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Introduction 

Man y medical de vices are supplied as sterile for safe patient care 
(McEvo y and Ro wan 2019 ). The global sterilization services mar- 
ket is projected to reach USD 5.5 billion by 2026, growing at a 
compound ann ual gr o wth rate (C AGR) of 6.0%, primaril y dri v en 

by increasing surgical procedures, the prevalence of hospital- 
acquired infections and increased outsourcing of sterilization 

services (Anon 2021 , McEvoy et al . 2021 ). A sterilization process 
may be defined as a “series of actions or operations needed 

to achieve the specified requirements for sterility” ( ISO 2018 ). 
Sterility is not an absolute; therefore, it must be predicted and 

expressed in terms of the pr oba bility of achieving the inacti v a- 
tion of microbial and other infectious agents post-sterilization 

tr eatment (McEv o y and Ro w an 2019 ). Mor eov er, the underpin- 
ning sterility assurance level (SAL) is defined as the ’probability 
of a single via b le micr oorganism occurring on an item after ster- 
ilization’ ( ISO 2018 ). A sterilization process is validated whereby 
a pre-determined SAL is demonstrated through a series of pro- 
cess ev aluations (McEv o y and Ro wan 2019 ). In accor dance with 

ISO14937:2009, microbicidal effectiveness must be established 

such that it is plausible to predict the probability of a defined 

r esistant micr oorganism survi ving exposur e to a defined tr eat- 
ment. 

In radiation processing, validation is performed through ver- 
ification of the appropriateness of a delivered dose of sterilant 
to inacti v ate the micr oorganisms occurring on medical devices, 
where it is assumed that the commensurate microbial inactiva- 
tion kinetics have been demonstrated as first order (Tallentire et 
al . 2010 , Tallentire and Miller 2015 , Hansen et al . 2020 ). Such first- 
order microbial inactivation has been demonstrated through the 
dose-related killing of Bacillus pumilus as a r e pr esentati v e chal- 
lenge microorganism. The best evidence indicates that nucleic 
acids are the main target of biocidal action for some steriliza- 
tion modalities, such as radiation and ethylene oxide where 
first-order relationships can occur (Mosley 2003 ). Biological indi- 
cators (BIs) are employed to demonstrate microbicidal efficacy 
in gaseous and vapour sterilization processes such as ethylene 
oxide, steam, and vaporized hydrogen peroxide (VH 2 O 2 ) pro- 
cesses. BIs are enclosed in process challenge devices (PCDs) dur- 
ing the validation of industrial sterilization modalities to provide 
sufficient resistance to the applied process (Shintani 2017 ). 

With VH 2 O 2 processing, a BI-containing Geobacillus stearother- 
mophilus is selected and validated, due to its higher endospore 
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r esistance (D-v alue) compar ed to the bioburden that contami- 
nates medical devices, which is carried out in accordance with 

ISO14937:2009 and ISO22441:2022. A D-value is defined as the 
exposure time to achieve a one-log reduction in the treated 

microbial population using a fixed dose of sterilant (McEvoy et 
al . 2021 ). Using what is typically an ’overkill’ validation method 

in terms of the applied sterilant dose, a sterilization process is 
performed at ’half-cycle’ parameters where full lethality of the 
tr eated BI is achiev ed that encompasses a minim um of 6-log 
reduction. Sterilant exposure is then doubled to achieve a theo- 
retical 12 log reduction, where the additional 6-log reduction is 
extrapolated where it is assumed that inactivation follows first- 
order linear kinetics. Such a 12D process can be approximated 

based on an understanding of inacti v ation kinetics on a semi- 
logarithmic plot when the sterilizing conditions (i.e. process 
temper ature , RH, and VH 2 O 2 concentration) remain consistent 
for the duration of the exposure time (McEvoy and Rowan 2019 ). 
While, international sterilization standards such as ISO14937 
r equir e the esta b lishment of the ‘mathematical r elationship 

defining the microbial inactivation’, first-order log-linear micro- 
bial inacti v ation kinetics ar e often assumed to achiev e pr e- 
dictability, allowing for the extrapolation to the desired SAL. 
Gi v en the criticality of extrapolation to a desired SAL, the thresh- 
old for linearity, as determined by the coefficient of determina- 
tion ( R 2 ) of the survi v or curv e, should not be less than 0.8 ( ISO 

