLC) and 
Human Machine Interface (HMI) was installed. 
To measure the hydrogen peroxide in the gas 
phase the same sensor Polytron 7000 (Dräger) 
was used. However, in this case, it was placed in 
the middle of the volume (Figure 1b). 
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Models and brands of some pieces of equipment 
have not been disclosed due to confidential 
terms.

Figure 1 Extraction port a), Hydrogen Peroxide sensors b) 
and Temperature and Relative humidity sensor c)

The process recipe was constant with specifically 
designed setpoints: not disclosed. Thus, no 
particle variation nor distribution disposition was 
expected, leaving all the process parameters 
constant in all the microbiological tests.

2.2 Inactivation evaluation Microbiological 
analyses

For this study, the position of the bioindicators 
was specially selected to ensure total contact 
of the particles. According to a previously 
performed CFD study, the floor quadrants were 
the ones more likely to receive bigger particles. 
Even if the generated particles were below 6 
μm, coalescence and nucleation processes 
(Spiegelman and Alvarez, 2015) would make the 
particles fall in the floor quadrant by the gravity 
effect and contacting the bioindicators (Figure 2). 

Figure 2 Bioindicators position in the isolator/cabin

The bioindicators were manufactured following 
the next steps:

Isolation, purification, and spore-producing

Purification of microorganisms of commercial 
BIs was performed as follows. Coupons of G. 
stearothermophilus and B. atrophaeus were placed 
in tubes of Trypticase Soy Broth (TSB, Oxoid) for 24 
h at 55 ºC and 30ºC, respectively. Afterwards, the 
strains were streaked in petri plates of Trypticase 
Soy Agar (TSA, Oxoid, United Kingdom) and 
incubated in similar conditions. During incubation 
at their respective temperatures, the plates were 
placed inside a container with a flask with water, 
to minimize dehydration of the agar. Isolated and 
purified colonies were streaked in a TSA slant 
tube and then stored at 4ºC till the moment of 
use.

Then, the spores were produced following the 
method of Wells-Bennik et al. (2019) with some 
modifications. Strains were inoculated in 10 mL 
of Tryptone Yeast Broth (TYB) containing 10 g/L 
of tryptone (Oxoid), 5 g/L of yeast extract (Oxoid) 
BD), and 5 g/L NaCl (Panreac, Castellar del Vallés, 
Spain). The incubation was performed for 24 h at 
55 °C or 30 ºC, depending on the strain. 

After that, 2 mL of this culture were added to various 
Roux culture bottles with TSA supplemented with 
0.13 mM MnSO4, 1 mM MgSO4, 1 mM CaCl2 
and 13 mM KCl (Panreac), and the pH was 
adjusted to 7. Roux flasks were incubated at 55ºC 
and 30ºC for the corresponding microorganisms 
for 7 days. After 7 days of incubation, spores 
were harvested by adding approximately 10 mL 
of cold sterile water to the surface of each Roux 
flask. Spore suspensions of three Roux flasks were 
pooled and washed four times in cold sterile 
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water by centrifugation at 7500 g for 10 min 
in an Eppendorf 5804R Centrifuge (Eppendorf, 
Hamburg, Germany). Sediment was resuspended 
with 15 mL of water.  In order to eliminate the 
remaining vegetative forms, thermal treatment 
of 75 ºC for 30 min was applied. The spore’s 
suspension was stored at 4ºC until use.

Preparation of bioindicators

All tests executed with own-manufactured 
bioindicators used stainless steel AISI316 
coupons, 2B grade, 1 cm diameter, and 1 mm 
thickness. Discs were prepared according to the 
protocol described by Chen et al. (2015) with 
minor modifications. 

Before use, discs were washed by a 12 h 
immersion in 1000 mL of an aqueous 10% 
detergent concentrate solution (ADIS, Madrid, 
Spain) and rinsed three times by a 10 min 
immersion in 1000 mL of sterile distilled water at 
21 °C. The washed stainless-steel coupons were 
dried at a temperature of 55-60 ºC, and an area of 
0.6 cm in diameter was encircled by a permanent 
marker. Finally, all discs were sterilized in a vapor 
autoclave at 121ºC for 15 min. 

An inoculum of 40 μL of spore suspension (6-7 
log CFU/ml) of G. stearothermophilus or B. 
atropheaus was deposited within the marked area 
of the stainless-steel coupon and were dried for 1 
h in a safety hood (Telstar, Terrassa, Spain), until 
they were visibly dry. Discs were stored at 4ºC 
until use.

