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Abstract  
 

Aims and Rationale:   Sterilization microbiology relies on determining the linearity of 
microbial survivor curves for calculating decimal reduction times (D-values) that is used to 
inform sterility assurance levels (SAL), critical to efficacious sterilization of medical device for 
patient care application.  Medical devices play an important role in the provision of 
healthcare, with a global market estimated at $432bn and expected to surpass $650bn by 
2028.  Terminal sterilization of medical devices is currently provided by established methods 
including Gamma, E-beam and X-ray radiation with Ethylene Oxide gas sterilization continuing 
to be the method of choice due to wide ranging material compatibility.   Given the hazards 
associated with EO gas, alternative methods are actively being pursued by the global medical 
device industry.   Furthermore, there is an increasing opportunity to develop sustainable 
sterilization microbiology processes necessary to meet emerging needs including evolution of 
device features containing heat sensitive polymers, inclusion of sensor technology and 
biologics.  This constitutes the first, and timely study to (i) establish and alternative method 
using vaporized hydrogen peroxide (VH2O2) at an industrial sterilization scale and (ii) report 
on the linearity of microbial inactivation plots for treated Geobacillus stearothermophilus and 
Bacillus atrophaeus spores to demonstrate the appropriateness of process validation as a 
means of confidently determining SAL.    
 
Methodology and Findings:  This study was completed in four distinct parts, namely; (i) 
Investigation of current knowledge and understanding the research gaps that have hindered 
the development of new and novel methods (ii) Installation and commissioning of VH2O2 
equipment and establishment of standard process (iii) study of the inactivation kinetics of 
radiation and VH2O2 processes with a selection of resistant microbiological spores (iv) 
development of Flow cytometry as a real-time method for bacterial spore enumeration.  This 
novel research demonstrated that a VH2O2 sterilization was established and scientifically 
demonstrated to deliver predictable log linear inactivation (R2 = 0.98), such that upon 
validation, sterility assurance could be confidently delivered.   The kinetics demonstrated by 
end-point analysis were found to be consistent with that of established and widely accepted 
radiation sterilization processes.   Furthermore, it was also demonstrated that both G. 
stearothermophilus and B. atrophaeus could be utilized in process challenge devices as 
monitors of the sterilization efficacy.   Advanced imaging was employed to confirm that no 
cellular structural impact from any of treatments applied.  Flow cytometry of intact bacterial 
endospores proved challenging such that a novel method using dodecylamine required 
development as a pre-treatment prior to fluorescent staining.   This method had limited 
application in this research that required quantification to five and six log inactivation but 
remains an opportunity for further development as real-time measure of process efficacy.  
Having such a rapid means of enumeration offers users the potential to understand and 
optimize sterilization processes, perform on-line measurement capability and ultimately 
enable future looking technologies such as AI and machine learning.      
 
Conclusions and Implications:  This constitutes the first study to examine the inactivation of 
two types of BI spores contained in PCDs processed with an industrial VH2O2 sterilization 
process. This unique research of incremental log reductions in an industrial scale sterilizer 
with findings supporting the occurrence of linear BI inactivation plots post VH202 treatments 
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which is of critical importance given accepted validation methods underpinning terminal 
medical device sterilization rely upon linear microbial death-rate assumption. This research 
provides additional rigor and confidence that the appropriate sterility assurance level can be 
achieved using biological indicator.  The findings from this research will also inform ISO who 
will be publishing the first globally recognised consensus standard for VH2O2 sterilization.  
Ultimately, this research will contribute new knowledge supporting the medical device 
sterilization industry adoption of VH2O2 as a viable method for industrial scale sterilization 
that is critical for patient care.  This research is of a time of great need when safer and more 
sustainable alternatives to traditional Ethylene Oxide sterilization are sought and whereby 
such new processes are appropriate to future needs of medical device products with the rapid 
advancement of technology.  The foundational method development with FCM of bacterial 
spores offers great potential for research and advancement of this technology for 
deployment in sterilization microbiology.    This timely study advances the field of sterilisation 
microbiology; particularly, the terminal treatment of medical devices.    
 
 
  



ix 
 

Background  
 

Medical devices play an important role in the provision of healthcare, where the global market for 

which is predicted to surpass $650bn by 2028 (Fortune Business Insights, 2021a). To avoid risk of 

hospital acquired infection, devices must be supplied as sterile (McEvoy and Rowan 2019).  Terminal 

sterilization of single use medical devices is significantly reliant on gamma radiation and ethylene 

oxide sterilization (GIPA, 2017).  With challenges in cobalt supply (BPSA, 2021) necessary for gamma 

irradiation, significant effort is invested in deploying non-isotope methods of radiation, Electron 

Beam or X-ray.  Since 2015, STERIS has invested significantly in accelerator-based radiation 

technology (E-beam and Radiation) to provide necessary diversification in radiation technology.   

Ethylene Oxide (EO) gas accounts for some 50% of global medical device sterilization due to (i) 

desirable wide-ranging material and toxicological compatibility, (ii) good surface penetration and (iii) 

provision of required sterility assurance (McEvoy and Rowan 2019).  However, EO is a carcinogenic 

(IARC, 2012) and toxic gas that continues to come under health & safety and environmental scrutiny 

such that significant medical device industry focus is being placed on reducing the quantities of EO 

sterilant being used in sterilization processes and exploration of alternative technologies (McEvoy & 

Eveland, 2020; McEvoy et al., 2020a; McEvoy et al., 2021).  Hence, STERIS identified an equal need 

for diversification in gas sterilization technologies and consequently a number of potential 

technologies for exploration were considered.   

 
Vaporized hydrogen peroxide (designated as VH2O2) has been used successfully to replace small 

scale EO processing in hospital sterilization of reusable devices (Rutala & Weber, 1996).  More 

recently, the sterilizer equipment employed for such hospital applications has been repurposed to 

address the need for re-processing of N95 masks during the COVID-19 pandemic (Alt et al., 2021; 

Rowan and Laffey, 2021).   
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In 2017, STERIS took corporate decision to invest in the installation of VH2O2 equipment of industrial 

scale (2000 litre) at Tullamore Ireland for research into the potential deployment of the technology 

for medical devices sterilization as an alternative to EO.  Furthermore, with ever increasing 

requirements of new and novel medical devices, the research was focussed on a sustainable and 

material compatible technology, capable of operating at lower temperatures.  To gain acceptance of 

such a technology by the medical device manufacturers, it was determined that the deployment of 

such a technology necessitated extensive scientific research to confirm that such a process was 

capable of delivering sterility assurance in accordance with internationally accepted standards.    

  
The objective was to install, commission, validate and operate as an industrial sterilizer in accordance 

with regulatory standards such as ISO14937 that are applicable to medical device sterilization.  As 

both the VH2O2 technology itself, and application of industrial-scale equipment is novel to the medical 

device manufacturing industry, STERIS also invested in this overarching research described herein. 

Specifically, as this research, framed upon open access knowledge exchange, advances the efficacy of 

a scaled up VH2O2 process for terminal sterilization of single use medical devices.  Commensurately, 

this also presented a timely novel opportunity to investigate use of emerging enabling and disruptive 

microbial monitoring technologies, particularly real time flow cytometry for the advancement of 

modern sterilization microbiology. This novel and very timely research was conducted as a research 

collaboration between TUS and STERIS and aligns with STERIS strategic vision of developing and 

applying a ‘technology-neutral’ sterilization service offering that best meets the need of the product 

in delivering critical patient care.  
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CO2 Carbon Dioxide N/A 
dH2O Distilled water N/A 
DNA Deoxyribonucleic Acid N/A 
D-value Decimal Reduction Value (International Organization for 

Standardization, 2018) 
EO Ethylene Oxide N/A 
FCM Flow Cytometry Goure (2013) 
FDA Food & Drug Administration https://www.fda.gov/AboutFDA/Centers

Offices/default.htm 
FSC Forward scatter N/A 
FSC-A Forward scatter -area N/A 
FSC-H Forward scatter -height N/A 
GIPA Gamma Irradiation Processing 

Alliance 
http://gipalliance.net/about-gipa/ 

GR Germinant receptor N/A 
H2O2 Hydrogen Peroxide (aqueous) N/A 
IAEA International Atomic Energy 

Agency 
https://www.iaea.org 
 

IDA Industrial Development 
Agency 

N/A 

IIA 
  

International Irradiation 
Association 

https://iiaglobal.com/about-iia/#about-
iia 

IM  Inner Membrane N/A 
ISO International Organization for 

Standardization 
https://www.iso.org/home.html 

LHSK Limited Halcomb-Spearman-
Karber procedure 

(International Organization for 
Standardization, 2019) 

Log  Logarithmic N/A 
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LTS-V Low Temperature Sterilization 
with Vacuum 

STERIS (2022b) 

MRO Most resistant organisms N/A 
PCD Process Challenge Device (International Organization for 

Standardization, 2018) 
PI Propidium Iodide N/A 
PG peptidoglycan N/A 
PMT Photo multiplier tube N/A 
SASP Small Acid Soluble Proteins (Setlow & Setlow, 1993) 
SAL Sterility Assurance Level (International Organization for 

Standardization, 2018) 
SEM Scanning Electron Microscopy N/A 
SSC Side scatter N/A 
SSC-A Side scatter -area N/A 
SSC-H Side scatter -height N/A 
TC Technical Committee (ISO) N/A 
TIR Technical Information Report 

(AAMI) 
N/A 

TUS Technological University of the 
Shannon: Midlands, Midwest 

N/A 

WG Working group (ISO) N/A 
VBNC Viable But Not Culturable (Oliver, 2005; Rowan, 2004) 
VH2O2 Vaporized Hydrogen Peroxide N/A 
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Units of measurement 
 
 

 
  

 
 
  

µL microlitre  mbar millibar 

µm micrometre  MeV Mega Electron Volts 

% percent  Mg/l milligrams per litre 

% RH percent relative humidity  min minute 

CI Confidence Interval  ml millilitre  

g grams   mm millimetre 

g/l grams per litre   mM millimolar 

h hour  N normality  

K thousand   n number of replicates 

kg kilogram   oC degrees Celsius  

kGy kilogray   p calculated probability  

kGy/h kilogray per hour  PPM Parts per million 

kW kilowatts  R2 coefficient of determination  

kx 1000 magnification  s second  

L litre   SD standard deviation  

m3 cubic meter  x magnification 

M molar   
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Chapter 1 
Introduction 

 
1.1 Background 

 
Medical devices play an important role in the provision of healthcare, where the global 

market for which is predicted to surpass $400bn by 2020 (International Trade Administration 

2016).  Sterile medical devices are critical to patient safety and must be provided by 

sterilization technologies that are demonstrated to be suitable and capable of delivering the 

required sterility assurance as defined in internationally recognised ISO standards (McEvoy 

and Rowan, 2019).  Of importance, when validating to a defined sterility assurance level (SAL), 

is the understanding of the microbial inactivation kinetics delivered by the sterilization 

process and the ability to predict to a probability of assurance based on this same sterilization 

process.  Critical kinetic outputs and assumptions are impacted by the sterilization process 

and it’s defined parameters along with the instrument for measuring microbial inactivation; 

however, industrial gaseous sterilization is solely reliant on use of biological indicators of 

known resistance to inform and validate processes (McEvoy and Rowan, 2019).   

 
Biological indicators (BIs) comprise of defined populations of recalcitrant aerobic spore-

forming bacteria, and the variability and heterogenicity of spore tolerances to applied lethal 

stresses must be appreciated when examining the reaction to a sterilant exposure along with 

determining efficacy.   The cellular and molecular mechanism of the sterilant action on 

treated spore destruction or inactivation is central to our understanding and appreciation of 

sterilization process efficacy.    Use of conventional agar plate counting technique is hampered 

by its limited ability to provide sufficient insight on spore inactivation during sterilisation 

processes; therefore, there is a pressing need to supplement this method by combining it with 
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real-time monitoring techniques that enumerate inactivated BIs, such as use of flow 

cytometry, dark phase microscopy and so forth.  Conventional plate count technique is limited 

by the fact that it takes up to 48 hrs incubation to determine sterilisation efficacy, where it is 

also assumed that all treated spores that may have survived this process are capable of 

growth on artificial agar media (Rowan, 2019). Also, it is assumed that all treated bacterial BIs 

exhibit similar log-linear inactivation profiles when exposed to sterilisation modalities, and 

that a colony forming unit (CFU) arises from just as single surviving spore. Flow cytometry 

(FCM) has a long history in examination of larger mammalian cell applications and limited 

application to food and water microbiology (McEvoy et al., 2020b); FCM, with defined vital 

staining strategies, offers an exciting novel real-time method of enumerating 

microorganisms, both spores and vegetative cells.  Furthermore, careful selection of different 

stains through FCM that targets cellular components or molecular end-points provides 

potentially game-changing information underpinning lethal action at cellular levels; thus 

helping to understand specific mechanistic details governing sterilant inactivation that will 

inform processing.     

 
Sterilization using vaporized hydrogen peroxide (VH2O2) has a long history in hospital 

applications, but it is relatively new and novel approach to industrial scale terminal 

sterilization of single use devices (McEvoy and Rowan, 2019).  Currently, processes are 

validated in accordance with the use of an international (ISO) standard applicable to all novel 

technologies that requires users to characterize the lethal action of the sterilant.   Work is 

ongoing to develop a dedicated consensus ISO standard specific to use of VH2O2. Thus, this 

novel research is extremely timely in helping to inform such efforts with scientific 

appreciation of the sterilant action on microorganisms using industrially scaled equipment.   
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This constitutes the first study to investigate combined use of microbial enumeration tools 

(Plate counts; Flow Cytometry; CaDPA analysis, Microscopy) with advanced biostatics that 

informs mathematical modelling with view to providing accurate predictability of an achieved 

SAL in a sterilization process. This transdisciplinary research study has made this a realistic, or 

achievable possibility.   The implications for creating greater accuracy and precisions may 

result in less over-processing with sterilization process, yielding improved outcomes from 

products and ultimately patents that will benefit society.  The latter also has implications for 

critical resource utilisation in the field of sterilisation microbiology. 

 
1.2 Gaps in knowledge 

Many sterilization standards rely on the assumption that microbial inactivation is 

underpinned by first order log linear kinetics and/or supplemented by excessive levels of 

conservative overkill to address any potential shortfall.  Today, industrial scale medical 

devices sterilization is very dependent on two core technologies, namely Ethylene Oxide 

sterilization and Gamma radiation, which have been extensively studied since the 1960s.   

However, in recent times, the need for less excessive use of hazardous sterilants coupled with 

the need for a wider portfolio of available technologies, increases the need for a greater 

understanding of the action of other sterilization methods.  Sterilization with VH2O2 has a 

long history of use in hospital setting at relatively small scale.  The use of such a method at 

industrial medical device scale is relatively new and requires greater insight and 

understanding.  Such a depth of understanding is additionally limited by the microbiological 

techniques used by the sterilization industry:  Plate counting provides a binary growth/no 

growth understanding.  There is a pressing opportunity to explore use of newer more 

insightful beyond-state-of-art techniques in sterilisation microbiology, such as FCM, which 
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offers real-time monitoring and determination for future-proofing VH2O2 to meet 

established and emerging needs. FCM potentially provides a rich real-time data driven 

profiling approach to evaluating lethal action of sterilant (such as VH2O2) on heterogenous 

dynamic populations of microorganisms (example, Biological Indicators).         

 
1.3 Research Aim and Objectives 

1.3.1 Research Aim 

The aim of this research is to establish and validate a novel industrial sterilization using 

VH2O2, suitable for delivering required sterility assurance (in accordance with ISO standard 

requirements) to medical devices critical to patient care.  Detailed investigation using 

traditional and novel approaches to bacterial enumeration are employed to accurately inform 

kinetic modelling and describe the lethality such that the inactivation provided by the VH2O2 

process is clearly defined and understood, ultimately (i) informing future industry standards 

and (ii) facilitating optimization of such industrial sterilization processes. 

 
1.3.2 Research Objectives 

(i) To deploy, commission and validate industrial-scale VH2O2 as a new modality for 

sterilization of single use medical devices.  Validation is performed using accepted 

bacterial enumeration techniques in accordance with internationally recognised ISO 

standards  

(ii) To model the inactivation performance of this industrial VH2O2 sterilization process 

using two commercial biological indicators, to inform upon the appropriateness of the 

biological indicator species in PCD design.   

(iii) Use of investigative including (i) advanced imaging for supplementing the inactivation 

data with insights into cellular structural changes with sterilization treatments and (ii) 
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novel application of Flow Cytometry for spore enumeration as a means of real-time 

characterization of sterilization process and potentially leading to development of real-

time data driven process monitoring.   

(iv) To create new knowledge and understanding primarily of VH2O2 sterilization of medical 

devices that may inform future globally recognised standards and industry best practice 

but also to generate methods of scientific evaluation of sterilization processes that 

potentially may be applied to other modalities.   

 

1.4 Structure of Dissertation 

Chapter 2 (Literature Review) describes the current state of the medical devices 

sterilization industry and the pressing need for a new alternative gaseous based process.  

Approaches to validation and the scientific understanding of inactivation kinetics 

underpinning industry standards are explored and gaps identified.   In Chapter 3, the 

inactivation kinetics of radiation processing using E-beam, Gamma, and X-ray irradiation 

of Bacillus pumilus spores are determined as a model for first order log reduction.  

Chapter 4 describes how a VH2O2 sterilization process was established, commissioned 

and validated at STERIS Tullamore, Ireland in accordance with regulatory requirements 

associated with medical device sterilization.  Furthermore, the establishment of a model 

sterilization process and design and verification of appropriate process challenge devices 

are described.  The inactivation of Geobacillus stearothermophilus and Bacillus 

atrophaeus with VH2O2 is examined in Chapter 4, with the inactivation kinetics modelled 

for log linear inactivation, necessary for predicting a sterility assurance level.     
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In Chapter 5, the novel application of Flow Cytometry in sterilization microbiology is 

explored.  Flow cytometry was developed to enumerate both vegetative bacterial cells 

and spores as a proposed real-time measurement of log reduction of populations.    

Chapter 6 finalises the work by arriving at related conclusions and insights in an effort to 

address some of the gaps identified from literature review.   The relevance of the work 

for informing ongoing and future industry standards, along with standard approaches to 

validation as part of delivery of sterile medical devices, are described.  Finally, key 

recommendations are made for inform the development of sterilization microbiology 

along with future investigative work.  

       

1.5 Contribution to Existing knowledge 

1.5.1 Journal Publications 

https://orcid.org/0000-0003-4644-9009                                                                                    
 

McEvoy, B. and Rowan, N. J. (2019)  Terminal sterilization of medical devices using 

vaporized hydrogen peroxide: a review of current methods and emerging 

opportunities. J Appl Microbiol 127, 1403–1420.  