2019 ). 
However, it has been previously demonstrated that first- 

order linear inacti v ation-type kinetic data may not be r eadil y 
ac hieved, suc h as when micr oorganisms ar e exposed to r ela- 
ti v el y mild inacti v ation conditions that can str ess-harden these 
microorganisms to subsequent lethal applied doses of the same 
or differ ent pr ocessing str ess, which can yield a low number of 
survi v ors (Row an 1999 , Row an et al . 2007 , Bradley et al . 2012 , 
Garvey et al . 2015 , Fitzhenry et al . 2019 , Rowan 2019 ). Under 
such non-linear conditions that can be experienced using non- 
thermal food processing technologies, inactivation kinetic data 
curves can exhibit pronounced initial shoulders, extended tails, 
or sigmoid curves that are challenging to fit the primary data 
(Rowan et al . 2015 ). Non-linear inactivation has been previ- 
ousl y r e ported for VH 2 O 2 tr eatments, wher e the phenomenon of 
biphasic inacti v ation w as described, which w as being attributed 

to a number of potential sources including micro-condensation 

(Unger-Bimczok et al . 2008 , Dufresne and Richards 2016 ), and 

the physiological factors associated with the treated BIs (Agal- 
loco and Akers, 2013; Shintani 2014 ). However, the cellular 
and molecular mechanisms underpinning the VH 2 O 2 -mediated 

destruction of bacterial endospores remain to be fully under- 
stood (Linley et al . 2012 , McEvoy and Rowan 2019 ). 

Pr evious r esear c hers hav e r e ported the use of chemical bio- 
cides that produced non-linear inactivation curves (Rowan et 
al . 2021 ) that were attributed to different theoretical models, 
namely, the ’vitalistic theory’ that describes the phenotypic vari- 
ation of microorganisms (Cerf 1977 , Humpheson et al . 1998 , 
Stone et al . 2009 ) and the ’mechanistic theory’ that describes 
influencing factors that were associated with the applied steril- 
ization process. The latter theory encompasses concepts such as 
super dormanc y, biocide quenching, microorganism clumping, 
and biocidal action itself as possible contributing sources under- 
pinning non-linear sterilization pr ocessing (J ohnston et al . 2000 , 
Lambert and Johnston 2000 , Dhar and McKinney 2007 , Shintani 
2014 ). 

Pr evious r esear c hers hav e also r e ported on the use of pr e- 
dicti v e micr obiology to addr ess non-linear inacti v ation kinetic 
plots by applying various mathematical models that reflect the 

shape of different curves such as Weibull, Hom, and Gompertz 
(Lambert and Johnston 2000 , Geeraerd et al . 2005 , Coroller et al . 
2006 , Stone et al . 2009 , Bevilacqua et al . 2015 ). Effecti v e mod- 
eling of microbial inactivation arising from physical, chemical, 
or gaseous treatment modalities typically requires the plot to 
encompass a 6-log reduction in microbial count (or survival 
ratio) versus time data (Buzrul 2017 ). This is important as a dose- 
r esponse curv e is necessar y to addr ess the potential occurr ence 
of micr obial v ariance and possib le r esistance to the applied 

stress that may exhibit different inactivation shapes, which can 

be interpr eted thr ough a mathematical best-fit (Garre et al . 2020 , 
Feurhuber et al . 2022 ). Additionally, numerous log reductions of 
treated BIs are required to effectively interpret and fit the inacti- 
vation plots (Rowan et al . 2015 , Rowan 2019 ), which also supports 
international standardization of processes. 

Thus, this constitutes the first detailed study to r e port on 

the inacti v ation kinetics of G. stearothermophilus spor es that wer e 
subjected to VH 2 O 2 treatment in an industrial sterilization pro- 
cess. Inacti v ation kinetic data for Bacillus atr ophaeus w ere also 
determined using similar VH 2 O 2 treatments to establish if first- 
order kinetics produced are specific to the treated microorgan- 
ism. The impact of sterilant residues was elucidated to estab- 
lish that the observed VH 2 O 2 -mediated inacti v ation w as solel y 
attributed to the sterilization process. In addition, scanning 
electr on micr oscopy w as employed to determine if a uniform 

monolayer of dispersed BI spor es occurr ed during VH 2 O 2 tr eat- 
ments where this occurrence provides additional insights into 
the potential impact of this sterilization process on treated 

endospore morphology. 

Materials and methods 

PCD prepar a tion 

PCDs were prepared by placing a BI of G. stearothermophilus (ATCC 

12980) steel coupon (STERIS, Mentor, USA, Lot: AH-126) along 
with a Sterafirm VH2O2 chemical indicator (STERIS, Mentor, OH, 
USA,) into a 10 ml Luer lock syringe (Becton Dickinson, Franklin 

Lakes, NJ, USA) with a 15 cm flexible PVC lumen (3.5 mm inter- 
nal diameter) attached. A PCD with a 15 cm lumen was deter- 
mined to be an appropriate challenge following initial trials with 

lumens of various lengths (unpublished data). The syringe was 
sealed [150 ◦C [ + / −2 ◦C], 40 psi [ + / −5 psi] for 1 s] within a vented 

foil pouch (Nelipak, Ireland) (Fig. 1 ). Similarly, PCDs containing 
a BI of B. atrophaeus (ATCC 9372) steel coupon (MesaLabs, Boze- 
man, USA, Lot AG-022) were prepared by placing into a 10 ml luer 
lock syringe with v ar ying lengths of flexible PVC lumen for PCD 

evaluation. 