Treatments and determination of the achieved 
inactivation 

Bioindicators were removed from the isolator 
and placed in a 5 mL solution of Dey-Engley 
neutralizing broth (DENB, Sigma-Aldrich. St Louis, 
USA) in a 50 mL tube with 3 g of sterile glass beads 
of 2 mm diameter (Vidra Foc, Barcelona, Spain). 
Then, to promote the recovery of spores adhered 
to the surface, the tubes were placed in a Branson 
2510 ultrasonic bath (Danbury, USA) with a 
frequency of 40 kHz for 5 min. Subsequently, they 
were vortexed for 2 minutes. A series of decimal 
dilutions were done in Phosphate Buffered Saline 
(PBS) solution (Lonza Accugene, Rockland ME, 
USA) and were plated in TSA using an Eddy jet 
spiral plater (IUL Instruments, Barcelona, Spain). 

Low microbial counts were enumerated by 
the pour plate method in 1mL of sample or 
bioindicator. Incubation was done at 55 ºC and 
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30 ºC for the Geobacillus stearothermophilus and 
Bacillus atropheaus, respectively. Finally, plates 
were counted manually or in an automated 
IUL Flash and Go colony counter (IUL micro, 
Barcelona, Spain).

Chen et al. (2015) suggested that this method 
for recovering the microorganisms from the 
bioindicators in these surfaces became a key 
step towards a good characterization of the 
inactivation study. For this reason, an assay of 
repeatability was performed previously on the 
recovery, considering the initial concentration 
of spores stated in the commercial biological 
indicator’s datasheet as a control. The average 
recovery was 94.1%, with an acceptable standard 
deviation (2%) (data not shown). 

The method used to calculate the inactivation 
kinetics of the ionHP+ technology was based 
on the survivor curve method. The calculation 
considered the difference between the logarithm 
of the initial count (without treatment) and the 
final count (after treatment), using the equation 1: 

Equation 1 Lethality calculation

Where N0 is the initial count expressed as spores 
or CFU/bioindicator and Nf the count obtained 
after the application of the atomized hydrogen 
peroxide treatments.

Data analysis and modelling

Seven experiments for Geobacillus 
stearothermophilus and Bacillus atrophaeus were 
performed. A set of 12 points in time was planned, 
between 0 a 45 min. 

The 4D value, representing the time to achieve a 
4-log reduction, was used as the main parameter 
to assess the resistance of each microorganism. 
The 4D value is appliable both to logarithmic-
linear and non-log-linear inactivation models 
(Buchanan et al., 1993).

The GInaFIT computer tool (Geeraerd et al., 2005) 
was used to determine the bacterial inactivation 
curve and 4D value. In relation to the goodness-
of-fit value of the models used, an often-used 
criterion for judging whether or not a model 
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fits well, is the coefficient of determination (R2), 
which is the ratio of the sum of squares due to 
regression to that of the total sum of squares of 
the response variable around its mean. Similarly, 
another goodness-of-fit value, is the adjusted R2 
(R2

adj), which is based upon the variances (i.e., 
the mean squares) rather than upon the sum 
of squares. The R2

adj attempts to penalize the 
inclusion of redundant parameters. 

However, the use of either of these values, alone, for 
non-linear regression is sometimes inappropriate, 
usually leading to a rather overoptimistic view of 
the success of the modelling process (Ratkowsky, 
2004; Geeraerd et al., 2005). Therefore, more 
suitable goodness-of-fit measures of non-linear 
models have been used, concretely the Root 
Mean Squared Error (RMSE) that is defined as a 
measure of the discrepancy between observed 
and predicted values. 

A low RMSE value means better adequacy of the 
model to describe data (Pérez-Rodríguez and 
Valero, 2013; Ross, 1996).

The prediction bands of the graphs, the standard 
error (SE), and the confidence intervals (CI) of the 
different parameters and statistical measures were 
obtained using the GraphPad Prism computer 
tool (GraphPad Software Inc., San Diego, CA, 
USA). 

3.- Results

Physic-Chemical parameters

During all treatments, similar trends were observed 
in the physical-chemical parameters. Figure 3 
represents the model of the most common values 
of each critical physical-chemical variable during 
all the process steps: (a) injection, (b) dwell time 
and (c) aeration.

The temperature did not vary much during the 
cycle itself and not even in between cycles. In 
this case (Figure 65), the temperature was 21.18 
± 0.13 ºC, and the variation between cycles was 
± 2.44 ºC. 

The slight decrease observed in temperature at 
the beginning of the cycle, just after injection, 
was related to the initial evaporation, which is 
an endothermic process and tends to decrease 
the environmental temperature. Then, when 
saturation was reached, and condensation started, 
the temperature slightly rose again.

Figure 3 ppm level, RH (%) and Temperature model 
representation. a) Injection phase, b) Dwell time, c) Start of 

aeration, d) End of aeration 

The differences in concentration of hydrogen 
peroxide gas (ppm level) were evident between 
the different phases of the cycle. At the beginning 
of the injection and till equilibrium is reached, the 
ppm level got values of 120-130 ppm. 