Award from J. Appl Micro. as ‘Top Downloaded Paper 2018-2019’.   

 

McEvoy, B., Lynch, M. and Rowan, N.J. (2020)  Opportunities for the application of real-time 

bacterial cell analysis using flow cytometry for the advancement of sterilization 

microbiology.  J Appl Microbiol  130, 1794-1812.  

 

https://orcid.org/0000-0003-4644-9009
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Chen, Y., Neff., M, McEvoy, B., Cao, Z., Pezzoli, R., Murphy, Gately, N.A., Hopkins Jnr, M., 

Rowan, N.J. and Devine, D.M.  (2019) 3D Printed Polymers Are Less Stable than 

Injection Moulded Counterparts When Exposed to Terminal Sterilization Processes 

Using Novel Vaporized Hydrogen Peroxide and Electron Beam Processes.  Polymer 

183, p. 121870  

 
Alt. J.,  Eveland, R., Fiorello, A., Haas, B., Meszaros, J., McEvoy, B., Ridenour, C., Shaffer, D., 

Yirava, B. and Ward, L.  (2021)  Development and validation of technologies suitable 

for the decontamination and re-use of contaminated N95 filtering facepiece 

respirators in response to the COVID-19 pandemic.  J Hosp Infect  119, 141-148.   

 

 
1.5.2 Journal Manuscripts submitted 

McEvoy, B., Maksimovic, A. and Rowan, N. J..  Geobacillus stearothermophilus and Bacillus 

atrophaeus spores exhibit linear inactivation kinetic performance when treated with an 

industrial scale vaporized hydrogen peroxide (VH2O2) sterilization process.  Submitted 

to J Appl Microbiol  June 2022. 

 
McEvoy, B., Maksimovic, A., Howell, D., Reppert, P., Ryan, D., Rowan, N. J. and Michel, H. 

Studies on the comparative effectiveness of X-rays, gamma rays and electron beams to 

inactivate microorganisms at different dose rates in industrial sterilization of medical 

devices.  Submitted to J Rad Phys Chem  April 2022. 

 
 

1.5.3 Industry Publications 
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McEvoy, B. and Eveland, R.  (2020)  Vaporized Hydrogen Peroxide: A Well-Known 

Technology with a New Application. Biomed Instrum Technol 54, 74–79.  

McEvoy, B., Michel, H., Howell, D., and Roxby, P.  (2020)  X-ray: An Effective 

Photon.  Biomed Instrum Technol 54, 23–30.  

McEvoy, B., Bohl Wiehle, S.,  Gordon, K.,  Kearns, G.,  Laranjeira, P. and  McLees, N. (2021) 

Advancing the Sustainable Use of Ethylene Oxide through Process Validation.  Biomed 

Instrum Technol  55, 35–44.  

Michel, H., Kroc, T., McEvoy, B., Patil, D., Reppert, P. and Smith, M.A. (2021)  Potential 

Induced Radioactivity in Materials Processed with X-ray Energy Above 5 MeV.  Biomed 

Instrum Technol  55, 17–26.  

 
1.5.4 Oral Presentations 

McEvoy, B., Lynch, M. and Rowan, N.R. (2019)  Sterilization Inactivation Kinetics.  Kilmer 

Conference.  Dublin.  June 5th. 

 
McEvoy, B. (2019)  Safeguarding our Network.  Kilmer Conference.  Dublin.  June 5th, 2019. 

 
McEvoy, B. (2019) Reduction of EO emissions by changing cycle design and validation 

methods.  General Hospital and Personal Use Devices Panel of the Medical Devices 

Advisory Committee Meeting.  Gaithersburg, MD. USA.  November 6th -7th, 2019.  (FDA 

2019a) 

 
McEvoy, B.  (2021)  Importance of European/International Collaborations and sharing 

research.  RUN-EU network.  Virtual Meeting.  May 19th, 2021.  
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McEvoy, B.  (2021)  Opportunities and challenges for Sustainable Sterilization with a focus 

on VHP. Short Applied Course, RUN-EU network. TUS, November 2nd, 2021.  

 

 
1.5.5 Poster Presentations 

McEvoy, B., Lynch, M. and Rowan, N.R. (2020)  Real-Time Sterilization Microbiology - Role of 

Flow Cytometry.  Post graduate Research Seminar and Poster Event 2020.  Athlone 

Institute of Technology, Athlone, Ireland, 19th July. 

 
McEvoy, B., Lynch, M. and Rowan, N.R. (2019)  Development of a terminal sterilization 

process using Vaporized Hydrogen Peroxide.  Post graduate Research Seminar and 

Poster Event 2020.  Athlone Institute of Technology, Athlone, Ireland, 19th November. 

 

 
1.5.6 Journal Peer Review 

Web of Science ResearcherID - ABB-9720-2021 
 

Peer Review for Journal of Applied Microbiology of manuscript: 

Kramer, B., Warschat, D. and Muranyi, P. (2022) Disinfection of an ambulance using a 

compact atmospheric plasma device.  J Appl Microbiol.  Manuscript ID:  JAMICRO-

2022-0189.  Published May 2022.  DOI: 10.1111/jam.15599 

 
Peer Review for Cytometry Part A of manuscript: 

https://publons.com/researcher/ABB-9720-2021/
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Bouix, M., Ghorbal, S., Picque, D., Perret, B. and Saulou-Bérion, C., (2022)  A rapid method 

for the assessment of the vitality of microorganisms using flow cytometry.  Cytometry 

Part A. Manuscript ID:  21-190.  Published March 2022.  DOI: 10.1002/cyto.a.24553 

 

Peer Review for Journal of Applied Microbiology on manuscript regarding the effect of 

VH2O2 sterilization on microbial extracellular polymeric substances. Manuscript ID:  

JAMICRO-2021-0664.   October, 2021. 

 

Peer Review for Journal of Applied Microbiology of manuscript:   

Feurhuber, M., Neuschwander, R., Taupitz, T., Frank, C., Hochenauer, C. and Schwarz, V., 

(2022)  Mathematically modelling the inactivation kinetics of Geobacillus 

stearothermophilus spores: Effects of sterilization environments and temperature 

profiles.  Phy Med 13, p.100046. Manuscript ID: JAM-2020-2632.  Published June 

2022.  DOI: 10.1016/j.phmed.2021.100046 

 
 

1.5.7 Industry Representation 

NSAI Ireland National Expert on ISO TC198 WG16 Vaporized Hydrogen Peroxide Sterilization 

NSAI Ireland National Expert on CEN TC102 WG06 Low Temperature Sterilizers (includes 

VH2O2 sterilizers) 

 

Kilmer Sterilization Modalities working group comprised of industry experts (Abbott; Baxter 

Healthcare; Boston Scientific; Intuitive Surgical; Medtronic; Nelson Laboratories; Johnson & 

Johnson; Sterigenics; STERIS) and regulators (FDA; TUV) focused on the development and 

adoption of alternative sterilization technologies (alternative to EO).   
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Kilmer Conference 

2016 – Session chair ‘Innovation Processes’.  NJ, USA May 2016.   

2019 – Session chair ‘Safeguarding our network’.  Dublin, Ireland June 2019.  

2022 – Session chair ‘Shifting Paradigms’.  Athens, Greece June 2022. 

https://kilmerconference.com/ 

 

FDA Innovation challenge (FDA, 2019b):  Acceptance of STERIS proposals for VH2O2 

sterilization, Accelerator based radiation sterilization and EO process optimization.     

https://www.fda.gov/medical-devices/general-hospital-devices-and-supplies/fda-
innovation-challenge-1-identify-new-sterilization-methods-and-technologies 
 
 
  

https://www.fda.gov/medical-devices/general-hospital-devices-and-supplies/fda-innovation-challenge-1-identify-new-sterilization-methods-and-technologies
https://www.fda.gov/medical-devices/general-hospital-devices-and-supplies/fda-innovation-challenge-1-identify-new-sterilization-methods-and-technologies
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Chapter 2 

Literature Review 

 

2.1 Medical Devices market 

The healthcare industry is focused on protecting, promoting and enhancing life.  Healthcare 

products such as pharmaceutical & biopharmaceutical products, medical devices, electronic 

devices, diagnostic reagents are a significant contributor to health outcomes.  Medical devices 

play an important role in the provision of healthcare, with a global market estimated at 

$432bn and expected to surpass $650bn by 2028 with CAGR of 5.4% (Fortune Business 

Insights, 2021a).   Growth is anticipated across all medical device sectors, including 

cardiovascular, orthopaedic, diabetes care and general surgery primarily driven by aging 

population and increased global access and affordability (International Trade Administration, 

2016; Gamma Irradiation Processing Alliance & International Irradiation Assoc., 2017).   

 

2.1.1 Market Sectors 

2.1.1.1  Cardiovascular  

Cardiovascular diseases are the leading cause of death globally accounting for some 

17.9million deaths in 2019, some 32% of global deaths, 85% of which were due to heart attack 

and stroke (WHO, 2021).  The global cardiovascular market was estimated to be some 

$50.87bn in 2020, with expected CAGR of 6.9% in period 2021-2028, expanding market size 

to $86.27bn.  While innovation in devices drives expansion of patient solutions, equally the 

affordability of devices such as coronary stents meeting healthcare economics drives growth 

through global access to such devices (Fortune Business Insights, 2021b)  
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2.1.1.2  Orthopedic Devices  

In 2019, a global market of $53.44bn projected to grow to 68.51bn by 2027 with Joint 

reconstruction accounting for some 35% of procedures (Fortune Business Insights, 2020).  

Aging population continues to drive growth aided by recent innovations and application of 

3D printing (Bagaria, Bhansali and Pawar, 2018; Wang and Yang, 2021).  

  
2.1.1.3  Diabetes Care 

In 2021 it was estimated that some 537 million adults live with diabetes and this is expected 

to rise to 783 million by 2045 (IDF, 2021).  With such a disease affecting circa 8% of global 

population, it is no surprise that medical device and pharmaceutical manufacturers like 

Abbott, Medtronic, Dexcom, BD, Roche have invested significantly in providing patient care 

solutions. Innovative continuous glucose monitoring products such as FreeStyle Libre 

(Abbott) and G6 (Dexcom) employing latest sensor and nanotechnology facilitate the 

management of diabetes for millions of patients.  

 
2.1.1.4 General Surgery 

General surgery accounts for devices and supplied employed inside surgical suites and will 

include drapes & gowns, examination gloves, procedure kits, wound care and is estimated to 

be a global market of some $14.1bn (based on 2018 data) and projected to grow at a CAGR 

of 8.5%, culminating in a market of some $27bn by 2026.  In recent time, key innovations have 

included robotic and computer assisted surgery (Grand View Research, 2019).   

 
2.1.2  Key Medical Device Manufacturers 

Table 2.1 lists the Top 10 medical device manufacturers, seven of which are headquartered 

in USA.  All of Top 10 have a manufacturing presence in Ireland except Philips.    
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Table 2.1:  Top 10 Medical Device Manufacturers.  Data sources:   Proclinical (2021) and individual company 
websites (listed in the table). Reported Medical device segment revenues are taken from publicly communicated 
financial year-end figures.   

Company Operational 

Headquarters 

Revenues 

2020/2021 

($bn) 

Key Devices Website 

 
Minneapolis, USA 30.1 Neuroscience; 

cardiovascular; 

diabetes care 

Medtronic.com 

 
New Jersey, USA 23 Orthopedics; vision 

care 

jnj.com 

 

Chicago, USA 22.6 Diabetes; 

Cardiovascular; 

Diagnostics 

Abbott.com 

 

Amsterdam, 

Netherlands 

22.6 Diagnostics, Connect 

and personal health  

Philips.com 

 
Bad Homburg, 

Germany 

21 Renal dialysis care Freseniusmedicalcare

.com 

 

Chicago, USA 18 Diagnostics and 

Imaging 

Gehealthcare.com 

 

New Jersey, USA 17.1 Medication Delivery & 

Management, 

Diagnostics 

Bd.com 

 

Erlangen, Germany 17 Diagnostics and 

Imaging 

Siemens-

healthineers.com 

 

Ohio, USA 15.4 General Surgery Cardinalhealth.com 

 
Michigan, USA 14.4 Orthopedics Stryker.com 
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2.1.3 Ireland as a global hub of medical device manufacturing  

Ireland is deemed one of the foremost global hubs for medical device manufacturing, with 

key data summarized in Table 2.2. 

 

Table 2.2: Key facts about Ireland Medtech industry (IDA Ireland 2022) 

 300+ companies 

 40,000 employees – highest number of MedTech personnel per capita in Europe 

 Ranked #1 globally for most highly employable graduates 

 14 of world Top 15 device manufacturers have presence in Ireland 

 Second largest exporter of MedTech products in Europe - €13bn annually, representing 8% of Irelands 

total merchandise exports 

 Ireland supplies medical devices to 97 of worlds Top 100 countries (by GDP) 

 30million people with diabetes use injectable devices manufactured in Ireland 

 #1 exporter of contact lens – over €1bn exported in 2020.   

 #1 exporter of cardiovascular stents totalling over €2bn in 2020 

 Artificial joint exports in excess of €1.3bn in 2020.   
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2.2 Sterilization of medical devices 

By definition, medical devices are intended for the healthcare treatment of human beings, 

often at a time of reduced function and health and often at a time of heighten risk of patient 

infection as immune capacity may be compromised.  Hospital acquired infections and the 

onset of sepsis are potential life threatening risks to patients  with sepsis accounting for some 

750,000 case annually in US (Dugani, Veillard and Kissoon, 2017; Guirgis et al., 2017).  In order 

to minimise such risks, healthcare providers adopt multiple strategies such as facility and 

personnel hygiene, disinfection processes and sterilization (Lambert, Mendelson and Craven, 

2011).  According to ISO, sterility is defined as a ‘state of being free from viable 

microorganisms’ with sterilization being a validated process used to render a (medical device) 

product free from viable microorganisms (International Organization for Standardization, 

2018).  A sterilization process may be applied anywhere along the supply chain of the device; 

at point of manufacture (e.g. in-line sterilization) or at point of use at the hospital delivering 

patient care (e.g. reprocessing of devices such as duodenoscopes) (McEvoy and Rowan, 

2019).   This work is focused on sterilization of single use medical devices applied post device 

manufacture and termed ‘terminal sterilization’.  More often such terminal sterilization is 

provided by contract sterilizers who specialise in the technologies being applied and can 

provide at cost effective scale.  The global sterilization market is currently estimated to be 

some $4.1bn and expected to grow to $5.5bn by 2026 (Markets and Markets, 2021) where it 

may be deduced that contract sterilization accounts for some $3bn, with the main two 

providers being STERIS (steris-ast.com) and Sterigenics (sterigenics.com).       

 

    



17 
 

2.2.1 Sterilization technologies 

A few technologies, both gaseous and radiation based, are employed to sterilize medical 

devices (McEvoy and Rowan, 2019).  The sterilization technologies of choice, radiation, and 

ethylene oxide (EO) gas are evenly split by volume.  Radiation may be sub-divided into 

Electron beam, Gamma and X-ray radiation.  Each technology has its own advantages and 

limitations that summarised in Table 2.3.   

Table 2.3:  Global contract sterilization market by processing technology (source of Market share data:  iia/GIPA 

2017; source of other information:  STERIS-AST.com) 

 Ethylene Oxide Gamma E-beam X-ray 

Marketshare 
(%) 

50 40.5 4.5 5 

Methodology Penetration of 
sterilant gas into 
packaged product 

Irradiation of product 
using photons from 
radioisotope 

Product sterilized 
using ionizing energy 
from electron beam 

Products sterilized 
using ionizing energy 
from Rhodotron 
electron beam 

Efficacy Process efficacy 
confirmed by 
biological indicators 
and/or process 
monitoring 

Process parameters 
confirmed by 
dosimetry 

Process parameters 
confirmed by 
dosimetry 

Process parameters 
confirmed by 
dosimetry 

Penetration Requires gas 
permeable 
packaging and 
product design 

Good penetration 
complete even at 
high densities (> 0.4 
gm/cc) 

Efficient penetration 
at bulk densities 
between 0.05 – 0.30 
gm/cc 

Similar to Gamma, 
Excellent penetration 
for all product types 

Material 
Compatibility 

Very few material 
compatibility 
concerns Liquids are 

Compatible with 
most materials; 
plastics need to be 
evaluated 

Negative effects are 
frequently less 
pronounced or 
eliminated 

Similar to gamma, 
however negative 
effects are frequently 
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generally not 
recommended 

Avoid acetals, PTFE 
(Teflon), unstable 
polypropylene 
Additives are 
available to correct 
issues. 

less pronounced or 
eliminated 

Turnaround 
Time 

Days: Conventional = 
9-10 days. All-in-one 
processing = one day 

Hours: time varies 
based on dose 
requirements 

Minutes: time varies 
based on dose 
requirements 

Hours: time varies 
based on dose 
requirements 

Process Complex process: 
Variables include 
exposure time, 
temperature, 
humidity and EO 
concentration 

Non-process 
variables impacting 
lethality include load 
density, packaging, 
and winter shipping 
conditions. 

Simple process: 
Variables include 
time in the cell and 
isotope load 

Complex process: 
Variables include 
scan height, 
processing speed, 
number of passes, 
and orientation to 
the beam 

Moderately complex 
process: Variables 
include processing 
speed, number of 
passes and number of 
pallets on conveyor 

Product 
Handling 

Traditional 
processing: pallets 
are transferred 
between stages via 
fork truck or 
conveyor system 
 

Aluminium 
totes/pallets with 
product placed in 
pre-determined 
loading pattern 

Aluminium carriers 
with product placed 
in pre-determined 
loading pattern, or 
boxes placed directly 
onto conveyor 

Products processed 
via pallets, in pre-
determined loading 
pattern 

Typical Medical 
Devices 
Processed 

Wide ranging 
compatibility:  Bulk 
devices such as 
surgical procedure 
packs & trays; 

Drug combination 
products such as 
Cardiovascular 
stents; devices with 
electronic/electrical 
componentry 

Some polymer 
incompatibility but 
suitable for many 
medical devices:  
Orthopaedic polymer 
and metal implants; 
Healthcare 
consumables such as 
sprays and wipes; 
labware; complex 
geometry devices 

Wider polymer 
compatibility and 
suitable for many 
medical device types 
such as:  Cardio & 
neurovascular 
devices; tissues; 
biologics 

Similar to Gamma 
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As shown in Table 2.3, EO and Gamma are well-established accepted technologies with a long 

history of use comprise of over 90% of technology provision.  These technologies were 

methods of choice for contract sterilization given the capacity for scale.  However, with recent 

challenges being observed with the use of EO (McEvoy et al., 2021) and availability of cobalt-

60 for Gamma application (Bio-Process Systems Alliance, 2021), the drive for use of 

alternative technologies has intensified.  While ongoing investment in e-beam and X-ray is 

announced by STERIS and other providers, the application of radiation remains limited due to 

material compatibility.     