Inactiv a tion of Geobacillus stearothermophilus PCDs with 

VH 2 O 2 

PCDs were fixed to the VH 2 O 2 loading cart using Sellotape; there- 
after, the cart was loaded to the industrial LTS-V VH 2 O 2 steril- 
izer (STERIS, Mentor, USA) that had a chamber volume of 2025 
l. VH 2 O 2 processing was performed in the chamber supplied 

with 35% Vaprox sterilant (STERIS, Mentor, OH, USA). A stan- 
dardized VH 2 O 2 process consisting of the parameters of 35 ◦C, 
minim um v acuum 4 millibars, and 5-pulse aeration was devel- 
oped (Fig. 2 ). Sterilant concentration varied by injection of a fixed 

number of pulses (from one to a maximum of five pulses), each 

with appr oximatel y 5 mg l −1 VH 2 O 2 . Following processing, PCD 

samples wer e r emov ed, and BI coupons wer e en umerated and 
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Figure 1 PCD comprising of a chemical and biological indicator placed into a 10 ml syringe with 15 cm lumen length (left), which is then sealed inside a SteriVent 

pouch with a Tyvek window (right). 

Figure 2 Schematic of the pr essur e and r elati v e humidity (RH) profile of a 5-pulse VH 2 O 2 process. Parameters: chamber pr essur e ( — ); chamber RH ( — ). 
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imaged by Scanning Electron Microscopy, while chemical indi- 
cators wer e visuall y examined for colour c hange . VH 2 O 2 inacti- 
v ation cycles wer e performed for both micr oorganism types and 

in triplicate for each survi v or curv e data point. To generate suffi- 
cient data points to meet a first survi v or curv e, 10 r e plicates (BIs) 
were used in each of the 1–5 pulse cycles. The number of repli- 
cates was reduced to 7 in the second and third VH 2 O 2 processing 
runs. 

Inactiv a tion of Bacillus atrophaeus PCDs with VH 2 O 2 

PCDs of v ar ying lumen lengths (15, 20, 25 cm) were trialled 

using v ar ying combinations of sterilant pulses and survi v or 
gr owth w as en umerated to compar e with kinetic inacti v ation 

data achieved using G. stearothermophilus PCDs. Thus, following 
the selection of an appropriate PCD, a survivor curve was gen- 
erated by exposure to varying pulses of VH 2 O 2 (1–5 pulses), in 

triplicate. A total of seven replicates (BIs) were used for each sur- 
vi v or curv e data point. Re pr esentati v e samples during VH2O2 
tr eatments wer e also r ecov er ed for ima ging by SEM. 

Enumer a tion of biological indicators 

Geobacillus stearothermophilus enumeration 
G. stearothermophilus BIs wer e ase pticall y r emov ed fr om packa g- 
ing and transferred into individual sterile glass test tubes con- 
taining 10 ml sterile purified water, which were then sonicated 

(Transsonic T890, Germany) for 25 min at 35 kHz. After sonica- 
tion, 1:10 serial dilutions were prepared in sterile purified water. 
Selected dilutions were pour plated in duplicate in Tryptic soy 
agar (TSA; Biokar, F r ance) cooled to appr oximatel y 45 ◦C. Solidi- 
fied plates were incubated inverted at 55–60 

◦
C for 48 h (48 h was 

determined in pre-study trials to be an appropriate incubation 

period for the BIs being tested following fractional treatment 
with VH 2 O 2 ), after whic h plates w ere counted. For eac h treat- 
ment point, catalase was used to esta b lish if any r esidual VH 2 O 2 

w as a bsorbed onto the carrier to consider if this had any detri- 
mental effect on spore viability, where studies were conducted 

in triplicate. Tubes of sterile dH 2 O were replaced with Phosphate 
Buffer Saline (pH 7.1–7.5, Sigma Lifescience Ireland) containing 
0.2 mg bovine li v er catalase (2000–5000 units/mg protein; Sigma 
Aldrich, Germany) as similarly described by the method of Malik 
et al . 2013 . 