Later during the dwell phase, the concentration 
decreased as the hydrogen peroxide started 
decomposing in contact with metals  (Salem et 
al., 2000). The mean value during dwell time was 
92.5 ± 13.94 ppm. An interesting effect appeared 
when the aeration started. The atmosphere was 
renewed with fresh air, and the equilibrium was 
broken. 

Part of the condensed hydrogen peroxide 
evaporated, and the gas phase of hydrogen 
peroxide, even if no more injection was done, 
reached similar levels than during injection (Figure 
3c). The aeration was a long process, with more 
than a 30 min cycle to reach a value below 1 ppm 
(safe hydrogen peroxide gas level). 

The absorption of the hydrogen peroxide into the 
materials within the isolator, and the evaporation, 
made that once all hydrogen peroxide in the gas 
phase was removed, the limiting step was not 
related to the exhaust or renewal of air, but with 
the internal diffusion of hydrogen peroxide within 
the different materials (Radl et al., 2011). 

The relative humidity increases with the injection of 
the hydrogen peroxide solution. The F66-SR (Jose 
Collado S.A.) is a water-based solution, with more 
than 80% of water content, so water is nebulized 
into the system. Evaporation takes place, and as 
the relative humidity is not controlled during the 
exposition time, the air is saturated with both 
molecules, water, and hydrogen peroxide. The 
RH reaches 89.4% ± 2.27 during exposition.



was 21.60 min. Both models showed a clear 
dependence on the exposure time, with a steeper 
reduction (higher Kmax in the Log-linear model 
(Table 14)) in the pharmaceutical reference (G. 
stearothermophilus) than in B. atropheaus.

Figure 4 a) Inactivation model of B. atropheaus (Log-Linear) 
and b) G. Stearothermophilus (Weibull) during a hydrogen 
peroxide atomization process. The dotted lines show the 

prediction intervals.

A statistical summary of the model fitting is shown 
in Table 1, including the 4D estimated value, 
standard deviation and 95 % confidence intervals 
(CI) of four model parameters fit. The and p 
values in the Marfart model could be interpreted 
as the time required for the first log-reduction by 
the action of the atomized hydrogen peroxide, 
and the shape factor of the Weibull distribution, 
respectively. These parameters delivered results 
worthy of highlighting. As Cerf (1977) mentions, 
the bacterial resistance cannot only be observed 
from the linearity perspective but also considering 
concave or convex forms that enhance the fitness 
of the model towards reality. As reflected in Table 
14, the    value is higher in G. stearothermophilus 
than the B. atropheaus due to the greater 
resistance shown in the first minutes of the 
exposition. In addition, as can be observed, the 
p value showed certain convexity (p>1) in the G. 
stearothemophilus spore; however, after that, the 
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Microbial inactivation

The injection step, even if not specifically designed 
for microbial inactivation, already showed an 
effect in the lethality process. Therefore, for 
modelling the microbicidal effect of hydrogen 
peroxide, time 0 min was considered as the 
beginning of the injection (not the beginning of 
the exposure time or as previously named, dwell 
time). 

Lethality and inactivation modelling of 
spore formers bacteria

The inactivation models with a better fit for both 
spore formers were adjusted to a Weibull and 
a Log-linear models, proposed by Marfart et al. 
(2002) and Bigelow and Esty (1920), respectively 
(Figure 4 and Table 1). A description of the 
mentioned models is shown in Equations 2 and 3. 

Equation 22 Log-linear or Bigelow Model (Bigelow and Etsy, 
1920)

Equation 23 Weibull or Marfart Model (Mafart et al., 2002)

Where N0 refers to the initial population, the Kmax 
parameter refers to the inactivation constant of 
the linear model,    refer to the time to achieve 
the first log-reduction, p to the shape of the 
inactivation curve and t the time of treatment.

Bacillus atrophaeus showed significantly higher 
resistance against atomized hydrogen peroxide 
than the other tested microorganisms. Figure 4 
represents both spore formers inactivation curves 
with the best fit statistical parameters for B. 
atropheaus (log-linear) and G. stearothermophilus 
(Weibull).

While for the complete inactivation of the G. 
stearothermophilus no more than 30 min were 
necessary, the B. atrophaeus spore required 
more than 40 min of exposure. Consequently, 
the estimated 4D value of B. atropheaus was 
24.75 min and the one for G. stearothermophilus 
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remaining cells are more affected (Martinus and 
Van Boekel, 2002) by the action of the atomized 
hydrogen peroxide, showing a higher inactivation 
constant (Kmax) than the B. atropheaus.  In addition, 
both the confident intervals (CI) and the adjusted 
coefficient of determination (R2adjusted) showed 
that the G. stearothemophilus spore results were 
more unpredictable than the ones from the B. 
atropheaus. The higher CI and lower R2adjusted with 
a smaller analyzed data population showed that 
G. stearothemophilus behaved differently against 
the atomized hydrogen peroxide technology. 
Other factors not considered in this investigation 
might affect the prediction model.