2.2.1.1 Sterilization using Gamma irradiation 
The use of ionizing radiation as a means of providing sterilization of medical devices was first 

developed in the 1950s by Ethicon, a subsidiary of Johnson and Johnson.  Early work involved 

use of electron beam but due to reliability issues, use of Cobalt 60 panoramic irradiators was 

employed as a method of choice. From this early development, the use of cobalt-60 radiation 

for sterilization purposes, has steadily grown to be the second most used methodology, after 

Ethylene Oxide gas.  In 2008, the National Research Council in USA reported an installed base 

of some 198 million Curies of cobalt 60 in USA and some 63 panoramic irradiators (National 

Research Council, 2008).  The International Irradiation Association estimates the global 

footprint of gamma processing to comprise of some 200 large scale facilities utilizing some 

400 million curies of Cobalt-60 (GIPA, 2017).  The radiation source employed for medical 

device sterilization is Cobalt-60, with a half-life of 5.27years, undergoes beta decay (emits an 

electron and a neutrino) and emits two gamma rays with each decay; one at 1.173 MeV and 

one at 1.333 MeV (McEvoy et al., 2020a).  The raw material cobalt 60 is manufactured in high-

flux reactors where cobalt 59 is bombarded with neutrons:  This process takes some 2 or more 

years with the cobalt slugs encapsulated in pencils, which are then distributed for use in 
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industrial applications (National Research Council, 2008).  In an industrial irradiation 

processing site, the cobalt pencils are housed in a rack which is shielded in a concrete bunker, 

sized appropriately to meet radiation protection safety requirements.  During irradiation of 

medical devices, the product circulates the rack (See Figure 2.1) containing the cobalt.   

 

Figure 2.1:  Schematic of Gamma Irradiation  

(Photo Courtesy of STERIS)  
 

2.2.1.2 Sterilization using Electron Beam irradiation 
E-beam irradiators use an accelerator to direct an energetic beam of electrons (usually 5 to 

10 MeV) at the product. The beam is scanned at high dose rate across the medical device 

product (typically packaged in its corrugate shipper carton) such that the primary electrons 

transfer their energy (primary electrons) to electrons in the atoms of the product (secondary 

electrons), which are knocked free and in turn transfer their energy to other electrons in the 

product (Cleland, 2012). The cascade of electrons delivers dose throughout the product.  

However, consequently the depth of penetration is limited by the beam energy and the 

density of the materials being processed.  Whereas photons of energy from Gamma or Xray 
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have weaker interactions and therefore much better penetration of materials.    In 2011, it 

was estimated by the IAEA and IIA that there were some 1400 or more high current Electron 

beam installations in commercial use (IAEA & IIA, 2011):  It should be noted that the 

predominant use of these installations is for non-medical use in applications such as polymer 

cross-linking and ‘heat shrink’ of cable and wire.  

2.2.1.3 Sterilization using X-ray irradiation 
When an accelerated electron impinges upon any material, it generates X-radiation or X-rays. 

Through a process called bremsstrahlung , X-ray photons are produced by the electron 

interaction with a targets of high atomic number (Z-value) such as tantalum or tungsten 

(McEvoy et al., 2020a).  X-ray offers a viable alternative to large scale gamma sterilization as 

demonstrated by STERIS’ two large scale facilities (>100,000m3 of medical device products 

per annum) in operation in Europe.   

2.2.1.4 Sterilization using Ethylene Oxide gas 
Ethylene oxide was first prepared by Charles Adophe Wurtz, a french chemist, is 1859 and 

was patented for use in sterilization in the later 1930s (McEvoy et al., 2021).  The efficacy of 

EO as an effective bactericidal, virocidal, fungicidal and sporicidal agent is due to its effect as 

alkylating agent (Mendes et al., 2007).  The major elements of an EO sterilization process that 

contribute to the inactivation of microorganisms are EO gas concentration, temperature, 

relative humidity and exposure time (Block, 1991).  EO as an effective, flexible sterilization 

process, with wide material compatibility (Mendes et al. 2007; AAMI TIR17).  However, as 

excellent as EO is as a sterilant, there are considerations and challenges with the use of a toxic 

gas like EO (Mendes et al., 2007; McEvoy et al., 2021).   

Industrial EO processes are typically conducted in large air-tight vessels capable of processing 

batches from a few cartons upto full truck/container loads of 32 pallets (see Fig.2.2).   
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The sterilization process itself may be sub-divided 

into three key elements, namely: 

I. Pre-conditioning where the temperature and 

humidity of the medical products are elevated 

to required levels, typically 50oC and 60% RH.  

This stage of the process is typically conducted 

in a chamber or room separate to the EO 

sterilizer. 

 

II. Sterilization is performed in a stainless-steel sterilization chamber and typically 

conducted under vacuum with 100% EO as the sterilant.   Given the flammable nature of 

EO gas, inert gas such as nitrogen is used to maintain the air:EO mixture below 3%.  A 

typical EO cycle is shown in Figure 2.3.  Steam is used in the cycle to replace and maintain 

any humidity lost from the pre-conditioning process.  Nitrogen is also used to wash out 

EO post dwell phase and dilute any remaining EO levels prior to air injection at the end 

of processing.  

 

 

Figure 2.2:  Industrial size Ethylene Oxide 

sterilizer.  (Picture Courtesy of Solsteo) 
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Figure 2.3:  Typical EO cycle - comprising of key stages: Vacuum (___), steam injection (…), nitrogen injection (---

-), EO injection & dwell (__..__) and air injection (_ . _) 

III. Post-conditioning (or Aeration) 

As EO is a known carcinogen, regulations are devised to protect patients from any 

remaining residues of Ethylene Oxide or a primary bi-product Ethylene Chlorohydrin:  

ISO10993-7 provides limits aligned to product use and patient contact.   In the validation 

of an EO process the remaining residuals post sterilization process are measured and 

appropriate degassing or post-conditioning applied.  This is typically performed in a 

separate chamber or room and may take anything from hours to days to complete.   

 

2.2.2  Material compatibility of sterilization processes  

A key consideration for any sterilization process is the compatibility of the process and the 

sterilant with the materials used in the manufacture of the medical device.  All sterilization 

modalities will have some impact on the materials of a medical devices;  whether it be 

elevated temperature impacts from steam sterilization or cross-linking effects from gamma 
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irradiation to toxic residual deposition from EO processing, all modalities are likely to cause 

some impact (McLaren, 2020).  Material compatibility is the primary reason radiation 

processing continues to only account for circa. 50% of terminal sterilization processes (Murray 

et al., 2013; Tipnis and Burgess, 2018).  AAMI TIR 17 offers a useful guide as to the 

compatibility of various materials with sterilization processes, and highlights that a 

qualification program must be devised to demonstrate the quality, safety and performance 

of a medical device product throughout its shelf life and the key components (Association for 

Advancement of Medical Instrumentation, 2017).   

 
However, it is often the case where the market and product demands define the materials 

selected, which in turn determine the sterilization modality to be applied.  Consequently, EO 

with its wide-ranging compatibility is the most used method (FDA 2019b) can be considered 

suitable for most materials with the main consideration being the removal of residual sterilant 

and it by-products to meet requirements of ISO10993-7 (ISO, 2008).  Whereas with radiation 

processing, material compatibility is variable by polymer type and dependant on the radiation 

dose applied as shown in Figure 2.4.   
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Figure 2.4.  Relative radiation stability of medical polymer ‘families’ (AAMI TIR17)  

Packaging materials should be suitable for the sterilization modality being applied and where 

a gaseous process like EO is used, the packaging must also be gas permeable while 

maintaining a sterile barrier.  ISO11607-1:2019 defines the requirements for packaging of 

medical devices labelled as sterile (ISO, 2019a).   

 

2.2.3  Regulation to protect patients 

To provide governance for patient safety, Regulatory bodies, such as nationally appointed 

competent authorities, and approved Notified bodies provide necessary oversight.  

Instrumental to such oversight are defined requirements such as the European Medical 

Device Regulation, In-vitro diagnostic Regulation, FDA Quality System Regulation.  Supporting 

the fulfilment of the requirements of such regulations are a series of internationally agreed 

standards that are compiled from experts in the relevant fields using knowledge and best 

practice, with such standards provided by the International Standards Organization (ISO).  ISO 

was formed in 1947 and today includes a membership of some 166 national standards bodies.   
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ISO have formed the Technical Committee TC198 who oversee the compilation and 

publication of standards relevant to the sterilization of healthcare products.  Standards 

provide both normative requirements and informative guidance to assist users in achieving 

regulatory compliance (Table 2.4).  As a standard is being compiled, national experts 

nominated by the national bodies assemble into a ‘Working Group’ (WG) to define such 

requirements and guidance based on best scientific knowledge and experience.   

 
A sterilization process (defined as the ‘series of actions or operations needed to achieve the 

specified requirements for sterility’ (International Organization for Standardization, 2018) is 

required to render products safe for use at a pre-determined Sterility Assurance Level (SAL).  

SAL is defined as the probability of a single viable microorganism occurring on an item after 

sterilization and a typical SAL used with medical device manufacturing is 10-6 (ISO, 2018) and 

typically, for medical device minimum levels of 10-6 are required.  Demonstrating 

achievement of a minimum SAL is achieved through validation conducted in advance of a 

sterilization process using internationally recognized consensus standards, some of which are 

described in Table 2.4.   
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Table 2.4:  Internationally recognized standards applicable to medical device sterilization 

Sterilization 
Modality 

Standard Title  

Medical Devices ISO 13485 Medical devices — Quality management systems — Requirements for 
regulatory purposes 

 
Ethylene Oxide 

 

ISO11135 

 

Sterilization of health-care products — Ethylene oxide — Requirements 
for the development, validation and routine control of a sterilization 
process for medical devices 

EN1422 Sterilizers for medical purposes. Ethylene oxide sterilizers. Requirements 
and test methods 

 
Radiation ISO11137-1 Sterilization of health care products — Radiation — Part 1: Requirements 

for development, validation and routine control of a sterilization process 
for medical devices 

 
ISO11137-2 Sterilization of health care products — Radiation — Part 2: Establishing 

the sterilization dose 

 
ISO11137-3 Sterilization of health care products — Radiation — Part 3: Guidance on 

dosimetric aspects of development, validation and routine control 

 
Moist Heat ISO17665 Sterilization of health care products — Moist heat — Part 1: 

Requirements for the development, validation and routine control of a 
sterilization process for medical devices 

 
Other Sterilization 
Modalities 

ISO14937 Sterilization of health care products — General requirements for 
characterization of a sterilizing agent and the development, validation 
and routine control of a sterilization process for medical devices 

 
VH202 ISO22441 

 

 

Sterilization of health care products — Low temperature vaporized 
hydrogen peroxide — Requirements for the development, validation 
and routine control of a sterilization process for medical devices. 

 
 

There is also a suite of supporting standards that are necessary for performing testing and 
validation (see Table 2.5). 
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Table 2.5:  Internationally recognized standards and Technical reports supporting medical device sterilization 

Standard Title  
ISO 11139 Sterilization Of Health Care Products - Vocabulary Of Terms Used In Sterilization And Related 

Equipment And Process Standards 

 
ISO 11737-1 Sterilization of health care products — Microbiological methods — Part 1: Determination of a 

population of microorganisms on products 

 
ISO 11737-2 Sterilization of health care products — Microbiological methods — Part 2: Tests of sterility 

performed in the definition, validation and maintenance of a sterilization process 

 
ISO 11138-1 Sterilization of health care products — Biological indicators — Part 1: General requirements 
ISO 11138-2 Sterilization of health care products — Biological indicators — Part 2: Biological indicators for 

ethylene oxide sterilization processes 

 
ISO 11138-7 Sterilization of health care products — Biological indicators — Part 7: Guidance for the 

selection, use and interpretation of results 

 
ISO 10993-7 Biological evaluation of medical devices — Part 7: Ethylene oxide sterilization residuals 

 
ISO 14971 Medical devices — Application of risk management to medical devices 

 
AAMI TIR17 Compatibility of materials subject to sterilization 

 
 

A validation may be sub-divided into several key steps, namely: 

1. Commissioning and validation of the sterilization equipment 

[The Good Automated Manufacturing Practice (GAMP) guide for Compliant GxP 

Computerized systems provides an excellent framework for the commissioning and 

validation of sterilizer equipment and associated process control (ISPE, 2022).  

  
2. Realization of the microbiological challenge from the natural product bioburden or 

adopting an artificial challenge of known high resistance.  

https://webstore.ansi.org/Standards/AAMI/AAMITIR172017
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3. Conducting studies to determine the rate of kill of the process and extrapolation of that 

process to achieve a required SAL. 

 
4. Examination of product performance and attributes following sterilization processing.  
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2.3  Validation of sterilization processes   

Sterilization of medical devices cannot be measured by quality control means as it would 

entail destructive testing of valuable devices (Lambert et al., 2011).  Hence, a sterilization 

process must be validated whereby a pre-defined sterility assurance level (SAL) is achieved 

(McEvoy and Rowan, 2019).    Demonstration of the achievement of SAL is achieved through 

the validation of a process that achieves an inactivation that may be extrapolated to the 

probabilistic SAL endpoint.  Typical validation approaches in sterilization technologies align 

with industry and regulatory acceptance of a log-linear bacterial kinetic inactivation data plot 

using biological indicator (McEvoy and Rowan, 2019).   

 
Medical devices are manufactured in clean environments with low levels of naturally 

occurring contamination providing insufficient microbiological challenge and  

conservativeness during validation.   Therefore, reference biological indicator microorganism 

(Bacillus atrophaeus or Geobacillus stearothermophilus) of known high resistance and a 

population standardised to a population of 106 spores are utilized in validation:  For example, 

the thermophilic microorganism, G. stearothermophilus is employed as a measure of 

effectiveness of dry or wet heat-based sterilization processes.  To achieve regulatory 

compliance, a validation must both inactivate the BI starting population (6 Log10) and then 

the critical process parameter is extrapolated to provide an additional 6-log10 probabilistic six 

log reduction to achieve a SAL of 10-6.  Therefore, the latter 6-log10 equates to a probabilistic 

SAL of 10-6 where there is a critical assumption that the shape of the inactivation kinetic plot 

remains linear (Fig. 2.5).   
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Figure 2.5: Sterility assurance level and example of the relationship between biological indicator and product 

bioburden. For illustration purposes, this graphical representation has been obtained from AAMI TIR16:2017. 

A BI (denoted by full line) has been selected that has a higher population and resistance (D-value) than those 

of the medical device product bioburden (denoted by dashed line). Using an overkill validation method, a 

sterilization process has been applied at ‘half-cycle’ parameters with full lethality on the BI. (In EO process, 

half-cycle parameter is half of EO exposure time.) In order to deliver the required sterility assurance level of 

≤10-6, a further 6 log reduction is applied by doubling the exposure period in the routine process. Note: 

Microbiological death generally follows first-order kinetics and can be approximated by a straight line on a 

semi-logarithmic plot when the sterilizing conditions (i.e., process temperature, RH, and EO concentration) 

remain consistent for the duration of the exposure time. (AAMI 2017) 

 

2.3.1  Biological Indicators 

In disinfection and sterilization processes, spore resistance is employed through the 

application of biological indicators (BIs) to demonstrate the microbiological lethality efficacy 

of the process being qualified.  Spores of different microorganisms offer varying levels of 

resistance.  The level of resistance is often measured in terms of D-value.  D-value may be 

defined as time or dose required to achieve inactivation of 90 % of a population of the test 
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microorganism under stated conditions (International Organization for Standardization, 

2006).  Spores of the Bacillus or Geobacillus species are often employed as sterilization 

processes as they fulfil the requirements of a Biological Indicator as defined by ISO 11138.   

Given the definition of sterility assurance as a probability, BIs should follow a predicable death 

rate when exposed to certain physical and/or chemical parameters (Graham and Boris, 1993; 

McEvoy and Rowan, 2019).  Hence, it is imperative that the performance of an appropriate BI 

in a sterilization process is both predictable and reproducible, such that a defined SAL may be 

achieved.  Furthermore, it is beneficial to understand how sterilization process kills the spore 

so that the process is optimized.    

 

2.3.2  Spore & resistance mechanisms 

Sterilization microbiology performed as part of the validation activity often involves biological 

indicators (BI) comprising of bacterial endospores of known high resistance utilized as 

representative challenge to the sterilization process (Cortezzo et al., 2004; McEvoy and 

Rowan, 2019).  The resistance of the endospore, or spore, is conferred by multiple protective 

layers encasing a core of essential DNA which itself is protected by small acid soluble proteins 

(Reineke and Mathys, 2020) and is formed by a multistage process instructed by a number of 

adaptive genes (Leggett et al., 2012; Sella et al., 2014a, 2014b).  Commercial BIs are 

manufactured to a defined high resistance and have been demonstrated to be significantly 

more resistant, up to 10times, than wild type equivalents (Kokubo, Inoue and Akers, 1998).  

2.3.2.1 Endospore characteristics, structure and lifecycle 

Endospores produced by members of various Bacillus species are metabolically dormant and 

resistant to a variety of potential killing agents, including heat, radiation, high pressure, 



33 
 

desiccation, enzymes and toxic chemicals such as acids, bases, alkylating agents, aldehydes 

and oxidizing agents (Cortezzo et al., 2004).   Endospores exhibit no metabolic activity yet 

continue to possess an ability to monitor the external environment with resistance conferred 

from; protection of spore DNA through inclusion of small acid soluble spore proteins (SASPs); 

reduced water content; presence of thick proteinaceous spore coat; reduced permeability of 

the spore core or protoplast to hydrophilic agents; spore mineral content; and DNA repair 

mechanisms (Nicholson et al., 2000; Loshon et al., 2001).  The structure of the spore, as shown 

in Figure 2.6, is one of multiple protective layers encasing a core of essential DNA which itself 

is protected by small acid soluble proteins (Reineke and Mathys, 2020).   

Critical to spore functioning 

both during spore 

formation and germination 

are Cortex Lytic Enzymes 

(CLE), spore nutrient 

germination receptors and 

proteins such as spoVA 

responsible for cation exchange and water exchange.  Core dehydration is achieved through 

the inclusion of high levels of divalent cations and calcium dipicolinic acid (Ca2+-DPA).  The 

core pH of Bacillus cereus and Bacillus megaterium spores has measured 6.3-6.4, in contrast 

to pH of 7.3-7.5 for vegetative form (Setlow and Setlow, 1980).  It is expected that the 

dehydrated state and lower pH prevent deleterious effects on proteins such as SASPs, 

necessary for survival (Reineke and Mathys, 2020).      