Bacillus atrophaeus enumeration 
B. atrophaeus BI coupons (MesaLabs, Apex discs GRS-090) were 
ase pticall y r emov ed fr om packa ging and transferr ed into indi- 
vidual sterile glass test tubes containing 5 ml sterile Tween-80 
(0.1%) and four 6 mm sterile glass beads. Tubes were sonicated 

for a minimum of 3 min at 35 kHz followed by vortexing for 
a minimum of 5 min. Then 5 ml of sterile purified water was 
added and tubes were vortexed for an additional 30 s. There- 
after, 1:10 serial dilutions wer e pr e par ed in sterile purified water 
and selected dilutions were pour plated in duplicate in TSA 

(Biokar, F r ance) cooled to appr oximatel y 40 ◦C. Solidified plates 
were incubated at 30–35 ◦C for 48 h, after which plates were 
counted. 

Microbial inactivation kinetic data determination and statistical 
analysis and statistics 
Micr obial survi v or curv es wer e generated by plotting the loga- 
rithm of the survi v or fraction (log 10 N / N o ) against the number 
of pulses of VH 2 O 2 (or VH 2 O 2 concentration); wher e N o r e pr e- 
sents untr eated spor es and N r e pr esents the survi ving fraction 

of VH 2 O 2 -tr eated spor es. By using the ideal gas law ( pV = nRT ), 
VH 2 O 2 concentration was calculated for each pulse. Survi v or 
curv es wer e generated se paratel y for both BIs using triplicate 
VH 2 O 2 pr ocessing runs. Micr obial survi v or curv es wer e also gen- 
erated for the treated G. stearothermophilus , where catalase was 
used to determine the impact of sterilant residue on spore inac- 
ti v ation. Regr ession anal yses wer e performed and the av era ge D- 
v alues wer e calculated fr om the slope of VH 2 O 2 -generated sur- 
vi v or plots (ISO 11138–7:2019) for each treated BI. Statistical anal- 
ysis was conducted to determine the impact of VH 2 O 2 residues 
on spor e via bility via Minita b softw ar e using t -testing at the 95% 

confidence level (alpha of 0.05). 

Scanning electron microscopy 
Non-destructi v e SEM EDX (Energy Dispersi v e X-ray) anal ysis w as 
performed using a TESCAN SEM (Brno, Czech Rep.) with an EDX 

detector for elemental profiling set at 20 keV. Stainless steel BI 
specimens were mounted onto aluminium sample stubs coated 

with a surface adhesi v e to hold them in place. Images were 
obtained at 10 000 × and 40 000 × and examined for structural 
modification following treatment with VH 2 O 2 . 

Results 

Inactiv a tion of Geobacillus stearothermophilus spores 
using VH 2 O 2 treatments 

Findings r ev eal that the spore populations of G. stearother- 
mophilus w ere gr adually decreased following treatments with 1– 
5 pulses of VH 2 O 2 , as shown in Fig. 3 . The microbial inactivation 

plot follows a first-order linear kinetic shape where the R 2 coeffi- 
cient was measured at 0.91. Moreover, the number of recovered 

BIs ( n ) has also declined with an increased number of applied 

VH 2 O 2 pulses (Ta b le 1 ). For example, all G. stearothermophilus BIs 
wer e r ecov er ed (96.83%) after 1-pulse cycle, while onl y 15.24% of 
BIs were recovered after a 5-pulse cycle. 

The rapid inacti v ation of BI spor es corr esponds to the 
increasing sterilant concentration from zero to 1 pulse (Fig. 3 ). 
Subsequent examination of the pulse duration r ev ealed that 
not all pulses were of equal duration or sterilant concentra- 
tion. This is attributed to how the sterilizer controls the pro- 
cess: as part of the preconditioning step prior to sterilant injec- 
tion, r elati v e humidity (RH) is r educed to a lev el of 0.0%–0.1% 

RH. In the first pulse, the sterilant is injected from this start- 
ing RH and a vacuum set-point of 4 millibar (mb) to a con- 
trol endpoint of 80% RH. However, for all other pulses there- 
after, vacuums are pulled to a set-point of 4 mb, but RH does 
not reduce to zero as there are no additional preconditioning 
steps. With each vacuum, RH reduces to a typical value of 46%– 
56% RH. Consequently, with an injection set-point of 80%, the 
injection on pulses after pulse 1 is less (delta injection of only 
34%–24% RH), with less sterilant and less ov erall exposur e time. 
Thus, when accounting for this variance in sterilant concentra- 
tion by pulse, inacti v ation plotted a gainst sterilant concentra- 
tion r ev ealed an impr ov ed linearity v alue of R 2 = 0.98 (Fig. 4 ). The 
appear ance of c hemical indicators is shown in Fig. 5 , demon- 
str ating VH 2 O 2 penetr ation of the 15 cm lumen PCD after tw o 
pulses. 