Table 1 Statistical indexes and parameter estimation 
(mean, standard deviations and 95% confidence intervals) 
of the inactivation model used for B. atropheaus and G. 
stearothermophilus during the atomization technology 
ionHP+

N0: the initial population, Kmax: inactivation constant of the 
linear model,     : time to achieve the first Log-reduction, 
p: the shape of the inactivation curve, 4D:  time to achieve 
a 4-log reduction, RMSE: Root Mean Squared Error.SE: 
standard error; 95 % CI: 95% confidence interval 

4.- Discussion and conclusions

Historically, the hydrogen peroxide technology 
has been associated to vapor processes (VHP from 
American Amsco patented technology), where 
no condensing phase is promoted, nor a true gas 
is obtained. The reference microorganism of heat 
(water vapor) sterilization processes, Geobacillus 
stearothermophilus, has been commonly used 
for validation of these hydrogen peroxide vapor-
based processes (Drinkwater et al., 2009). Later, 
other technologies with a different principle, 
such as HPV or ionHP+, have inherited the same 
reference, regardless of the phase status of the 
hydrogen peroxide. 

Nevertheless, it has already been observed 
that both the G. stearothermophilus and the 
B. atropheaus showed different inactivation 

mechanisms depending on the hydrogen 
peroxide technology in use. The gas or liquid-
phase hydrogen peroxide status had a different 
impact on the lethality of the spore forming 
bacteria (Linley et al., 2012). 

The hydrogen peroxide atomization technology 
is a wet, condensing technology, which relies 
mainly, but not only, on the capability of the 
liquid phase (a water-based solution) to transfer 
the oxidation potential of the primary active 
substance to the contaminated surface. Therefore, 
the hydrophobicity/hydrophilicity characteristics 
of the microorganism to be inactivated are 
critical in the understanding of the inactivation 
kinetics of this type of technology. According to 
Wiencek et al., (1990), the Bacillus atrophaeus 
demonstrated a higher hydrophobicity than 
Geobacillus stearothermophilus, making the 
hydrogen peroxide liquid solution initially repelled 
when surrounding the microorganism. The lower 
wettability of the outer membrane limits the 
penetration process, delaying the damage of the 
inner part of the microorganism by the liquid 
phase.

As discussed, the G. stearothermophilus 
microorganism showed an overall lower 
resistance, with a lower 4D value (21.60 min) than 
the B. atropheaus (24.75 min). Complete lethality 
was achieved in less time. However, it was slightly 
more resistant at the beginning of the process, 
with a   of 7.15 ± 0.93 min compared to 5.74 
± 0.80 min of B. atropheaus. This phenomenon 
could be related to the faster impact of the gas 
phase of hydrogen peroxide in the B. atropheaus, 
since the gas phase was readily available into the 
system from the beginning of the injection and it 
was homogeneously distributed (Kirchner et al., 
2013). It is important to recall, that even if the 
process is a wet or condensing technology, the 
vapor pressure in equilibrium with this liquid, 
delivers a gas phase of hydrogen peroxide that 
would also be in contact with the microorganism.

After the gas effect, the liquid phase would reach 
the specific point by the effect of the gravity, 
or the forces generated by the air streamlines. 
Once the liquid phase reached the spores, 
the faster penetration of G. stearothemophilus 
membrane enhanced the inactivation compared 
to B. atropheaus. Similar results were obtained by 
Pruß et al. (2012), who found that spores with 
low wettability had higher resistance to liquid-
phase hydrogen peroxide. There have been 
investigations and open debate on the choice 
of microorganism as an appropriate biological 



indicator. In previous studies, Bacillus atrophaeus 
showed greater resistance to lethal stresses 
when exposed to aqueous sterilant applications, 
whereas Geobacillus stearothermophilus showed 
higher resistance to vapor-based approaches 
(Hultman et al., 2007).

The study reflects the importance of hydrogen 
peroxide’s gas and liquid phase in the inactivation 
mechanism depending on the microorganism. 
While one type of process, gas phase-based 
technology, would favor the initial inactivation of 
one type of spore (B. atrophaeus), a condensing 
promoter technology, would be better in the 
second phase. Still, many published reports 
argued the need to reach a certain condensation 
level to optimize the inactivation times (Choi et 
al., 2012; Møretrø et al., 2019; Pruß et al., 2012). 

The gas or liquid state is promoted or diminished 
throughout the variation of temperature and 
relative humidity. Measuring the condensation 
level and controlling the temperature will assist 
in the characterization of the microorganism 
inactivation mechanisms depending on the 
hydrogen peroxide phases. 
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