 

Figure 2.6:  Schematic structure of a Bacillus spore.  

Note: sizes of various layers are not drawn to scale (Setlow, 2014b). 
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As shown in Table 2.6 spores are typically smaller than vegetative form and for Bacillus 

maintain a rod-shaped form.     

 

Table 2.6:  Typical sizes (µm) of selected spores and corresponding vegetative forms (adapted from 
Carrrera et al., 2007).  

 Spore Vegetative 
Microorganism Length Diameter Length Diameter 
Bacillus anthracis 1.6 0.85 6 1.25 
Bacillus atrophaeus 1.34 0.62 3 0.75 
Bacillus subtilis 1.11 0.55 7 0.6 
Geobacillus stearothermophilis 1.75 0.98 2.75 0.8 

 

 

The exosporium consists of glucose, lipids and proteins and is likely to constitute the first 

barrier to macromolecules (Cho and Chung, 2020).  For Bacillus sp. spores that do not possess 

an exosporium, the outer coat is the outermost surface, comprises mainly of protein (50-80% 

of total spore protein) and provides that initial barrier of protection (Leggett et al., 2012; Sella 

et al., 2014b).  Disulfide cross-linking in the coat is a key factor in chemical and mechanical 

resistance of the spore (Sella et al., 2014b).  The spore coat serves as the initial barrier to large 

molecules like the Peptidoglycan-lytic enzyme lysozyme but remains porous to small 

molecules such as spore germinants which require contact with specific receptors located in 

the inner membrane layer (Leggett et al., 2012).   However, the role of the spore coat of B. 

subtilis in chemical resistance is limited, as spore resistance is not provided to many chemicals 

including acid, alkali and ethanol, and the spore coat ‘provides only a small component of 

spore resistance to hydrogen peroxide’ (Young and Setlow, 2004b).   In their work looking at 

the resistance of B. subtilis spores to killing by aqueous ozone, Young & Setlow (Young and 
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Setlow, 2004a) hypothesized that the contribution of the spore coat to spore resistance to 

aqueous ozone was likely due to a large amount of protein and other constituents in the layer 

that ‘destroys much of the ozone before it can gain access to and react with more critical 

targets located further within the spore.’      

 
The outer membrane surrounds the cortex of the spore and appears to have a role in spore 

formation, but precise function is unclear and resistance contribution doubtful (Sella et al, 

2014a).  The spore cortex comprises of peptidoglycan (PG), like that in vegetative cells but 

with three significant modifications namely (i) lower degree of cross linking (ii) differing amino 

acids residues (iii) approximately every second muramic acid residues are converted to 

muramic-D-lactam (MAL) which appear to have a recognition role when the cortex is being 

hydrolysed during germination (Sella et al., 2014b).  The germ cell wall too comprises of PG, 

but PG that is identical to that in the vegetative cell and this structure becomes the vegetative 

cell wall during outgrowth. 

 
The Inner Membrane (IM) surrounds the core of the spore and is comprised mainly of lipids 

which play a role in providing low permeability to small molecules, including water.  Given 

the importance of core water content during dormancy, this function is a quite significant 

contributor to resistance.  Given the importance of the IM with the functional proteins that it 

houses, it is also the site for lethal effects of many agents.   Young and Setlow (2004a) in their 

work with aqueous ozone suggest that as the inner membrane becomes the plasma 

membrane during germination, the membrane ruptures as the restraining cortex is lysed.  The 

researchers also suggest a similar mechanism of lethality with Decon, which contains 

hydrogen peroxide as an oxidizing agent (Young & Setlow, 2004b)  
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The Core of the spore contains DNA, ribosomes, and most spore enzymes.  The Core is 

relatively dehydrated with low water content (25-50% wet weight (Sella et al., 2014b)) and 

high levels of dipicolinic acid (DPA) in a 1:1 chelate with divalent cations predominantly Ca++ 

(CaDPA) (Setlow, 2014a).  Low water content is likely the cause of minimal metabolic activity 

and a significant contributor of spore resistance to wet heat.  Increased resistance is 

presumed to be a consequence of elevated protein resistance due to reduced molecular 

mobility in low water content spore core (Setlow, 2014b).  

 
The DNA contained within the core of the spore is saturated with a group of non-specific DNA 

binding proteins named alpha/beta-type small acid-soluble spore proteins (SASPs). These 

proteins are only synthesized in sporulation and degrade during germination and offer 

protection to the DNA strands during dormancy (Sella et al., 2014b).  SASP binding to DNA in 

Bacillus spores, is such that the lethality from hydrogen peroxide ‘is not by DNA damage’ but 

to some other component of the cell (Setlow, 2014b).  Furthermore, analysis of kinetics of 

killing by wet heat reveals that release of DPA occurs after spore death which indicates lethal 

damage is to ‘one or more key spore proteins’ (Setlow, 2014b). 

 

2.3.2.2 Key Attributes and Microbial Lifecycle 

Vegetative bacteria form dormant resistant spores when conditions warrant through a 

multistage  process instructed by a number of adaptive genes (Leggett et al., 2012; Sella, et 

al., 2014a, 2014b).  The process of germination of a spore back to vegetative state maybe be 

sub-divided as a two stage process whereby stage 1 involves the germinant receptor (GR) and 

inner membrane channel activity and stage 2 being an enzymatic activity where the cortex is 

degraded and water activity restored such that metabolism is restored to the cell (Christie 

and Setlow, 2020).  Stage 1 is initiated by a stimulus termed a germinant which can often be 
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nutrients required for growth.  It is the interaction of germinants with specific receptors in 

the inner membrane of the spore that initiates the process (Setlow, 2014a).  In Bacillus 

subtilis, the germinant receptors are found to be in a single cluster termed the germinosome.  

The binding of the germinant and the receptor commits the spore to an irreversible process 

that starts with slow and limited CaDPA and monovalent cation release from the spore 

(Christie and Setlow, 2020).  This is then followed by rapid CaDPA release through the SpoVa 

proteins located in the inner membrane.  As CaDPA releases, water ingresses into the spore 

raising water content from 35% to 45% (in B. subtilis).   

 
Stage 2 involves the degradation of the spores PG cortex by CLEs and the uptake of water 

(Ghosh and Setlow, 2009; Zhou et al., 2013; Christie and Setlow, 2020).  The water content 

increases to approximately 80% wet weight and appears to be a key step in restoration of cell 

metabolism (Setlow, 2014a).  The degradation of the cortex is facilitated predominantly by 

CLE SleB, located in the inner membrane and CwlJ located in the spore coat, 

whereby muramic-d-lactam found in cortex PG is degraded (Xing and Harper, 2020).  As 

already mentioned, the inner membrane of the spore is a key location for proteins, such as 

germinant receptor proteins, but is also believed to have key properties such as low 

permeability due to its gel-like state.  In nature, germinant receptor-based germination is a 

natural pathway for spore germination. In Bacillus subtilis, gerA,B,K operons encode the GerA 

receptor that binds L-alanine, with the Ger B and GerK recognizing AGFK (asparagine, glucose, 

fructose and k+) (Setlow, 2003; Soni et al., 2019).   

 
As shown by the work of Ghosh and Setlow (2009), the level of nutrient receptors affects the 

germination yield of spores, with the slowest to germinate being termed ‘superdormant’.  

Some species will have a bias to a particular germinant receptor, which in turn results in 
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elevated germination yield when the corresponding germinant is applied:  For example, as 

GerB receptors are increased in B. subtilis mutants, yields of superdormant spores decreased 

subsequently resulting in improved yield of total germinated spores.  Hence, the authors 

conclude that the term ‘superdormancy’ is a relative one and simply relates to the type and 

quantity of GRs and availability of reciprocal germinant.   This is further evidenced by their 

experiments showing no superdormancy when non-nutrient germination was applied (Ghosh 

and Setlow, 2009).  However, in additional to nutrients, germination may also be induced by 

non-nutrient pathways using reagents such as lysozyme, CaDPA or dodecylamine.  The 

germination by CaDPA is a likely indicator of a concomitant natural pathway where the 

germination of one spore may induce in another (Setlow, 2003).  Non-nutrient germination 

induced by dodecylamine requires either CwlJ or SleB CLE resulting in the rapid release of 

cellular CaDPA from the spore core which then acts to stimulate the CLE activity (Setlow, 

2003; Ghosh and Setlow, 2009).  Exogenous CaDPA germination of B.subtilis is initiated 

directly through the activation of CwlJ (Ghosh and Setlow, 2009).   

 
While the work of Ghosh and Setlow (2009) revealed that germination heterogenicity is likely 

linked to GR, non-GR germination using dodecylamine or CaDPA by-pass the GR mechanism 

and act directly on either (i) the spoVA operon responsible for CaDPA migration across the 

membrane or (ii) in the case of exogenous CaDPA activate the CLEs.  SpoVAC, SpoVAD and 

SpoVAEB proteins located in the spore inner membrane, encoded by the spoVA operon play 

a role in DPA uptake during sporulation and release during germination.  Furthermore, as 

spore resistance relates to DPA retention, the operon appears to play a significant role in such 

resistance (Li et al., 2019).  The authors observed spore resistance (to pressure) that 

correlated to the presence of the spoVA operon:  Spores containing 2 or more copies of the 
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mobile component, spoVA2mob operon, demonstrated greater pressure resistance than spore 

with 1 or less operons.  Interestingly, while the DPA content did not appear related to the 

copy number of the operon, there did appear to be a role for the operon in reducing the 

germination-independent DPA release pathway. Germination responses can vary between 

Bacillus species and strains: Krawczyk et al., (2017) summarise the spores of 17 strains of 

B.subtilis showing how heat resistance is impacted by the number of spoVA2mob copies, with 

strain B4057 having a low heat resistance and D-value of 2.4mins at 100oC with zero 

spoVA2mob versus the highly resistant strain of B4067 having a D-value in excess of 4000mins 

with three spoVA2mob operons.    The authors examined %germination at 70oC and found the 

two strains to yield 86.8 +/-2.8 and 0.7+/-0.2 respectively.  Hence, an important correlation 

between the presence of spoVA, increased heat resistance and low germination efficiencies.  

[Authors did note that factors other than spoVA2mob likely to contribute to germination by L-

alanine].   

   
The work of Vepachedu and Setlow (2007) suggest that an increased level of SpoVA proteins 

results in more CaDPA channels and therefore greater germination, with ‘slightly less than 

fourfold higher’ than wild type spores with minimal SpoVA.  This is in direct contrast to 

nutrient dependent germination where increased SpoVA correlates reduced levels of 

germinations.  However, recent investigation reveals that the germination effect of 

dodecylamine is not directly linked to the SpoVA protein but more likely an effect on the inner 

membrane itself, and subsequently leading to an opening of the CaDPA channel (Mokashi et 

al., 2020).  As shown in the extensive research of spores, the ability to germinate appears to 

be another stochastic phenotypic characteristic of genetically spores, mostly likely devised as 

a survival mechanism whereby population outgrowth is staged over time (Ghosh and Setlow, 
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2009).  Of significance is the mechanisms by which microorganisms achieve such phenotypic 

variation, through variation in type and level of GRs and/or levels of spoVA operon affecting 

the migration of CaDPA.   The harmonized step with both the GR and non-GR germination is 

the activation of CLEs by CaDPA released from the spore core (Setlow, 2003) 

 

2.3.2.3 Spore Resistance Mechanisms 

Understanding the mechanisms of spore resistance is an important aspect when trying to 

understand mechanisms and strategies for disinfection and sterilization where the goal is to 

inactivate the spores.  As already mentioned, the spore consists of many layers and 

components, many of which have a role in resistance.  Also, such factors should also be 

viewed concomitantly where the cumulative effect defines the overall spore resistance.  Table 

2.7 below summarises some of the key factors of resistance associated with the spore itself, 

further described in Sella et al., (2014b); Setlow, (2014b).  There are other factors external to 

the spore which will also have an effect, such as sporulation medium; environmental 

conditions and recovery conditions to name a few (Sella et al., 2014b).   

 

Table 2.7:  Key Resistance Mechanisms of Bacterial Spores 

Resistance Factor Description 
Spore Coat Resistance Cross-linking in the coat layer may have some role in chemical and mechanical 

resistance 
Inner membrane 
permeability 

Acts as barrier in dormancy to small molecules including water, which is crucial to 
maintaining core conditions 

Core Water Content & 
mineralization 

Core dehydration and mineralization with CaDPA may help protect the spore by 
stabilizing proteins and protecting DNA from damage. 

SASPs Non-specific DNA binding proteins that are specific to spores and saturate the DNA 
strands preventing base loss. 

Spore Maturation Early spores have been observed to be less resistant than overall mature 
population, leading to theory that maturation of spore coat post sporulation or 
molecular activity pre-dormancy may have an effect. 
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As described by Kokubo, Inoue and Akers (1998), commercially available BIs have been 

demonstrated to be significantly more resistant (in their work, 10times) than wild-type 

bioburden based Bacillus isolates.  In discussions on the topic of nutrient superdormancy in 

spores, it has been suggested that this may be a consequence of lower Germinant receptor 

levels (GerA (activated by L-ala and L-val), GerB (activated in combination by GerK by L-ala + 

AGFK), GerD and GerK) within the spore inner membrane (Ghosh and Setlow, 2009, 2010; 

Zhang and Mathys, 2019).  Ramirez-Peralta et al., (2012) found such phenotypic 

heterogenicity to be a consequence of the sporulation process and spore media employed 

with the authors citing germination heterogenicity appearing to be linked to 

the ‘transcriptional lacZ fusion to the gerA operon, encoding a germinant receptor (GR)’.  

Thus, one could hypothesise that the conferred higher resistance of commercially prepared 

biological indictors is a consequence of the spore preparation resulting in reduced GR’s, which 

subsequently resulted in poor nutrient germination.    

 
Despite the inherent variability of bacterial spores, BIs offer a means of demonstrating the 

lethality of a sterilization process and may be used to relate biological inactivation to physical 

parameters of a sterilization process.  However, it should be remembered that calculated D-

values are of the biological indicator microorganism on a substrate and processed using 

defined sterilization conditions (Pflug and Odlaug, 1986). 
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2.4  Current Sterilization industry challenges and needs  

Medical device manufacturing reliance on Gamma and EO is a consequence of both being 

long established, capable of scale and widely accepted by regulators (McEvoy and Rowan, 

2019).  Gamma, like all radiation processing is limited by material compatibility (McEvoy et 

al., 2020a).  As much as the sterilization providers pursue technology strategies, ultimately 

the medical device products will determine suitable paths.  Medical devices are comprised of 

an array of materials, from polymers to metals to biomaterials, some of which may be 

thermosensitive or radiation sensitive.   

 
Often, devices are composed of multiple materials, such that the aggregate material 

sensitivities define the sterilization process.   Such material compatibility is the most likely 

rationale for gaseous sterilization using EO, being the prime modality of choice (Chen et al., 

2019).  In past number of years, a number of factors have created a pressing need to increased 

diversification in technologies being utilized for medical devices sterilization.   

 
2.4.1  Irradiation processing needs 

Radiation processing is highlighting potential constraints regarding availability of Cobalt-60, 

the source for gamma irradiation.  To maintain supply of critical devices, radiation capacity 

from non-isotope sources must be provided (BPSA, 2021).  Work is ongoing to increase the 

uptake of acceleration based radiation such as X-ray irradiation (McEvoy et al., 2020a).        

2.4.2 Gaseous sterilization needs 

The use of EO now faces heightened scrutiny with associated toxicity properties.  So much so 

that medical device manufacturers are actively pursuing means of optimizing EO sterilization 

processes such that input sterilant quantities are reduced (McEvoy et al., 2021; FDA, 2019a).  
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The wide-ranging material compatibility of EO, which has made it a technology of choice for 

many years (McEvoy and Rowan, 2019).  However, in the past number of years, the use of EO 

and its associated hazards has come under scrutiny (McEvoy et al., 2021): So much so, that 

regulators including the FDA have been encouraging the medical device industry to either 

improve EO processes or pursue alternatives where possible (FDA, 2019b; McEvoy & Eveland, 

2020; McEvoy et al., 2021).    

 

 

2.5 Bridging the gap with vaporized hydrogen peroxide 

As far back as 1996, a need for an alternative to EO was identified (Rutala and Weber, 1996). 

The characteristics of an ideal low temperature sterilant were identified, which may be 

further modified into todays pressing need pertaining to industrial sterilization as described 

in Table 2.8 below. 

Table 2.8:  Characteristics of an ideal low-temperature industrial sterilization process.  Adapted from Rutala 
and Weber (1998) into a current context for industrial sterilization process. 

Characteristic Definition 
Efficacious Being virucidal, bactericidal, tuberculocidal, fungicidal and sporicidal in semi-logarithmic 

manner where D-values may be determined and hold true for calculation to a defined 
Sterility Assurance level 

Rapid Achieve sterilization quickly and predictably 
Strong 
penetrability 

Able to penetrate medical device materials and packaging such that surfaces required to 
be deemed sterile can achieve such a state 

Material 
Compatibility 

Ideally negligible or at least acceptable changes to the materials such that product 
functionality characteristics are not negatively impacted.   

Non-toxic & Safe Should be both safe to operate and pose no health risk to those along the manufacturing 
supply chain or the end user in the hospital environment.    

Process 
repeatability and 
monitoring 

Sterilization process must be repeatable to ensure validation holds true.  Process should 
also be capable of being monitored routinely to verify compliance to original validation 
activity 

Compliance Process must meet requirements of ISO standards (typically ISO14937) 
Cost-
effectiveness 

Process must be cost effective in cognizance with overall manufacturing costs of the 
product and selling price to end consumers. 
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Sterilization with vaporized hydrogen peroxide (abbreviated to VH2O2 by ISO) has a long 

history of use in hospital setting.  Albeit this technology is provided at a relatively small scale, 

it does appear to offer an alternative to EO sterilization for niche applications (McEvoy and 

Rowan, 2019).  While VH2O2 does not provide a direct replacement for EO, in combination 

with EO reduction strategies, does potentially contribute to addressing the pressing need in 

EO processing.  This was further evidenced by STERIS receiving approval for both EO reduction 

strategies and VH2O2 sterilization as part of the FDA Innovation Challenge (FDA, 2019c).  

 

2.5.1 History of VH2O2 

The use of hydrogen peroxide as a biocidal agent originates from early 1800s following its 

discovery by French chemist Louis-Jacques Thenard (1777–1857) (McEvoy and Rowan, 2019).  