Effect of residual VH 2 O 2 on the survivor curve 

During the pr e paration of the initial VH 2 O 2 -mediated survi v or 
curve for G. stearothermophilus , a second set of samples was 
enumerated with the incorporation of catalase as a sterilant 
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Figure 3 Survi v or curv e of G. stearothermophilus following treatment with pulses of VH 2 O 2 . G. stearothermophilus log surviving fraction in a 15 cm PCD ( �) with vertical 
error bars showing standard deviation of N / N o ; calculated VH 2 O 2 concentration (mg l −1 ; •; values also shown) with error bars showing standard deviation of sterilant 
concentration; linear fit for G. stearothermophilus 15 cm PCD ( •••). 

Ta ble 1 Per cent r ecov er y of G . stearothermophilus and B . atrophaeus BI spores follo wing treatment with 1–5 pulses of VH 2 O 2 sterilant. 

Biological indicator Number of pulses ± SD Av era ge exposur e time (min) 
Recov er ed biological indicators from triplicate 

runs (%) 
Run 1 Run 2 Run3 Av era ge 

G. stearothermophilus 1 8.59 ± 0.49 100.00 100.00 90.48 96.83 
2 14.86 ± 0.66 90.00 100.00 82.38 90.79 
3 20.64 ± 0.36 70.00 100.00 90.00 86.67 
4 27.00 ± 0.50 30.00 71.43 38.57 46.67 
5 32.63 ± 0.70 20.00 14.29 11.43 15.24 

B. atrophaeus 1 9.35 ± 1.01 100.00 100.00 57.14 85.71 
2 15.07 ± 1.22 100.00 100.00 100.00 100.00 
3 23.78 ± 1.29 42.86 42.86 42.86 42.86 
4 30.01 ± 2.18 42.86 57.14 71.43 57.14 
5 35.88 ± 2.53 85.71 28.57 14.29 42.86 

Note: Pulses also expressed as average exposure time from triplicate runs. 

Figure 4 Survi v or curv e of G . stearothermophilus follo wing tr eatment with incr emental doses of VH 2 O 2 sterilant. G. stearothermophilus log survi ving fraction in a 15 cm 

PCD ( �); linear fit for G. stearothermophilus 15 cm PCD ( •••). Vertical error bars show standard deviation of N/N o ; horizontal error bars show standard deviation of 
sterilant concentration. Data labels show sterilant concentration (mg l −1 ) and corresponding pulse number. 
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Figure 5 The appearance of untreated chemical indicator (0) and chemical indicators treated in 1, 2, 3, 4 and 5 pulse cycle. The labels 0–5 stand for the number of 
pulses used in the cycle. Chemical indicators used with G. stearothermophilus (top) were placed in the 15 cm PCD, while chemical indicators used with B. atrophaeus 

were placed in a 25 cm PCD (bottom). 

quencher. Samples treated with catalase r ev ealed that ther e w as 
no statistical difference in these treatments ( P > .05). It was 
noted that even if hydrogen peroxide had absorbed onto the BI 
carrier, this did not affect the VH 2 O 2 -tr eated spor e via bility. 

Inactiv a tion of Bacillus atrophaeus with VH 2 O 2 

Following the esta b lishment of a micr obial survi v or plot using G. 
stear othermophilus , a r ange of PCDs containing B. atr ophaeus w ere 
evaluated to find one appropriate for generating an appropriate 
measura b le inacti v ation data plot ov er the r equir ed range of 1–5 
pulses of VH 2 O 2 . The tested PCD types were as follows: syringe 
with 15, 20, 25, and 30 cm lumen length. First, all trialled PCDs 
were subjected to a 1-pulse cycle to esta b lish the initial reduc- 
tion in population and compared with the results obtained for G. 
stearothermophilus after 1-pulse cycle (Fig. 6 ). PCD with a lumen 

length of 30 cm was excluded from further analysis as it was 
deemed to be too technically challenging, whereas B. atrophaeus 
BIs in the shorter lumen length PCDs were enumerated following 
a 3-pulse cycle for lumen lengths of 15 and 20 cm, and a 4-pulse 
cycle for PCDs of 25 cm to determine their capacity to survi v e 
extensi v e VH 2 O 2 tr eatment wher e these wer e compar ed with G. 
stearothermophilus data sets. As shown in Fig. 6 , a PCD comprising 
of 25 cm lumen was found to closely match the established inac- 
ti v ation plot of G. stearothermophilus . Other lumen lengths were 
found to be either too challenging that r equir ed many pulses 
to achieve an inactivation plot over the 6-log regime or were 
deemed to be not sufficiently challenging as reflected in achiev- 
ing inacti v ation after too few pulses to generate a clear microbial 
kinetic plot. 

A survi v or inacti v ation plot w as generated using the PCD 

of 25 cm lumen with B. atrophaeu s, (Fig. 7 ), where surviv- 
ing BI fractions were plotted using the delivered sterilant 
concentration per pulse over the range of 1 to 5 pulses 

that were shown to exhibit log 10 linear inacti v ation shape 
( R 2 coefficient, 0.93). The colour change of chemical indica- 
tors r etriev ed fr om this same VH 2 O 2 pr ocess is shown in 

Fig. 5 . 