The use of hydrogen peroxide as a disinfectant is widespread and vaporised hydrogen 

peroxide sterilization may be traced back to 1977 when US Patent # 4,169,123 (Moore & 

Perkinson, 1979) was granted.  Throughout the 1980s, AMSCO worked with researchers, 

pharmaceutical clients and equipment clients to develop equipment applications for VH2O2 

(McEvoy and Rowan, 2019).  From those early years, the application of vaporized hydrogen 

peroxide has evolved into atmospheric and vacuum processes:  Atmospheric pressure 

conditions as is the case for room, isolator, vehicle and building decontamination; or vacuum 

conditions in low temperature sterilization applications such as reusable medical device 

sterilization (McDonnell, 2014). 

 

2.5.2 Mode of Action 
Hydrogen peroxide (H2O2) is a clear water-soluble weak acid, where when concentrated acts 

as a strong oxidizing agent and its molecular structure is shown in Figure 2.7.  H2O2 has a 
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boiling point above that of water and there currently is no evidence of carcinogenicity in 

humans (McEvoy & Rowan, 2019).   

 

 

 

 

Hydrogen peroxide displays effective antimicrobial activity against a wide range of organisms 

including bacteria, fungi, viruses and spores as it is both an oxidising agent and may form 

hydroxyl radicals (McEvoy and Rowan, 2019):  Concentrations as low as 25 parts per million 

has been observed as bacteriostatic with 3% solution being ‘rapidly bactericidal’ (Block, 1991).  

However, the mode of kill and efficacy differ from gaseous to aqueous form, with gaseous 

being significantly more effective (Hultman et al., 2007; McDonnell, 2014).   

 
Whilst variances in the mode of lethality has been observed between aqueous hydrogen 

peroxide and vapour hydrogen peroxide, some common modes of action are also found:  For 

example, DNA suffers single strand breaks at phosphodiester bonds (McDonnell, 2014).  

Gaseous hydrogen peroxide has been shown to denature proteins, whereas in certain test 

conditions amino acids were not seen to oxidise (McDonnell, 2014).  In the presence of metal 

such as iron, oxidation of amino acids was observed.  Less is known about lipids and 

carbohydrates.  Given the known effect of oxidation on lipids, it is expected that there is a 

similar deleterious oxidation from exposure to hydrogen peroxide (McDonnell, 2014).   

Sterilization with VH2O2 can satisfy many of the desired attributes documented in Table 2.1 

(Rutala and Weber, 1998).  VH2O2 delivers sterilization in a fast effective manner with no 

(i) (ii) 

Figure 2.7:  Hydrogen peroxide molecule; (i) 2D molecule structure 

(ii) 3D molecular image. (Wikipedia, 2022b) 
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carcinogenic or toxic residuals (McEvoy and Rowan, 2019). The advantages of using the 

gaseous state of hydrogen peroxide is described by Hultman et al. (2007) where (i) VH2O2 

will have uniform contact with all exposed surfaces including those with complex 

topographies (ii) may be safely maintained in a chamber environment (iii) may be efficiently 

and quickly removed from a sterilization chamber.  While parameters like sterilant 

concentration, temperature, humidity and time are factors to be considered in process 

lethality, the most important factor is whether the hydrogen peroxide is vapor or aqueous at 

point of contact with the target bacterial spore.  With this in mind, it becomes incumbent in 

the case of dry vapor processes, to design processes where vapor is maintained as vapor as 

long as is necessary for penetration to the spore and subsequent kill.  Hultman, Hill, & 

McDonnell, (2007) described how condensation of hydrogen peroxide from vapor can result 

in ‘undesirable high concentrations of peroxide liquid solutions’:  For example, at 25oC an 

equilibrium concentration of H2O2 vapor of 35% will condense to a concentration of 77.8% 

w/v due to the lower vapor pressure of hydrogen peroxide.   However, there are ‘wet’ 

vaporized hydrogen peroxide processes where sterilization efficacy is reliant on ‘micro-

condensation’ of the vapor at material surfaces being sterilized (Pottage et al., 2010).  

 
The concept of micro-condensation in atmospheric processes is extensively investigated in 

the work by Unger-Bimczok et al., (2008) who investigated the influence of humidity, H2O2 

concentration and condensation on the inactivation of Geobacillus stearothermophilus in 

surface decontamination applications:  The authors explored the effect of H2O2 

concentrations (400, 600 and 800ppm) at humidity ranges of 3,500-8,500, 8,500-13,000, 

11,500-17,000 and 14,500-21,000 ppm.  The work unveiled a synergistic effect between 

sterilant concentration and humidity level where optimal D-values were achieved with High 
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H2O2 concentration-low RH and low H2O2 concentration-high RH combinations.  Further 

investigation revealed micro-condensation, which is ‘sub-visible’, at the surface appeared to 

be a critical factor in D-value efficiency where within a range of 2-3µg/mm2 micro-

condensation, the most efficient or ‘economical’ combinations of sterilant and RH were 

observed.  Following studies of D-value curves using the Most Probable Number method, the 

authors concluded that their results indicated ‘that the deposition of water and hydrogen 

peroxide on the surface is primarily responsible for the microbial inactivation, whereas the 

hydrogen peroxide vapor concentration is of secondary significance’ (Unger-Bimczok et al., 

2008).   

 

Whilst the described advantages of VH2O2 apply to either ‘dry’ or ‘wet’ VH2O2 processes, 

there still remains a divide in opinion as to the role of humidity and ‘micro-condensation’.  

Agalloco & Akers (2013) offer an alternative view where they postulate that lethality from 

VH2O2 is delivered in a zone that lies between the extremities of liquid and gaseous phases:  

These authors describe how the chemistry of condensation is thermodynamically 

unavoidable in processing conditions of temperature, air flows and material conditions.  

Furthermore, there is some debate about the significance of concentration in lethality kinetics 

with advocates of micro-condensation postulating that micro-condensation results in higher 

concentration of H2O2 at surface, resulting in optimal lethality.  However, one should also 

consider the penetration benefits of gaseous form to surfaces being sterilized.  As Agalloco & 

Akers (2013) correctly highlight, whether it be liquid, gaseous or combination of both, ‘H2O2 

is lethal to microorganisms in both gas and liquid phases’.       
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2.5.3  Vacuum based VH2O2 processes 

Vacuum based processes have been demonstrated to provide the necessary penetration of 

the vapor into medical devices (McEvoy and Rowan, 2019).  A deep vacuum (<10mb abs.) will 

remove air that could potentially impede vapor penetration to surfaces, facilitate the removal 

of ambient humidity and create the opportunity for maximum injection of sterilant short of 

the saturation point after which condensation will occur.  The importance of vacuum in drying 

the load is highlighted by Hultman et al. (2007) who describe how the ‘maximum allowed 

concentration of peroxide vapor drops from 2.184mg/l to 1.805mg/l as moisture content in 

the carrier gas goes from 0% RH up to 10% RH…a 17.4% drop.’ 

A typical vacuum-based process which is represented in Figure 2.8 includes three distinct 

phases:   

(i) Pre-conditioning where a vacuum is pulled to dry the load.  In the process shown 

in Figure 2.8, the load may be flushed with air or steam to remove any unwanted 

humidity and air pockets in the product being sterilized.  

  
(ii) Sterilization where vapor is created by vaporization at over 100oC and subsequent 

introduction of vapor into the chamber and maintained for a defined period of 

time.  The injection of vapor may also be accompanied with the injection of air 

pulses to raise the pressure in the chamber as shown in Figure 2.8. 

 

(iii) Post-conditioning where peroxide is removed from the load though a series of 

washes using air or steam or combination. 
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Figure 2.8:  Diagrammatic representation of a vacuum VH2O2 cycle - showing three phases 
of Pre-conditioning (PreC), Sterilization (ST) and Post-conditioning (PostC) and corresponding 
pressure levels.   Process displayed is that typical to STERIS LTS-V process. 

 

The nature by which vapor Hydrogen peroxide is generated is also of some significance:  Due 

to H2O2 having a lower vapor pressure than water, if vapor is generated by simple evaporation 

into a dry enclosed space, the concentration of peroxide in the vapor is diluted as water will 

evaporate first.  Reciprocally during condensation, peroxide will condense first and result in 

a higher concentration at the surface (Hultman, Hill and McDonnell, 2007).  As already 

highlighted and emphasized by same authors, whilst peroxide concentration is increased 

during condensation, one would not expect aqueous to outperform the lethality achieved 

through peroxide in the gaseous form (See Table 2.9).    
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Table 2.9:  Comparison of the sporicidal efficacy of liquid and gaseous hydrogen peroxide at 20–25oC against 

bacterial spores (McDonnell, 2014) 

 
 

With regard to creating a vapor, a technique called Flash vaporization is utilised where an 

energy source is applied forcing the liquid water and hydrogen peroxide to evaporate at the 

same rate, thus maintaining the liquid concentration in the vapor created.  

 

2.5.4 Inactivation of microorganisms with VH2O2 

Hydrogen peroxide being a powerful oxidizing agent provides broad spectrum biocidal activity 

which includes bacterial endospores (Cortezzo and Setlow, 2005), prions (Fichet et al., 2007) 

and viruses (Pottage et al., 2010).   However, as the mechanisms by which VH2O2 kills 

vegetative bacteria and endospore differs, and bacteriocidal & sporocidal action of aqueous 

and vaporized hydrogen differs, understanding of the interactions at a cellular level requires 

some understanding.  Ortega Morente et al., (2013) describe three levels of interaction 

between the sterilant and a vegetative bacterium; (i) interaction with outer cellular 

components; (ii) interaction with the cytoplasmic membrane and (iii) interaction with 

cytoplasmic constituents with the potential for interaction on all three levels.  Furthermore, 

it has been established that the biocidal activity of H2O2 in vegetative cells through the Fenton 

reaction involves DNA damage (Setlow & Setlow, 1993; Linley et al., 2012)   
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Spores produced by members of various Bacillus species are metabolically dormant and 

extremely resistant to a variety of potential killing agents, including heat, radiation, high 

pressure, desiccation, enzymes and toxic chemicals such as acids, bases, alkylating agents, 

aldehydes and oxidizing agents (Nicholson et al., 2000; Cortezzo et al., 2004).  Given their 

importance in sterilization as process indicators, it is beneficial to understand how a biocidal 

agent can affect spore resistance mechanisms.  Spores are generally more resistant to 

disinfectants and sterilants than their vegetative growths due a number of physical, 

biochemical and genetic factors (McEvoy and Rowan, 2019).  Studies have been performed 

to elucidate potential sites of biocidal activity in spores with VH2O2 most likely to affect the 

inner membrane, most likely affecting germination pathway (McEvoy and Rowan, 2019).   

 

2.5.5  Material compatibility 

Similar to EO, one if the key advantages of VH2O2 is its wide ranging material compatibility.  

As described in AAMI TIR17:2008, materials that are, hydrophobic; chemically stable; 

resistant to oxidation; resistant to moisture; do not decompose (silver, copper and copper 

alloys); and do not absorb (polyurethane, nylon, and cellulosic materials) are most suitable 

for VH2O2 sterilization.  Consultation with AAMI TIR17 or STERIS Material compatibility 

factsheet (STERIS, 2002), reveals which generally used materials employed in medical devices 

are suited to hydrogen peroxide.    

Various materials have been examined for suitability with VH2O2.  Lerouge et al., (2002) 

analysed various polymeric materials typically used on medical devices (polyurethane 

catheters, polyethylene tubing, polyvinylchloride tubing and films) sterilized with EO 

sterilization and two plasma based systems (Hydrogen peroxide and peracetic acid) and 
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observed some surface affects from oxidising sterilants; but, the authors did note that some 

effects may be advantageous to the product performance and most certainly were less 

impacting than the hazardous residuals from EO processing. Similar studies show the 

compatibility of VH2O2 with materials used in medical devices:  Polyurethane catheters (Ma 

et al. 2003); Polyurethane Foams (Bertoldi et al., 2015); bioabsorbable fibres (Nuutinen, Clerc 

and Virta, 2002); Poly(lactic acid) (Savaris, Santos and Brandalise, 2016); polylactic 

acid/Gelatin scaffolds (Hao et al., 2016); xenograph bone material (Bi et al., 2013); titanium 

nanotubes (Junkar et al., 2016); 3D printed polyamide (Chen et al., 2019); 3D printed high 

density polyethylene (Chen et al., 2019). 

Products sterilized with a gaseous process must be packaged in a gas permeable sterile 

barrier.  Tyvek® is a sterile barrier material widely utilized in medical device packaging 

applications and suitable for a wide range of sterilization modalities including VH2O2. The 

manufacturer of Tyvek®, DuPont, during transition to a new version of the packing material 

in 2017, conducted extensive research into material effects of various modalities according 

to protocols agreed with the FDA, and confirmed appropriateness for use with VH2O2 

(DuPont, 2017).   However, not all commonly used packaging materials are suitable for 

VH2O2:  Cellulose is a material to be avoided when processing with VH2O2 and while not 

associated with the device sterile barrier packaging, it is often contained in additional 

packaging such as ‘instructions for use’ booklets and shipper cartons.  Cellulose is known to 

degrade VH2O2 to such an extent that it reduces the concentration of H2O2 in the vapor phase 

rendering the sterilization process ineffective in delivering required sterilization (McDonnell, 

2007).  Reich & Caputo (2005) in their work examining isolator technology demonstrated a 

47% reduction in VH2O2 concentration in presence of cellulose materials with a subsequent 
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outcome of positive BIs randomly dispersed indicating a resultant ‘marginal non-uniform 

cycle’.  Corveleyn et al., (1997) observed marked differences in the permeation of VH2O2 with 

87.7% or reference concentration permeating Tyvek® and only 30% permeation with medical 

grade paper postulating either an ‘absorption phenomenon’ or ‘H2O2 breakdown’.  Hence, it 

is imperative that sterilization is performed in the absence of absorbent materials like 

cellulose.  Strategies must be devised where products are presented in sterile barrier with 

Tyvek® but in absence of cellulose-based materials such as IFUs and carton material. 

Alternatively, as observed by Meszaros et al., (2005) the use of lacquered materials helped 

minimise the sterilant degradation.   
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2.6 Gap in knowledge and Research contribution 

Stakeholders associated with terminal sterilization of medical devices are currently 

addressing pressing challenges of cobalt availability and a reliance on EO as the only gaseous 

technology of scale for thermosensitive materials.  Novel technologies are currently being 

considered, however, they suffer from slow adoption impacted by many factors including 

material compatibility, supply chain configuration and availability, cost, regulatory 

acceptance, to name a few.    There is also a commensurate pressing need to develop new 

gaseous sterilization technologies that can be deployed to meet the complex design needs of 

new medical devices and their sophisticated composition of polymer materials, in addition to 

provision for combination device features. Acceptance of a ‘novel’ technology is premised on 

knowledge and experience with the technology, ultimately removing the ‘novel’ 

consideration. 

The overall aim of this novel research is to establish an industrial scale sterilization process 

using vaporized hydrogen peroxide.   The research is focussed on three key aspects to address 

gaps in current knowledge, namely:  (i) Establishment of an industrial scale process in 

accordance with current industrial sterilization methodology defined in standards such as 

ISO11135 (EO sterilization); (ii) Determination of the inactivation kinetics of the process in 

order to confirm the appropriateness of established validation methods (iii) use of 

microbiology investigative techniques to elucidate insights into the mechanism of bacterial 

spore inactivation using VH2O2 and ultimately contribute to the body of knowledge which is 

somewhat limited.  Ultimately, the outcomes of this research work will help inform the future 

ISO consensus standard (ISO22441) specific to VH2O2 sterilization that is currently being 

devised.   
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2.6.1  Industrial scale VH2O2 sterilization 

VH2O2 has been employed in healthcare setting for many years.  However, chamber volumes 

are typically limited to <0.15m3 which is appropriate for small re-processing volumes inside a 

hospital (ASP, 2022; STERIS, 2022a).  Hence, all prior research and validation has been 

performed at a very small scale when one compares to that required for industrial processing 

of single use medical devices.   For industrial processing, chambers ranging from 2-8m3 are 

being proposed (STERIS, 2022b).  To date, little to no research has been conducted on 

industrial scale VH2O2, given it is a technology very much in its infancy for terminal 

sterilization applications.   

 

2.6.2 Appreciation of the inactivation kinetics of Industrial scale VH2O2 sterilization 

Sterility is not an absolute and must therefore be predicted and expressed in terms of 

probability, as a sterility assurance level (SAL).  A sterilization process is validated whereby a 

pre-determined SAL is demonstrated through a series of process evaluations (McEvoy and 

Rowan, 2019).  In radiation processing, validation is performed through verification of the 

appropriateness of a delivered dose to inactivate the naturally occurring microorganisms 

occurring on a medical devices and inactivation kinetics have been demonstrated as first 

order ((Tallentire et al., 2010; Tallentire and Miller, 2015; Hansen et al., 2020):  Such first 

order inactivation has been demonstrated through the dose related inactivation of Bacillus 

pumilus as a representative challenge microorganism.  Similarly, first order inaction or also 

termed log linear has been demonstrated with EO (Kereluk et al., 1970; Mosley et al., 2002) 

using Bacillus atrophaeus as a reference challenge microorganism.  The log linearity is 

important when using validation methods to extrapolate from a half-cycle parameter to a 

defined SAL (McEvoy & Rowan, 2019).  ISO Sterilization have defined a threshold for linearity 
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with the coefficient of determination, R2, of the survivor curve be not less than 0.8 (ISO 11138-

1, 2017).   

However, there are many exceptions to the simple first-order type kinetics, especially when 

microorganisms are exposed to relatively mild inactivation that frequently yield a low number 

of log reductions (Rowan, 2019) that can produce non-log linear inactivation curves; 

moreover, these inactivation curves may exhibit pronounced initial shoulders, extended tails, 

or sigmoid curves that are challenging to fit to the primary data (Rowan et al., 2015). Non-

linear inactivation of microorganisms by chemical agents can be attributed to one of two 

theoretical models – Vitalistic (phenotypic variations in a genetically homogenous population 

where each cell is characterised by its own resistance) (Cerf, 1977; Humpheson et al., 1998; 

Stone et al., 2009) and Mechanistic Theory (influencing factors from the sterilization process), 

with concepts such as superdormancy, biocide quenching, microorganism clumping and 

mechanism of action of biocides itself being possible sources   (Johnston et al., 2000; Lambert 

and Johnston, 2000); (Shintani, 2014;  Johnston et al., 2000;  Dhar and McKinney, 2007).  To 

address non-linear inactivation, predictive microbiology provides numerous mathematical 

models (e.g. Weibull, Hom, Gompertz) to predict microbial behaviour in a defined system 

(Lambert and Johnston, 2000; Geeraerd et al., 2005; Coroller et al., 2006; Stone et al., 2009; 

Bevilacqua et al., 2015).    

Current knowledge indicates that DNA is the main target for some sterilization modalities, 

such as radiation and ethylene oxide where first order relationship can occur (Mosley, 2003).  

In contrast,  the biocidal mechanism of VH2O2 is still not fully understood (Linley et al., 2012) 

(McEvoy & Rowan, 2019) and non-linear inactivation has been reported:  The phenomenon 

of biphasic inactivation has been attributed to a number of potential sources such as micro-
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condensation (Unger-Bimczok et al., 2008) (Dufresne and Richards, 2016) and factors 

associated with the BIs themselves (Agallaco and Akers, 2013; Shintani, 2014).  Shintani, 

(2014) attributes the biphasic shape of survivor curves to the mechanistic concept of clumping 

of microorganisms on a Biological Indicator where low penetration processes (such as VH2O2) 

take additional time to reach the inner layers of microorganisms in the clumps.   

 
The work of Johnston et al., (2000) shows the significance of the microbial load and the 

possibility for biocide quenching by the inoculum:  As quenching occurs at a microbial cellular 

level, the amount of available biocide for further inactivation of the population reduces, thus 

resulting in the appearance of a more resistant sub-population.  By eliminating potential 

artefacts, it may lead thoughts back to the either the agreement with the vitalistic theory that 

individuals are not identical or specific cellular mechanisms associated with the mechanistic 

theory, including superdormancy in spores (Delbruck et al., 2021).   

 
Assessment of inactivation kinetics and effective modelling of microbial inactivation arising 

from physical, chemical or gaseous treatment modalities typically requires the plot to 

encompass a 6 log microbial count (or survival ratio) versus time data (Buzrul, 2017) for 

several reasons where a dose-response curve is necessary to address the potential occurrence 

of microbial variance and resistance to the applied stress that may take different inactivation 

shapes interpreted through a mathematical best-fit (Garre et al., 2020; Rowan, 2019). 

Researchers have highlighted the challenges with using BIs to give repeatable and predictable 

results: Clumping of spores on a BI, can result on non-linear inactivation with less penetrating 

processes such as VH2O2 plasma (Shintani, 2014); D-values varying by BI carrier material 

(Pinto et al., 1994); inaccuracies in test methods (Royalty-Hann, 2007).     
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Hence a key and novel aspect of this research is to conduct first reported studies of the 

inactivation of both Geobacillus stearothermophilus biological indicators with industrial scale 

VH2O2.    In addition to enumeration of surviving spores, the condition of the BI itself will be 

examined with advanced imaging techniques.  The thermophile Geobacillus 

stearothermophilus is the established BI of choice for VH2O2 processing as the Most Resistant 

Organism (MRO).  This research will also examine the inactivation of another BI system, 

Bacillus atrophaeus, typically used in EO processing.    

 

2.6.3 Microbiology Techniques 

A key consideration when examining the kinetics of inactivation is the methods employed to 

determine data end-points.  Inactivation may be investigated by employing traditional 

culture-based methods, such as resuscitation and growth on artificial-laboratory plate count 

media. However, there are significant limitations with such conventional enumeration 

methods in that results are binary (growth/no growth), requires time for colony growth, 

assumes one cfu emanates from one microorganism, recovery is dependant on culture 

conditions and may not recover populations deemed viable but not culturable (VBNC) 

including sub-lethally damaged microorganisms (McEvoy et al., 2020b; Rowan, 2019, 2004; 

Ou et al., 2017; Rowan et al., 2015 and Laflamme et al. 2005). 

Biological Indicators (BIs), culture conditions for recovery is well characterized and prescribed 

with out-growth of a nonsterile BI being a function of (i) initiation of spore germination (ii) 

conversion to the cell form (iii) cellular metabolism and cell division and multiplication, with 

delayed out growth of damaged spores likely to be a consequence of germination time. (Gillis 

et al., 2010).  Where natural bioburden populations are being examined, an understanding of 
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the identity of the microorganisms is necessary in order to ensure culture conditions for 

recovery are appropriate Keller & Zengler (2004).  Hence, the reliance on traditional plate 

count techniques has the potential to limit the most accurate definition of the inactivation 

kinetics (McEvoy et al., 2020b).   

The use of cellular-based differentiation and enumeration techniques, such as Flow 

Cytometry (FCM), providing valuable real-time data at an individual cell level, may aid 

elucidation of a heterogenous microbial population providing a truer picture of the 

inactivation being predicted (Quirós et al., 2007). An appreciation of population 

heterogenicity becomes ever more relevant when one considers the ‘monomodal Gaussian 

or multimodal distribution of subpopulations’ resistance to stress environments (Dhar and 

McKinney, 2007) where cellular based investigation strategies may define a fuller 

mathematical model such as the ‘segregated model’ described by Quiros et al., (2007) 

providing further insight and confidence in the achievement of sterility assurance.     

 

2.6.3.1  Application of Flow Cytometry as a research tool 

Flow Cytometry is best described as automated microscopy where thousands of cells can be 

analysed in a second using a focused light beam (Veal et al., 2000).  By measuring 

fluorescence, either natural or induced by use of fluorescent markers, cells may be 

differentiated based on size, shape, phenotypic characteristics and viability (Ambriz-Aviña et 

al., 2014) (Díaz et al., 2010) (McEvoy et al., 2020b).  Flow cytometry was established in the 

1940s and consists of three main components, namely Fluidics, Optics and Electronics for 

measurement (Picot et al., 2012;Goure, 2013).   Cell characterization using Flow Cytometry is 

achieved by means of measuring light scatter or fluorescence signals with ‘Forward Scatter’ 
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being proportional to cell size and ‘Side Scatter’ light being affected by intracellular structure 

(Diaz et al., 2010).  FCM analysis of  light scatter may also detect autofluorescence of 

microorganisms as a consequence of spore coat components such as dityrosine which cross-

links through oxidation activities involving peroxidase and oxidase (Magge et al., 2009). 

However, with small microbial cells, light scatter profiles alone may yield insufficient 

information.   Hence, the use of fluorescent probes has proved to be a useful methodology 

when combined with flow cytometry.  Fluorescent probes work from the principle that the 

wavelength of emission will be longer than that of excitation and the difference between the 

two, described as the Stokes shift, determines the effectiveness of the probe (Adan et al., 

2017; Davey & Kell, 1996).  Various fluorescent probes may be used to determine the 

physiological state of the organism and help differentiate a population by viability state.  

Probes such as those described by McEvoy et al., (2020b), may be used based on cell 

interaction characteristics to identify a population or may even be used to count 

microorganisms.  Probes used in flow cytometry studies, may be divided into two broad 

groups; i) nucleic acid binding dyes and ii) metabolic/cellular/protein binding dyes (Mathur et 

al., 2016) (See Fig 2.9). 
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Figure 2.9:   Schematic representation of Flow Cytometry (a) and staining options for bacterial cells 

(Wu et al., 2015)  

 

Trevors (2003) describes the advantages and limitations of the use of fluorescent probes in 

bacterial research.  Combinations of dyes may be used to generate ‘multi-parametric data’ 

from individual cells in a heterogenous population (Wilkinson, 2018).  Membrane integrity, 

often employed as a measure of cell viability through the use of cell permeant and 

impermeant probes (Buysschaert et al., 2016).  Propidium Iodide, a membrane impermeant 

probe, is commonly for detection of dead cells as evidenced by permeabilization of the inner 

membrane (Léonard et al., 2016).  Membrane permeant dyes such as Sybr and Syto bind to 

DNA and RNA providing total counts of populations (Díaz et al., 2010; Buysschaert et al., 2016; 

Wilkinson, 2018;).    

 
Cell viability may be confirmed using membrane potential potential probes, such as DiOCn 

(Buysschaert et al., 2016; Hammes et al., 2011; Díaz et al., 2010).  As part of metabolic activity, 

cells operate a suite of esterases and dehydrogenases whose activity may be detected and 

measured with dyes and Flow Cytometry.  Carboxfluorescein diacetate (cFDA), a viability dye, 

is cleaved by esterases to release the fluorescent fluorescein (Buysschaert et al., 2016).  Single 



62 
 

staining strategies may overestimate populations or suggest incomplete determinations of 

phenotypic fractions whereby intermediate states are elucidated (Díaz et al., 2010; Léonard 

et al., 2016).  Using multiple fluorescent probes, different functional properties or 

morphological states may be assessed simultaneously and used to form a more complete 

understanding of the microorganism (Buysschaert et al., 2016).   For example, the Live/Dead® 

BacLightTM kit uses a combination of SYTO9 and PI to distinguish intact live cells from 

permeabilized dead cells (McEvoy et al., 2020b).  The use of FCM with appropriate fluorescent 

probes such as PI, offers the opportunity to examine the heterogenous sub-populations 

including population transitions from viable to dead cells upon treatment with a sterilization 

process such as VH2O2.  

  

2.6.3.2  Application of Advanced Imaging as an investigative tool 

As much as researchers look to quantify the effects of an inactivation, imaging as a qualitative 

technique may be employed to provide further insights into the cellular activities taking place.  

Electron microscopy can provide structural information regarding intactness of membranes 

or effects on other cellular constituents.   Transmission Electron Microscopy is based on the 

electron transmission through biological material and is suited to multi-layered structures 

such as spores, where a cross sectional image may be generated whereas scanning electron 

microscopy allows imaging of entire spore structure (Trunet et al., 2017).  While both imaging 

methods are complementary is providing a comprehensive image of both the internal and 

external spores structures, researchers must be cognisant that the extensive sample 

preparation may impact final image quality (Trunet et al., 2017).  Electron microscopy and 

phase contrast microscopy have been used successful to examine effects of inactivation 

processes on spore and cellular structure integrity:  Supercritical CO2 treatment of B. 
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anthracis spores was confirmed by TEM imaging to cause little to no structural changes (Zhang 

et al., 2007).  The usefulness of phase contrast microscopy is evidenced in the ability to track 

the germination events of B. subtilis, with loss of phase brightness as an early event in the 

germination sequence (Pandey et al., 2013; Georget et al., 2014).  In an inactivation process, 

the loss of brightness may be an indication of membrane permeabilization and loss of the 

spore CaDPA reservoir (Setlow et al., 2002).   

 
 
While significant investigative work has been conducted by a number of researchers 

regarding the effect of sterilants at a cellular level (Young and Setlow, 2004a, 2004b; Roth et 

al., 2010; Leggett et al., 2016; Setlow et al., 2016;) often this work is limited to the use of 

mutants to compare to wild-type microorganisms to test such things as cellular permeability 

for instance.  As identified by Cronin and Wilkinson (2008), the use of such mutants still fails 

to account for the inherent heterogenicity in large microorganism populations.  Furthermore, 

given Bacillus spp., often used as a reference challenge microorganism displays ‘rich dynamic 

behaviour, long-term oscillations, multiple steady-states, genetic instability, and un-

interpretable transients’ (Reis et al., 2005), the need for a suite of investigative tools is 

apparent (McEvoy et al., 2020b).  Techniques including FCM and Advanced Imaging have 

evolved over many years to becoming a useful diagnostic and investigative tool that could 

likely provide significant insights to aid sterilization microbiology (Picot et al., 2012; McEvoy 

et al., 2020b).    
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2.6.4 Regulatory 

As described in Table 2.3, terminal sterilization of medical devices is provided by EO and 

radiation.   Contributing factors include scalability and material compatibility (see Section 

2.2).  Another contributing factor is the availability and global regulatory recognition of 

dedicated consensus standards:  ISO11135 applicable to EO and ISO11137 for radiation.  The 

importance of having such standards is further evidenced by the categorization of sterilization 

processes by the Food and Drug Administration in USA described in Table 2.10 

Table 2.10:  Methods of Sterilization (FDA, 2016) 
Established Sterilization Method Novel Sterilization Method 
Category A 

Well established; long 
history; consensus standards 
available 

Category B 

Established methods; 
published and available data; 
no FDA recognized 
consensus standards 

Newly developed; little 
publication; no consensus 
standards 

Examples: 

• EO with devices in a fixed, 
rigid chamber  

• Moist heat or steam  
• Radiation (e.g., gamma, 

electron beam)  
 

Examples: 

• Hydrogen peroxide 
• Ozone 
• Flexible bag systems 

(e.g., EO in a flexible bag 
system, diffusion 
method, injection 
method)  

 

Examples:  

• Vaporized peracetic acid  
• High intensity light or 

pulse light  
• Microwave radiation  
• Sound waves  
• Ultraviolet light  

 

 

Category B, whilst more recognized than ‘Novel Sterilization methods’ do require a greater 

burden of proof than Category A:  Proof being an extensive validation program that 

demonstrates the efficacy of the process in delivering sterility assurance.  Processes deemed 

‘Novel’ are those that require proof of not just the process itself, but also the microbiology 

studies demonstrating sterilant lethality and efficacy and associated measurement tools such 

as monitors and biological indictors for process release.  Currently VH2O2 is classified as a 



65 
 

Category B process, given its deployment to clinical settings and fact that it may be validated 

using ISO14937:2009 standard.  However, this categorization may not apply to industrial scale 

VH2O2 sterilization processes given they remain novel to terminal sterilization of medical 

devices.  To address this gap, in 2017 a New Work Item Proposal (NWIP) was submitted to 

ISO for the formation of a process sterilization standard for Vaporized Hydrogen Peroxide 

sterilization with a target date for publication of 2022.   A working group (WG16) was formed, 

and this thesis author was nominated by the National Standards Authority of Ireland as a 

national expert in this field of sterilization.   

 

With moving to industrial scale processing with VH2O2, there has been somewhat of an 

assumption that equipment and process design are aligned to that employed in EO 

processing.   Regarding validation, the application of ISO14937 with half cycle validation 

method using Geobacillus stearothermophilus as a ‘most resistant microorganism’ is expected 

to provide processes yielding SAL of 10-6 or better.  Predicting to such an SAL is very reliant 

on an understanding of the inactivation kinetics and whether first-order is followed.   

  

As stated in Section 2.6.2, small scale studies of VH2O2 in biological indicator evaluation 

resistometers (BIER) have indicated biphasic inactivation.  At the time of writing the ISO 

standard for VH2O2 being written contains no references in the bibliography describing the 

inactivation kinetics of vacuum based VH2O2.   Hence there is a significant gap in knowledge, 

such that the use of half-cycle methods needs further confirmation of appropriateness.     

Hence, the scientific work contained in this thesis is being used to inform the work of WG16 

as the ISO22441 standard is developeded for international adoption.  Following the issue of 
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the standard, one would expect greater acceptance of VH2O2 as a sterilization process for 

medical devices, and potentially attain Category A with FDA.           
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Chapter 3 

Linear inactivation of Bacillus pumilus with radiation processing  

 

3.1 Introduction 

Terminal sterilization of medical devices using radiation based technologies using typical dose 

and dose rate parameters has been observed to be a first order dose dependant activity 

(Tallentire et al., 2010; Tallentire and Miller, 2015; Hansen et al., 2020). Hence, validation of 

radiation processes and establishment of SAL are based on the inactivation of populations of 

microorganisms of standard resistance and described in ISO11137.  The underpinning of the 

standard is based on several studies based over many years.  The purpose of this study is to: 

(i) Using a well-established sterilization technology such as radiation processing, 

demonstrate first order inactivation of a challenge biological indicator microorganism, 

namely Bacillus pumilus. 

(ii) Examine radiation technologies of electron beam, gamma and X-ray in a novel single 

study.   

(iii) Examine the dose effect on the structural properties of the spores using SEM.  

The results of this chapter demonstrate an ideal situation where first order inactivation 

related to a controllable parameter may be used to predict to probabilistic SAL.    

 

3.2  Methodology 

3.2.1 Sample preparation 

Commercial Bacillus pumilus (ATCC 27142) biological indicator paper strips supplied by 

Crosstex (USA, Lot: P104) with a certified population containing 2.6 x 106 viable spores per 

paper strip a D-value of 1.7 minutes based on the manufacturers test method were used.  The 
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population claim was verified following the manufacturers instructions prior to running the 

experiment. B. pumilus spore samples for X-ray and gamma irradiation were prepared as 

described by Tallentire et al. (2010) and Tallentire & Miller (2015) with modifications. Briefly, 

individual B. pumilus spore strips were carefully secured in the middle of a Petri dish, without 

breaking the sterile barrier. Absorbed dose was measured with Alanine dosimeters (Harwell 

Dosimeters, UK), placed in a Petri dish next to each spore strip (Figure 3.1). Samples were 

prepared for e-beam irradiation by placing duplicate spore strips in a paper envelope next to 

each other, with a third strip placed between two B3 WINdose dosimeters (GEX, USA). 

Duplicates were used for microbiological analysis, while the strip placed between two 

dosimeters was only used for reference dose measurement.    

 

3.2.2 Irradiation of Bacillus pumilus spores  

Dose mapping experiments were conducted for all technologies to determine the maximal 

and minimal dose zones, reproducibility, and dose rate of the process. Once the configuration 

was established, spore strips were irradiated in duplicates, either placed in Petri dishes (X-ray 

and gamma) or as duplicate BIs placed in a paper envelope (e-beam). A sequence of 

treatments through Petri dishes have been processed in static mode with a fix irradiation field 

dose rate for the X-ray or gamma at 1 kilogray (kGy) dose increments. Each set of duplicates 

received a nominal dose of 1, 2, 3, 4, 5 or 6 kGy. After exposure to the nominal dose for a 

particular set of duplicates was achieved, B. pumilus spore strips were retrieved for 

microbiological analysis, while Alanine dosimeters were retrieved for measurement of the 

absorbed dose. To evaluate the impact of dose rate on inactivation efficacy, samples were 

treated at different fixed dose rates: 1 or 10 kGy/h with gamma, and 10 or 200 kGy/h with X-

ray. E-beam treatment was performed at 2000 kGy/h, and samples received a nominal dose 
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(1, 2, 3, 4, 5 or 6 kGy) with a single conveyance through the electron field. All irradiated B. 

pumilus spore strips were kept at 2-8°C and microbiologically analysed within 72 hours of 

treatment, as it was demonstrated in a previous test that surviving spore fraction remained 

stable within that timeframe (data not shown).  Each X-ray, gamma and e-beam studies were 

performed in triplicate and at three different days. 

Figure 3.1:  Experimental set-up.  X-ray 

experiment pictures shown as an example of 

experimental set-up (a) Biological indicator 

placement (b) Dosimeter placement (c) Petri-

dish stack (d) Placement at X-ray. 