D-v alue calcula tions of Geobacillus stearothermophilus 
15 cm PCD and Bacillus atrophaeus 25 cm PCD 

D-v alues wer e calculated fr om the inv erse of the slope of the 
survi v or curv e and summarized in Ta b le 2 . 

SEM of Geobacillus stearothermophilus and Bacillus 
atrophaeus treated with VH 2 O 2 

SEM images of untreated, VH 2 O 2 treated, and fully inactivated G. 
stearothermophilus and B. atrophaeus spores are shown in Fig. 8 . 

Upon visual observation of SEM images of the untreated 

and VH 2 O 2 -treated BIs, a w ell-distributed monolay er of spores 
was evident with no apparent change to the level of clump- 
ing or a ggr egation with r egard to the inacti v ation pr ocess 
(the number of H 2 O 2 pulses applied) (Fig. 9 ). Similar obser- 
v ations wer e made fr om SEM ima ges of B. atrophaeus BIs 
treated with fractional and sterilization doses of vaporized 

hydr ogen per oxide (VHP) and ethylene oxide gas (unpublished 

data). 

Discussion 

Following the esta b lishment of an appr opriate PCD and VH 2 O 2 

process, experimental studies were found to be very repeatable 
and were appropriate for producing a survivor plot of kinetic 
inacti v ation range using one to five pulses of VH 2 O 2 . As shown 

in Fig. 3 , a first-order log-linear inacti v ation w as observ ed for 



VH 2 O 2 inacti v ation of spores 7 

Figure 6 Survi v or inacti v ation plots of PCDs containing B. atrophaeus that wer e compar ed with similarl y tr eated G. stearothermophilus spor e populations. A range of 
PCDs containing pre-determined numbers of B. atrophaeus spores with differ ent degr ees of r esistance (15, 20, 25, and 30 cm lumen) were trialled to esta b lish a PCD 

with a level of resistance comparable to G. stear othermophilus . As shown on the figure: G. stearothermophilus , 15 cm PCD ( �); B. atrophaeus , 15 cm PCD ( � ); B. atrophaeus , 
20 cm PCD ( � ); B. atr ophaeus , 25 cm PCD ( �); B. atrophaeus , 30 cm PCD ( •); linear fit G. stearothermophilus , 15 cm PCD ( •••); linear fit B. atr ophaeus , 25 cm PCD (—). 

Figure 7 Survi v or inacti v ation plot of B. atrophaeus following treatment with VH 2 O 2 with increasing sterilant concentration. B. atrophaeus log surviving fraction in a 
25 cm PCD ( •); linear fit for B. atrophaeus in a 25 cm PCD ( •••). Vertical error bars show standard deviation of N/N o ; horizontal error bars show standard deviation contact 
time ( n = 3). Data labels show sterilant concentration. 

Table 2 Comparison of D-values and sterilization pr ocessing r equir ements, pulses of VH 2 O 2 r equir ed for pr ocessing of PCDs containing G. 
stearothermophilus and B. atrophaeus. 

Sterilization processing requirements G. stearothermophilus B. atrophaeus 

BI D-value (min) (Manufacturer claim) 1.4 0.3 
PCD 15 cm lumen 25 cm lumen 

D-value (min) 7.75 8.72 
12 SLR (Routine process time required for sterilization) (min) 93 104.64 
Av era ge pulse time from survivor curve (min) 7.24 7.90 
VH 2 O 2 Sterilization Process (Pulses of sterilant) ∗ 13 14 

∗VH 2 O 2 pulses are calculated based on 12 SLR time/average pulse time. Fractions of pulses are positively rounded to full integers. 

the BI, G. stearothermophilus contained in a PCD comprising of a 
10 ml syringe with a 15 cm lumen attached that was contained 

in a vented pouch. In compliance with ISO11138-7:2019, an R 2 

coefficient of determination greater than 0.8 was achieved. Fur- 
ther examination of the duration and concentration of sterilant 
deli v er ed in each VH 2 O 2 pulse r ev ealed that not all pulses were 
equal in these pr operties; ther efor e, the survi v or inacti v ation 
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Figure 8 SEM images (10k ×) of untreated B. atrophaeus and G. stearothermophilus , treated with five pulses and fully inactivated with VH 2 O 2 . Higher magnification (40k ×) 
also shown of selected samples. 