 

 

 

 

 

 

 

3.2.3 X-ray, gamma, and e-beam irradiation systems 

STERIS AST Radiation Technology Center (RTC) in Däniken (Switzerland), Tullamore (Ireland) 

and in Bradford (UK) were utilized for X-ray, e-beam, and gamma treatment, respectively. 

With X-ray, B. pumilus spore strips were treated with photons achieving a maximal energy of 

7 MeV (560 kW) using a Rhodotron TT1000 (IBA, Belgium) electron accelerator. Radiation 

source for gamma was Cobalt-60, with an activity of approximately ~330kCi. E-beam 
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treatment was performed using a 10 MeV (5kW) electron accelerator (Mevex, Canada) with 

a horizontal beam delivery. All treatments were carried out at ambient atmosphere and 

temperature. Temperature indicators (GEX, USA) were used to measure the maximal 

temperature achieved during treatment. 

 

3.2.4 Evaluation of the absorbed dose 

For gamma and X-ray, Alanine dosimeters were analysed using an electron spin resonance 

spectroscopy dosimetry system (Aerial / Bruker MS5000). For e-beam, GEX B3 WINdose 

radiochromic thin film dosimeters were measured using a dosimetry system based on 

a visible spectrophotometer (Thermo Fisher Genesys 20).  Dosimetry systems were calibrated 

for condition of use against the National Physics Laboratory (NPL, UK). Dosimetry system 

uncertainty has been assessed at 4% (coverage factor, k=2) for Alanine and at 6% (k=2) for 

GEX dosimetry. 

 

3.2.5 Bacillus pumilus recovery, plotting a survivor plot and D-value calculation 

Untreated B. pumilus (No) and surviving fraction of treated spores (N) were recovered from 

spore strips and cultured in Tryptic soy agar (TSA, Biokar, France).  First, the spore strips were 

transferred into a sterile test tube containing 5 mL of sterile dH2O and 10 sterile 6-mm glass 

beads.  The tube was vortexed until the strip was pulped, and another 5 mL of water was 

added. Then the tube was vortexed again until a homogeneous suspension was achieved. 

Serial 1:10 dilutions were aseptically prepared using sterile water and 1 mL of the appropriate 

dilution was pour plated in TSA agar, in duplicate. Plates were incubated at 30-35°C and 

enumerated after 48h of incubation, to quantify the survivor fraction. The survivor plot was 
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generated by plotting the logarithm of the survivor fraction (log10 N/No) against the absorbed 

dose.  Regression analyses were performed, and average D-values calculated from the slope 

of the obtained plot (ISO 11138-7:2019), for each technology and dose rate combination. 

Statistical analysis was conducted in Minitab using analysis of variance (one-way ANOVA) at 

confidence level (or intervals) alpha of 0.05. 

 
3.2.6 Advanced Imaging using Scanning Electron Microscopy (SEM) 

Following irradiation B. pumilus spores were removed from the BI strip by transferring into a 

sterile test tube containing 5 mL of sterile dH2O and 10 sterile 6-mm glass beads. The tube 

was vortexed until the strip was pulped, after which another 5 mL of water was added.  A 

1ml aliquot was centrifuged at 2000g for 10mins at room temperature.  Supernatant was 

discarded and pellet re-suspended in 1ml of primary fixative containing 2% glutaraldehyde + 

2% paraformaldehyde in 0.1M sodium cacodylate buffer pH 7.2.  Sample was allowed to fix 

for 2h at room temperature (RT), after which the sample was centrifuged and the remaining 

pellet suspended in 1ml 0.2M cacodylate buffer.  A secondary fixation was performed by 

suspending pelleted cells in 1ml of 1% osmium tetroxide in 0.1M sodium cacodylate buffer 

pH 7.2 for a period of 2h at RT.  The samples were dehydrated by immersing in ascending 

concentrations of ethanol (30%, 50%, 70%, 90% and 100%) for 15mins, with each step 

performed twice.  Following dehydration, the ethanol was replaced with 

Hexamethyldisilazane (HMDS) for 2x15 minutes, after which the HMDS was removed from 

the sample and the sample placed on velin paper in a petri dish with the lid slightly open 

and left to air dry overnight in the fume hood.  The specimen was then mounted onto an 

aluminium stub and gold sputter coated (Quorum Q150R ESplus).   Specimens were 
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examined using a Hitachi S-2600 SEM (Hitachi, Krefeld, Germany) at magnifications of 5000x 

and 10000x.   

3.3  Findings   

3.3.1 Absorbed doses  

Considering that accurate dose delivery is crucial for obtaining reliable results in inactivation 

experiments, the absorbed dose of each sample was monitored in the study. The absorbed 

doses during treatment at each nominal dose are shown in Table 3.1.  

 

Table 3.1: Absorbed doses of samples during irradiation with gamma-rays, X-rays, and electron beams at 

different dose rates. Data are shown as means of three independent runs ± 1 standard deviation. 

 

 

 

3.3.2 Temperature studies  

The temperature during treatment with gamma and e-beam processing was below the 

detection limit for GEX temperature indicators (27.50°C).   During X-ray processing at 10 kGy/h 

temperature was observed to increase during processing from an average starting 

temperature 32°C ± 2, to a measured temperature of 36°C ± 2 at the end of irradiation.  

Similarly, at a dose rate 200 kGy/h, temperature increased from 29°C ± 1 to 34°C ± 3.  

Radiation 
technology 

Dose 
rate 

(kGy/h) 

Absorbed dose during treatment at each nominal dose (kGy) 

1 2 3 4 5 6 

Gamma 
1 1.00 ± 0.02 2.00 ± 0.03 2.95 ± 0.06 3.91 ± 0.08 4.86 ± 0.11 5.86 ± 0.11 

10 1.02 ± 0.02 2.07 ± 0.03 3.06 ± 0.08 4.03 ± 0.05 5.09 ± 0.06 6.15 ± 0.10 

X-ray 
10 1.01 ± 0.01 2.00 ± 0.01 2.97 ± 0.04 3.99 ± 0.06 5.04 ± 0.06 6.10 ± 0.12 

200 0.98 ± 0.04 2.09 ± 0.20 2.87 ± 0.08 3.92 ± 0.04 4.97 ± 0.15 6.34 ± 0.22 

E-beam 2000 0.92 ± 0.10 2.05 ± 0.10 3.02 ± 0.08 4.12 ± 0.13 5.10 ± 0.10 6.0 ± 0.00 
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3.3.3 B. pumilus survivor plots and resistance to irradiation with regards to irradiation 
technology and dose rate  

The regression analysis indicated that all survivor plots were log10 linear within the 

investigated dose range, irrespective of the radiation technology and the associated dose rate 

applied, with all R2 ≥ 0.95.  The plots with corresponding R2 values are shown in Figure 3.2.  

 

 
 
Figure 3.2: Inactivation plots of B. pumilus treated with gamma, X-ray, and e-beam at different dose 

rates. Data are shown as means of three independent runs, with lines representing linear fit with 

corresponding R2 values.  

 

 

The obtained D-values were as follows: 1.46 kGy ± 0.07 (e-beam), 1.50 kGy ± 0.10 (X-ray 200 

kGy/h), 1.56 kGy ± 0.04 (gamma 1 kGy/h), 1.57 kGy ± 0.01 (X-ray 10 kGy/h), and 1.61 kGy ± 
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0.04 (gamma 10 kGy/h) (Figure 3.3). Using ANOVA, no statistical difference (p > 0.05) was 

found between irradiation sources, irrespective of the dose rate applied.  

 

 

 
Figure 3.3: D-values of B. pumilus treated with gamma, X-ray, and e-beam at different dose rates. Data are 

shown as means ± 1 standard deviation.  

 

 

3.3.4 Scanning Electron Microscopy of B. pumilus spores.  

Following radiation treatment B. pumilus spores were removed from the BI carrier material 

and imaged with SEM.  As the carrier material was a paper-based system, separation of the 

spores from fibrous cellulosic carrier material proved challenging.   However as shown in 

Figure 3.4, a limited number of spores were observed and appeared to have no structural 

damage following treatment at the defined doses.   
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Figure 3.4:  SEM micrographs (5000x and 10000x) of B. pumilus spores treated with varying sterilization doses:   

1kGy (A); 1kGy (B);  3kGy (C); 3kGy (D); 25kGy (E).  Spores highlighted on images.   

 

 

3.4  Issues Encountered 

• In sterilization microbiology, there are a limited number of published papers on 

inactivation kinetics applicable to industrial scale parameters, often as a consequence 

of IP related issues.  This work pertaining to radiation sterilization was selected as 

there have been a limited number of studies and corresponding publications, albeit 

conducted over differing timescales (Gamma in 1970s, Ebeam and X-ray in 2010s) that 

provide data underpinning the assumption of linearity.  The studies performed while 

E 



78 
 

using current best practices also sought to align closely with the previously published 

work by Tallentire et al., (2010) and Tallentire and Miller (2015).   

      
• A key challenge in performing this study was the requirement for radiation processing 

at multiple locations.   Consequently, careful consideration was given to the controlled 

temperature shipment of BIs.  BI populations were confirmed at a single laboratory 

location and then shipped in accordance with manufacturers stated requirements for 

temperature storage.   

 
• A second challenge with large scale irradiation facilities is the performance of small 

samples at low dose ranges.  As a pre-cursor to the experimental work, the dose 

distribution is checked with dosimeters and the studies are performed in experimental 

modes in the absence of routine medical device sterilization.  

 
• SEM imaging was only partially conclusive as specimen preparation method failed to 

separate spores from carrier material cellulosic fibres and as a consequence, useful 

specimens were few.   Likely that spores were intertwined in the paper fibres, such 

that when all fibres were removed, no spores remained in the specimen.  Conversely 

when few fibres were removed, spores were difficult to image as somewhat 

encapsulated by the paper fibres.  Further method development is required to 

separate paper fibres and spores or use B. pumilus BIs on an alternative carrier such 

as stainless steel coupons for easier specimen preparation.   However, with this work, 

it was deemed that enough samples were examined to make a qualitative 

determination regarding structural changes of the spores following treatment.   
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3.5 Conclusion 

The two key objectives associated with this chapter were achieved:  (i) A known first order 

relationship between microorganism, in this case B. pumilus spores and radiation dose was 

demonstrated to be log10 linear, R2 ≥ 0.95; (ii)  This study being the first to cover all industrial 

radiation processes (E-beam; Gamma and X-ray radiation) used for medical device 

sterilization in a single experiment [Previous work by Tallentire et al. (2010) and Tallentire & 

Miller (2015) which underpin the industry standard for validation, ISO11137, addressed the 

same technologies albeit in separate studies].   

 
The results from this research are consistent with previous research, which also showed a 

log10 linear correlation between bacterial inactivation and the treatment dose (Tallentire et 

al., 2010; Zhang et al., 2020).  As evident from these findings, when microorganisms are 

exposed to irradiation, the concentration of surviving B. pumilus spores decreases 

exponentially with dose. This infers the inactivation process reflects a first-order reaction 

where lethal events occur at random over time with a defined population of spores, which 

are similarly susceptible to the agent (Klotz et al., 2007).  As reported in this study, the first 

order kinetics are aligned with the physical nature of the process. Thus, when a uniform 

suspension of microorganisms is irradiated, quanta of radiant energy interact with spores in 

a random stochastic, which from first principles, implies that lethal ‘hits’ are distributed in a 

Poissonian manner (Klotz et al., 2007).   

 
These findings suggest that spores in a pre-determined population are equally susceptible to 

death resulting from a single hit in a dried treatment state.  In contrast to radiation, moist 

heat may differ where treated microorganisms do not all receive the same dose of energy per 
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unit time, as the kinetic energy of water molecules are distributed according to the Maxwell-

Botzmann distribution (Koltz et al., 2007). 

 
No significant statistical difference was detected using ANOVA between the obtained D-

values, indicating that all radiation technologies (gamma, X-ray, and e-beam) were equally 

effective at inactivating the challenge microorganism, regardless of the dose rate applied.  D-

values were within a range of 1.46 – 1.61 kGy. Other researchers have obtained similar results 

for B. pumilus; for example, for spores irradiated with gamma or 10 MeV e-beam, Tallentire et 

al. (2010) reported a D-value of 1.5, while Hansen et al. (2020) found it to be within a range 

of 1.2 – 1.5 kGy.  Radiation technology and dose rate differences were demonstrated not to 

be influencing variables and a maximum measured temperature of 36°C, unlikely to influence 

the rate of inactivation of the spores.  

 
Regarding the differences in the energy level of the two radiation sources, gamma emits two 

wavelengths of high energy rays (1.17 and 1.33 MeV), while 5-10 MeV X-ray emits a spectrum 

of photon energies with a peak occurring at approximately 0.3 MeV (Meissner et al., 2000; 

McEvoy et al., 2020a).  Considering that comparable D-values (p > 0.05) were obtained for 

both technologies operating at 10 kGy/h, the results suggest that when the potential impact 

of the dose rate was excluded, the variability in temperature and energy level had no impact 

on microbicidal effectiveness of the source.  Findings from this study support first order 

model, where a plot of the logarithm of surviving fraction against time yields a straight line, 

and the inactivation rates are expressed in terms of decimal reduction time, or D value, which 

is the reciprocal of the specific inactivation rate at a particular dose of the agent.  
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Based on the experimental conditions, results reported in this study suggest that the 

sterilization dose can be transferred between modes of irradiation in industrial sterilization 

of medical devices.  Most importantly, measured inactivation may be extrapolated to 

determine the probabilistic sterility assurance level (SAL), with a great degree of confidence.   
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Chapter 4 

Establishment of industrial VH2O2 sterilization process and 
inactivation of Geobacillus stearothermophilus 

 

4.1 Introduction 

As described in Chapter 2, there is a dearth of published information on the inactivation 

kinetics of microorganisms arising from applied VH2O2 treatments. Work conducted 

previously by other research groups focused exclusively on the use of VH202 in non-vacuum 

processes using small-scale 

sterilizers for hospital applications, 

which markedly contrasted to high-

throughput single-used medical 

device treatments using large 

industrial scale terminal-

sterilization processes as described 

herein.  This novel study seeks to 

address this significant gap in 

knowledge in the following manner, whereby three distinct workstreams are completed as 

part of this multidisciplinary research (Figure 4.1). 

 

 

 

Fig 4.1:  Key Elements of VH2O2 
Sterilization process model  VH

2O
2 

St
er

ili
za

tio
n 

M
od

el

Equipment 
Commissioning 

Process Development

Microorganism 
Inactivation



83 
 

4.1.1  Workstream 1 – Installation and commissioning of VH2O2 sterilization equipment.  

At the outset of this research, STERIS Tullamore acquired a LTS-V VH2O2 sterilizer (Model 

91515) from STERIS Finn Aqua (STERIS, 2022b).  This equipment originated as a vacuum based 

VH2O2 decontamination equipment typically employed in aseptic manufacture of 

pharmaceutical products.  This research sought to determine the suitability of the equipment 

for providing SAL to single use medical devices in accordance with ISO14937:2009.  As this 

bespoke equipment had never been previously used for terminal sterilization, novel 

installation and commissioning was therefore performed in this study that were aligned with 

(and guided by) methods typical used for adjacent EO gas industrial-scale sterilization.  As 

described in methods section 4.2.1 and corresponding results, commissioning was performed 

in accordance with GAMP (Good Automated Manufacturing Practice, ISPE 2022) 5, which 

included extensive temperature profiling as evidence of operational qualification.    

 

 

 

 

Figure 4.2:  General process flow of 

Qualification and validation approach in 

accordance with GAMP 5.   
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GAMP provides a useful framework known as the V-model, whereby equipment is procured 

aligned to defined User Requirements.  Equipment is designed, installed, and qualified 

through Installation qualification (IQ), Operational Qualification (OQ) and Performance 

Qualification (PQ) (Figure 4.2).   

    

4.1.2  Workstream 2 – Process and PCD development  

A suitable biological indicator (BI) system of known high resistance (in accordance with the 

requirements of ISO14937) was qualified in this research by validating an enumeration 

method that fulfilled the requirements of ISO11138-1 (See section 4.2.2).  This involved 

developing and applying this VH2O2 process with a qualified BI, studies were performed to 

identify Process Challenge Devices (PCD) suitable for the defined processing range, in terms 

of sterilant pulses where survivor plots could be generated (See Section 4.2.3 and 4.2.4 and 

corresponding results).    

 

4.1.3 Workstream 3 – Scientific studies on microorganism inactivation and generation of 

survivor plots to assess linearity  

Using a combined VH2O2 process and PCD system, survivor plots for G. stearothermophilus 

were generated to determine the linearity of the inactivation.  Bacillus atrophaeus was also 

evaluated for comparison and as a potential alternative BI for use in VH2O2 sterilization (see 

4.2.5 and corresponding results).  As part of the investigation of the inactivation of bacterial 

spores with VH2O2, advanced imaging techniques were also employed to assess any 

structural changes to the VH2O2-treated spores (See 4.2.6 and corresponding results).      
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4.2 Methodology 

4.2.1 Installation and Commissioning of VH2O2 sterilization process 

4.2.1.1 GAMP 5 Commissioning 

In accordance with GAMP 5 and STERIS protocols, the VH2O2 equipment (see Figure 4.2) was 

specified, installed, and commissioned, which also included provision for research.  

 

 Figure 4.3:  Schematic of LTS-V VH2O2 Sterilization chamber 

 

4.2.1.2 Temperature profiling 

Initial temperature distribution profiling of the sterilization chamber space and the inner 

chamber surfaces was performed at two temperature points, 25oC and 50oC using 13 

calibrated pyrobuttons (Opulus, FL, USA).  Pyrobuttons were employed as an independent 

monitor of temperature with results compared to the set-point programmed in the sterilizer 

equipment and the temperatures recorded by the process equipment.  
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Temperature profiling was further performed using 28 calibrated pyrobuttons evenly 

distributed on shelf 2 and 3 (Figure 4.4) and set to record at 1min intervals.  

 

Figure 4.4:  Schematic of LTS-V cart showing shelves 

and dimensions  

 

 

 

 

 

A 5-pulse cycle (model process) with parameters per Table 4.1 was performed in triplicate.  

Following processing, data was downloaded and analysed using Anova to detect any 

statistically significant variance in temperature distribution.    

  

4.2.2 Qualification of Geobacillus stearothermophilus BIs for use in studies 

In accordance with ISO 11138-1, prior to using biological indicators in sterilization processes, 

the population claimed on the manufacturer must be verified to fall within the range of 50-

300% of the manufacturers stated nominal population.  Manufacturers provide instructions 

for performing population verification which maybe microorganism and equipment specific.  