Figure 9 Count of G. stearothermophilus single spores ( �) and grouped spores ( ≥ 2; ) from SEM images (10 000 ×). Data are provided for untreated spores, fully inactivated 

spores, and spores treated in VH 2 O 2 cycles ranging from one to five pulses. 

data were re-plotted to log survivor versus sterilant concentra- 
tion that resulted in an improvement in R 2 of 0.98 (Fig. 4 ). This 
demonstrates the importance of esta b lishing the most appro- 
priate measure of ’sterilant dose’ when assessing inacti v ation. 
In this work, pulses are not equal due to how the process is con- 
trolled by the sterilizer with the inactivation of the spores being 
a consequence of sterilant concentration and exposure time, 
which is potentially under-appreciated in the field of steriliza- 
tion microbiology (McEvoy and Rowan 2019 ). The novel finding 
of the degree of linearity of the inacti v ation applies to industrial- 
scale sterilization with VH 2 O 2 and demonstrates the appropri- 
ateness of the use of validation methods such as half-cycle 

overkill as described in ISO14937:2009. The D-value for VH 2 O 2 

sterilant exposure time of 7.75 min (SD = 0.40) was calculated 

to deli v er 12 spor e log r eductions (or 12D), which is equi v alent 
to a SAL of 10 −6 in 93.00 min. With an av era ge exposur e time 
per pulse of 7.24 min, this equates to a routine sterilization 

process of 12.85 pulses. Similarly, D-value may be calculated in 

terms of sterilant concentration ( M = 5.84 mg l −1 ; SD = 0.22), 
and with an av era ge concentration per pulse of 5.78 mg l −1 , 
determined to r equir e a pr ocess of 12.12 pulses. Thus, to pr o- 
vide a SAL of 10 −6 to the described PCD a routine process of 13 
pulses must be programmed on the sterilizer. Furthermore, the 
demonstration of linearity also confirms that fractional methods 
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of D-value determination such as Holcomb–Spearman–Karber 
Pr ocedur e, Limited Holcomb–Spearman–Karber Pr ocedur e, and 

Stumbo–Murphy–Coc hr an Pr ocedur e may be applied ( ISO 2019 ). 
A range of PCDs w as ev aluated for B. atrophaeus by inter- 

preting the linked survivor kinetic data generated from VH 2 O 2 - 
treated G. stearothermophilus in this study (Fig. 6 ). Gi v en the lower 
D-value of the B. atrophaeus BI (D-value = 0.3 minutes) versus 
G. stearothermophilus BI (D-value = 1.4 min), a more challenging 
PCD was selected for survivor kinetic data plot generation: fol- 
lowing treatment with one and four pulses of VH 2 O 2 , a 25 cm 

lumen PCD containing B. atrophaeus was found to yield a similar 
inacti v ation as the 15 cm PCD containing G. stearothermophilus . 
A survi v or curv e w as constructed yielding an R 2 v alue of 0.93, in 

compliance of the r equir ements of ISO11138-7:2019. 
The type of sterilization process and associated experimen- 

tal conditions are significant factors that inform the r elia b le and 

r e peata b le linear destruction of BIs over a period of approx- 
imately 45 min in industrial-scale sterilization using PCDs. 
This contrasts with pr eviousl y r e ported studies wher e bipha- 
sic microbial inactivation kinetic plots were observed over much 

shorter durations of treatments such as within less than 5 min 

(Dufresne and Richards 2016 ). It is plausible that if the zero to 
one pulse range of this study was more closely examined in a 
BI ev aluation r esistometer (BIER) in the absence of a PCD, non- 
linear inacti v ation may potentiall y be observ ed: this is due to 
the inacti v ation kinetics being significantl y shortened when the 
resistance of the PCD is r emov ed and D-v alues mor e aligned to 
the BI man ufactur er stated v alues, e .g., 1.4 min for G. stear other- 
mophilus BI used in this study. In contrast, this present study has 
been performed in an industrial sterilizer with PCDs that are 
typically used to increase the microbiological challenge in the 
validation of such a sterilization process in accordance with the 
r elev ant ISO14937 standard. 

As described by Shintani et al . (2010 ) and Shintani (2014 ), 
experimental artefact of spore clumping has been described as 
a potential source of non-linear inacti v ation kinetics, wher eby 
the a ggr egation of spor es r esult in r educed penetration of the 
sterilant v apour. Furthermor e , the w ork of Johnston et al . ( 2000 ) 
demonstrated the significance of microbial load and the pos- 
sibility for biocide quenching by the inoculum: as quenching 
occurs, the amount of av aila b le biocide for further inacti v a- 
tion of the population reduces at a microbial cellular level, thus 
resulting in the appearance of a more resistant sub-population 

of treated BIs. This was also evident for pulsed-plasma gas- 
discharge tr eated micr obial samples that contained short-li v ed 

oxygenated free radicals (Rowan et al . 2007 ; Hayes et al. 2013 ). 
SEM may be effecti v el y used as an inv estigati v e tool to pr ovide 
visual data on the effect of sterilization processes on spore shape 
and surface topography; e.g. this was demonstrated for Mycobac- 
terium paratuberculosis cells by pulsed electric field treatments 
(Rowan et al . 2001 ) and for Campylobacter jejuni cells treated with 

pulsed-plasma gas-discharge exposures (Rowan et al . 2008 ). In 

this work, the analysis of SEM images revealed (i) an evenly dis- 
tributed monolayer of spores in treated and untreated BIs and (ii) 
no significant change to the distribution of spores on the BI car- 
rier material either before or after treatment (Figs. 8 and 9 ). This 
is consistent with the findings of others who examined treat- 
ment with VHP and ethylene oxide (EO) sterilant and noticed no 
noticea b le morphology differ ences or clumping of cells (Reich 

and Akkus 2013 ). Furthermore, the inclusion of catalase in the 
test method confirmed the absence of any observed sterilant 
residual effect on spore enumeration. 

The appropriateness of B. atrophaeus as a potential BI system 

for use in VH 2 O 2 is demonstrated in the survi v or plot with rapid 

inacti v ation fr om one to three pulses of B. atr ophaeus (F ig. 7 ). 
While the cycles in which B. atrophaeus wer e tr eated had some- 
what higher VH 2 O 2 concentration (Fig. 7 ) in the chamber, it is 
important to note that VH 2 O 2 concentration in the chamber does 
not necessarily correspond to the VH 2 O 2 concentration within 

the PCD. This was evident in the colour change in the chemi- 
cal indicators: unlike G. stearothermophilus , no colour change was 
observed in the B. atrophaeus PCDs after two pulses (Fig. 5 ). This 
would indicate that the longer 25 cm lumen was effective in 

impeding the ingress of vapour. However, once vapour pene- 
trated the PCD lumen, inacti v ation of the B. atrophaeus BI was 
rapid due to its lower intrinsic resistance, with a D-value of only 
0.3 min as compared to G. stearothermophilus of 1.4 min (Ta b le 2 ). 
This may also explain why spore inactivation is observed with 

1- and 2- pulses of VH 2 O 2 treatment even though limited pene- 
tration with sterilant. Thus, while the ov erall r esistance of a PCD 

is a combination of the BI resistance and the PCD materials, the 
contribution of each constituent component may r equir e some 
consideration when assessing both D-value and linearity. 

Calculation of D-value for the B. atrophaeus PCD yielded a con- 
serv ati v e figur e of 8.72 min or 14 pulses for a routine sterilization 

process yielding SAL of 10 −6 . If only pulses 1–3 were considered 

in the calculation of the slope of the line, then D-value would 

adjust to 6.07 min and 10 pulses. Thus, this demonstrates that 
experimental limitations conserv ati v el y add to the final pr ocess 
being deli v er ed such that in this case it is likely that approxi- 
mately four additional logs of kill are being deli v er ed to the pro- 
cess, resulting in a SAL of 10 −10 . 

Furthermore, as shown by this resear c h, the use of a ’most 
resistant organism’, in this case G. stearothermophilus , does not 
seem to be the most important factor as it is the overall resis- 
tance of the PCD r elati v e to the medical device being sterilized, 
which is of most importance when quantifying D-values and 

extrapolating to a r equir ed SAL. In this resear c h, by modifying 
the lumen length of the PCD, similar D-v alues wer e obtained 

using two different biological indicator species. Hence, it may be 
argued that the criteria for an appropriate BI for use in industrial 
sterilization are one of (i) known high resistance within a PCD, 
(ii) known inacti v ation kinetics and linearity of the PCD, and (iii) 
one that may be qualified as equi v alent or gr eater r esistance 
r elati v e to the natural microbiological challenge of the medi- 
cal device itself. The generation of critical data points for VH 2 O 2 

sterilization will also inform the future automation of this pro- 
cess including the uses of digital technologies such as artificial 
intelligence ena b led by machine learning (Row an et al . 2022 ). 

In conclusion, this constitutes the first study to examine the 
inacti v ation of two types of BI spores contained in PCDs and pro- 
cessed with an industrial VH 2 O 2 sterilizer. Findings supported 

the occurrence of linear BI inactivation plots post-VH202 treat- 
ments, which is important gi v en that v alidation methods under- 
pinning terminal medical device sterilization r el y upon this lin- 
ear microbial death-rate assumption. Thus, this study provides 
additional rigour and confidence that an appropriate sterility 
level can be achieved using biological indicators using stan- 
dard validation methods as described in the r ecentl y pub lished 

ISO22441 standard for sterilization with VH 2 O 2 . Hence, this work 
furthers the advancement of VH 2 O 2 for the terminal sterilization 

of medical devices that is critical for patient care. 
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