Such provided methods maybe verified or in this instance, a researcher own method is 

validated for terminal sterilization applications.  Thus, novel methods were developed and 
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validated as part of this PhD for VH2O2 terminal sterilization.  Four BI spore disc (ATCC 12980 

STERIS Lot no: AH-023/AH-033) were aseptically removed from packaging and transferred 

into individual sterile test tube containing 10mL sterile sterile dH2O which were then 

sonicated (Transsonic T890, Elma, Germany) for 25 mins at 35 kHz. Tubes were heated at 

95oC-100oC in a heat-block for a minimum of 15 min and then placed in an ice bath to cool to 

20oC-25oC. After reaching cool temperature, 1:10 serial dilutions were prepared in sterile 

chilled purified water. 10-4 and 10-5 dilutions were pour plated in duplicate in TSA (Biokar, 

France) (cooled to approximately 45oC).  Solidified plates were incubated, inverted, at 55 - 

600C for 48 hours, after which plates are counted.  BI Lots were made available for use once 

counts achieved the acceptance criteria in accordance with ISO11138-1.  

 

4.2.3 Establishment of standard VH2O2 process model 

4.2.3.1  Process establishment 
VH2O2 processing was performed in the STERIS LTS-V VH2O2 chamber supplied with 35% 

Vaprox sterilant (STERIS Lot no: PE087EE/PE039H) (see Fig. 4.5).   

 
Figure 4.5:  Schematic representation of VH2O2 process 
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A standard VH2O2 process consisting of the parameters of 35oC, minimum vacuum 4mbar 

was developed with sterilant concentration varied by injection of fixed number of pulses (to 

a maximum of 6 pulses). Standard process defined in Table 4.1.   

 

 

Table 4.1:  Standard VH2O2 Process parameters and associated set-points  
Process Stage Parameter Set-point 
Pre-conditioning Parameters 
 

Pulsed Air Removal 

 

Number of pulses  1 
Vacuum level (mbar) 10.0 
Vacuum hold time (min) 5 
Pressure level (mbar) 800 
Pressure hold time (min) 0 

Load Warm-Up 
Load temperature (⁰C) 35.0 
Jacket temperature (⁰C) 40.0 

Sterilization Parameters 
 Number of VH2O2 pulses  1 
 Sterilization type  without steam 
 Injection start level (mbar) 4.0 
 Injection hold level (% RH) 80.0 
 Overshoot (% RH) 0.0 
 Injection hold time (min) 5 
Post-condition Parameters 
 

Steam RH VH2O2 Removal 

Number of pulses  1-6 
RH vacuum level (mbar) 5.0 
Drying level (% RH) 20 
RH steam level (% RH) 80 
RH steam hold time (min) 5 
Filter drying time (min) 3 

 

Pulsed VH2O2 Removal 

Number of pulses  1 
Vacuum level (mbar) 10.0 
Vacuum hold time (min) 5 
Pressure level (mbar) 100.0 
Pressure hold time (min) 0 

Forced VH2O2 Removal Removal time (min) 30 
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4.2.3.2 Preliminary inactivation experiment 

A preliminary inactivation experiment was performed to calculate D-value using the Limited 

Halcomb Spearman Karber Fractional negative method as described in ISO11138-7 (ISO 

2019b).   This method involves application of a number of fractional (sub-lethal) inactivation 

cycles where growth/no growth determinations are made from the biological indicator 

cultivated in culture media, and this was repeated through range finding to get best fit 

conditions to show a 5 to 6 log reduction in BIs.  It is notable that extremes of conditions 

produce too rapid a death rate (low D-values) where milder treatments produce reduced log 

kills (higher-D values).  

A biological indicator of Geobacillus stearothermophilus (ATCC 12980 STERIS Lot no: AH-

023/AH-033) and a Sterrafirm VH2O2 chemical indicator (STERIS, OH, USA), were placed into 

a Becton Dickinson (BD, NJ, USA) 10ml leur lock syringe with a 10cm long, 3.5mm internal 

diameter flexible PVC lumen attached. The syringe (20 samples) was sealed within a Bemis 

70999 Sterivent foil pouch (Nelipak, Irl.) with heat-sealing parameters of 150⁰C (+/- 2⁰C), 

40psi (+/- 5psi) for 1 second.  PCDs were numbered and placed on the sterilizer loading cart 

which was then inserted into the chamber:  1 – 6 next to each other in the centre of shelf 3, 

PCDs 7 – 14 in the centre of shelf 4 and PCDs 15 – 20 in the centre of shelf 5. 

PCDs were treated with a 1(VH2O2)-pulse cycle with parameters listed in Table 4.1.  Following 

completion of the cycle, BIs were removed from PCDs and incubated in TSB media for 7 days 

at 55-60oC after which growth was recorded.  The study was repeated with 2-pulse, 3-pulse, 

4-pulse, 5-pulse and 6-pulse sterilization cycles with all parameters other than number of 

VH2O2 pulses remaining constant between cycles.  BI growth results were used to calculate 
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an approximate D-value with the Limited Halcomb-Spearman-Karber procedure (described in 

ISO11138-7). 

The calculations for the LHSKP are based on a minimum of five exposure conditions and 

should include at least  

— one set of samples in which all tested samples show growth,  

— two sets of samples in which a fraction of the samples shows growth, and  

— two sets of samples in which no growth is observed  

 

 

 

Where, 
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4.2.4 Process Challenge Device Screening 

A range of PCDs were manufactured for screening in VH2O2 fractional process, per Table 4.2.  

PCDs were designed to add varying levels of challenge to the entry of the VH2O2 sterilant, 

such that an appropriate challenge may be determined that will yield sufficient data points 

for creation of a survivor plot for the process.  

 

Table 4.2:  PCDs used in screening work 
PCD  Details 
A BI and CI in 70999 Sterivent pouch sealed at 150 +/- 2oC; 40 +/-p.s.i; 

1second.   
Fold and place in second pouch, with Tyvek window facing opposite 
directions.  Seal second pouch.   

B Place BI & CI in BD 10ml syringe.  Double pouch and seal per #A.  
C Per #B with Tyvek windows in same direction.   
D Per #A with three pouches, with Tyvek in opposite directions.   
E Per #A but Tyvek in same direction for first two pouches.  Tyvek of third 

pouch in opposite direction. 
F Per #B with 10cm lumen attached 
G Per #B with 5cm lumen attached 
I Place BI and CI in syringe with 5cm lumen.  Seal inside a single pouch.  
J Per #I with 10cm lumen 
K 
(15cm 
Lumen) 

Per #I with 15cm lumen 

L 
(20cm 
Lumen) 

Per #I with 15cm lumen 

M 
17.5cm 

Per #I with 17.5cm lumen 

N 
25cm 

Per #I with 25cm lumen 

 

An initial study of growth/no growth was performed where PCDs were subjected to standard 

process comprising of 5 or 6 sterilant pulses and additional modifications.  In addition to BIs,  
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Chemical Indicators (CIs) were employed to visually assess sterilant penetration and results 

reported.  Following processing, BIs were assessed for growth/no growth to select an 

appropriate PCD.  Following identification of potential candidate PCDs and optimized process 

parameters, an additional cycle was performed with BIs from candidate PCD being 

enumerated to give optimal best-fit microbial inactivation conditions to plot survivor data 

over 5 to 6 log-order reductions.   

4.2.5 Survivor Plot generation 

4.2.5.1   Process Challenge Devices (PCD) preparation 

Based on the results of 4.2.4, PCDs were prepared by placing a biological indicator of 

Geobacillus stearothermophilus (ATCC 12980) steel coupon (STERIS, Mentor, OH, USA, Lot: 

AH-126) along with a Sterafirm VH2O2 chemical indicator (STERIS, Mentor, OH, USA,) into a 

10ml luer lock syringe (Becton Dickinson, Franklin Lakes, NJ, USA) with a 15cm flexible PVC 

lumen (3.5mm Internal Diameter) attached.   

 

 

 

Figure 4.6:  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). 
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The syringe was sealed (150⁰C (+/- 2⁰C), 40psi (+/- 5psi) for 1 second) within a vented foil 

pouch (Nelipak, Ireland) (Ref. Fig. 4.6).  

 
 

4.2.5.2 Inactivation of spores with VH2O2  

PCDs were affixed to the VH2O2 loading cart using sellotape.   The cart was loaded to the 

industrial LTS-V VH2O2 sterilizer (STERIS, Mentor, OH, USA), with a chamber volume of 2025 

L.  VH2O2 processing was performed in the chamber supplied with 35% Vaprox sterilant 

(STERIS, Mentor, OH, USA). A standard VH2O2 process was developed (Table 4.1) consisting 

of pre-conditioning where the temperature was increased to 35°C. In the sterilization stage, 

vacuum was pulled down to 4 mbar and VH2O2 was injected into the chamber until a setpoint 

of 80% for relative humidity (RH) was achieved, followed by a hold time of 5 min. Vacuum, 

sterilant injection and hold time are considered as one pulse. Sterilant concentration varied 

by injection of fixed number of pulses (from 1 to a maximum of 5 pulses), each with 

approximately 10mg/L VH2O2. In the final stage (post-conditioning), VH2O2 was removed 

from the chamber through a series of washes using steam. An overview of the VH2O2 process 

is demonstrated in Figure 4.7. Parameters such as temperature, RH, pressure and hold time 

were controlled and monitored throughout the process, while H2O2 concentration was 

calculated based on pressure differential using the following expression: 

 

𝑝𝑝𝑝𝑝 = 𝑛𝑛𝑛𝑛𝑛𝑛 

 

Following processing PCD samples were removed, and BI coupons enumerated and imaged 

by Phase Contrast and Scanning Electron Microscopy. Chemical indicators were retrieved and 

examined for colour change as confirmation of sterilant exposure. VH2O2 inactivation cycles 
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(1-5 pulses) were performed in triplicate for each survivor plot data point:  Survivor plot 1, 

n=10; survivor plot 2 and 3, n = 7.     

 

Figure 4.7:  Schematic of the pressure and RH profile of a 5-Pulse VH2O2 process. 

 

4.2.5.3  Enumeration of Biological Indicators 

G. stearothermophilus BI were aseptically removed from packaging and transferred into 

individual sterile test tubes containing 10mL sterile dH2O, which were then sonicated 

(Transsonic T890, Elma, Germany) for 25 mins at 35 kHz. After sonication, 1:10 serial dilutions 

were prepared in sterile dH2O.  Selected dilutions were pour plated in duplicate in Tryptic Soy 

Agar (TSA; Biokar, France) and incubated inverted at 55 - 600C for 48 hours, after which plates 

were counted.   

4.2.5.4 Survivor plot generation and statistical analysis 

The survivor plot was generated by plotting the logarithm of the survivor fraction (log10 N/No) 

against sterilant exposure time.  Survivor plots were generated using mean values of triplicate 
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VH202 processing runs. Regression analyses were performed, and average D-values 

calculated from the slope of the obtained plot (ISO 11138-7:2019).  

 

4.2.5.5 Evaluation of the impact of residual VH2O2 sterilant 

During construction of survivor plot 1, duplicate set of PCDs (n=10) were included for 

evaluation of any potential impact of residual H2O2 on the inactivation results.    This was 

tested by immersing processed Bis in test tubes of with 10 mL of Phosphate Buffer Saline 

(pH7.1-7.5, Sigma Lifescience Ireland) containing 0.2mg bovine liver catalase 2000-

5000units/mg protein (Sigma Aldrich, Germany) similarly to the method used by Malik et al., 

(2013).  A survivor plot was constructed for G. stearothermophilus enumerated from tubes 

containing catalase to determine if sterilant quenching is required.  Results compared with 

results from BIs recovered in sterile dH2O using statistical analysis conducted using t-test 

significance testing at confidence level alpha of 0.05. 

 

4.2.5.6 D-value calculations 
D-value is calculated from the negative reciprocal of the slope of the survivor plot (ISO11138-

1). 

D-value = -1{1/m} where, 

m= (nG)- (AB)/(nC)-(A2) where 

G = ∑ [t(log10y)] 

A = ∑ (t) 

B = ∑ (log10y) 

C= ∑(t2) 

n = number of data points 
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t = time or dose 

 

4.2.6  Advanced Imaging 

4.2.6.1  Phase contrast microscopy 

A phase contrast microscope (Leica, Germany) was employed to (40x) visualise 

microorganisms following processing.  Cells were extracted from the BI coupon as 

described in the enumeration method.  A 1ml aliquot of the microorganism suspension 

was centrifuged at 10000g for 5mins.  Pellet was re-suspended in 0.1ml sterile dH20.  A 

drop was placed on a slide and examined using phase contrast.  Images were captured by 

a digital camera (Leica).    

4.2.6.2  Scanning Electron Microscopy (SEM) 

The purpose of using SEM was to visually observe spores post VH2O2 for cellular damage 

along with discerning whether the spores were evenly distributed on the treated surface, thus 

avoiding clumping that can potentially affect accuracy of CFU determinations. Non-

destructive SEM EDX (Energy Dispersive X-ray) Analysis was performed using a TESCAN SEM 

(Brno, Czech Rep.) with EDX Detector for Elemental profiling set at 20keV. As G. 

stearothermophilus and B. atrophaeus BI employed in this research, comprised of stainless 

steel coupons with spores already dehydrated and fixed, stainless steel BI specimens were 

mounted onto aluminium sample stubs coated with a surface adhesive to hold them in place.  

Images were obtained at 2000x, 10,000x, 40,000x and 50,000x and examined for structural 

modification following treatment with VH2O2 and EO.   Statistical analysis, test of normality 

(Shapiro-Wilk test), analysis of variance (one-way ANOVA) and post-hoc testing (Tukey) at 

confidence level (or intervals) alpha of 0.05. was conducted in Minitab.   
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4.3 Findings 

4.3.1 Installation and Commissioning of the VH2O2 Equipment – Results & Discussion 

4.3.1.1  Commissioning 

Commissioning was performed in accordance with GAMP 5 and STERIS procedures with 

associated documents summarised in Table 4.3.  Test methods and procedures were 

generated for the novel LTS-V VH2O2 process using prEN17180; ISO14937:2009 and 

ISO11135:2014 as sources for both requirements and best practices.   

 

Table 4.3:  Commissioning documents and references 
Document Type Document Name STERIS Reference 
Validation Master 
Plan 

Validation Master Plan for Low Temperature Sterilization 
using vaporized hydrogen peroxide (LTS-V) at STERIS 
Tullamore  

143-VMP-000 

 

 

URS 

User requirement Spec for Low Temperature Sterilization 
using Vaporized Hydrogen Peroxide 

143-URS-001 

User Requirement Specification for VH2O2 Facilities and 
Utilities 

143-URS-002 

Technical 
Specification 

Technical and Commercial Specification for STERIS VH2O2 
LTS-V 

Project 143 Memos 1 – 
8 

 

 

 

 

 

 

 

IOQ 

IOQ for Low Temperature Sterilization Using Vaporized 
Hydrogen Peroxide 

143-IOQ-001 

IOQ for LTS-V Utilities & Facilities Tests 143-IOQ-010 
IOQ for Utilities Services Installation at STERIS Tullamore 
VH2O2 Facility 

NLCE IOQ 

IOQ for LTS-V Visual Inspection 143-IOQ-020 
IOQ for LTS-V Serial Number, Documentation and Training 143-IOQ-030 
IOQ for LTS-V Operation Test 143-IOQ-040 
IOQ for LTS-V Leak Rate Test 143-IOQ-050 
IOQ for LTS-V Hydrogen Peroxide PPM Alarm  143-IOQ-060 
IOQ for Low Temperature Sterilization Using Vaporized 
Hydrogen Peroxide 

143-IOQ-001 

IOQ for LTS-V Utilities & Facilities Tests 143-IOQ-010 
IOQ for Utilities Services Installation at STERIS Tullamore 
VH2O2 Facility 

NLCE IOQ 

IOQ for LTS-V Visual Inspection 143-IOQ-020 
IOQ for LTS-V Serial Number, Documentation and Training 143-IOQ-030 
IOQ for LTS-V Operation Test 143-IOQ-040 
IOQ for LTS-V Leak Rate Test 143-IOQ-050 
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IOQ for LTS-V Hydrogen Peroxide PPM Alarm  143-IOQ-060 
ISI Temperature & RH Mapping of the LTS-V Chamber I-ISI-1013 

Summary Report for the Qualification of the LTS-V 
Chamber 

VS-I-ISI-1013 

VSR Validation Summary Report 143-VSR-000 
 

 

4.3.1.2 Temperature Profiling 

Three processes at 25oC and three at 50oC were performed with pyrobuttons positioned on 

the chamber wall surfaces and empty loading cart.  

 

Table 4.4:  Temperature Profiling of VH2O2 sterilization equipment at 25oC.  Results are the average of 13 
pyrobuttons with ranges shown.    
Internal Chamber Volume 
STERIS Batch Reference Process Set-point (oC) Process Temperature 

Result (oC) 
Pyrobutton Result  (oC) 

156 25 28 (+0; -0) 27 (+1; -0) 
157 25 25 (+1; -0) 25 (+1; -1) 
158 25 28 (+0; -0) 27 (+1; -0) 
 
Chamber Surfaces 
156 25 28 (+0; -0) 28 (+2; -1) 
157 25 25 (+1; -0) 26 (+2; -1) 
158 25 28 (+0; -0) 28 (+0; -1) 

 

Table 4.5:  Temperature Profiling of VH2O2 sterilization equipment at 50oC.  Results are the average of 13 
pyrobuttons with ranges shown.    
Internal Chamber Volume 
STERIS Batch Reference Process Set-point (oC) Process Temperature 

Result (oC) 
Pyrobutton Result  (oC) 

159 50 48 (+0; -1) 48 (+0; -3) 
160 50 48 (+0; -1) 48 (+0; -3) 
161 50 48 (+0; -1) 48 (+0; -3) 
 
Chamber Surfaces 
159 50 48 (+0; -1) 47 (+1; -2) 
160 50 48 (+0; -1) 47 (+1; -2) 
161 50 48 (+0; -1) 47 (+1; -2) 
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The results obtained were within acceptance criteria of STERIS procedure I-ISI-1013, 

demonstrating that the achieved chamber temperature (internal volume and chamber 

surfaces) is not significantly different from the process set-point and is homologous in 

distribution.   

An additional three cycles (cycle ref. #484, 507 and 513) were performed with 28 pyrobuttons.  

Dataloggers at position #5, #24, #26 (cycle ref. #484) and pyrobutton position #14 (cycle ref, 

#507) failed to launch and were therefore excluded from the analysis, leaving 24 pyrobuttons 

locations distributed on shelf 2 and 3 for analysis.  An average temperature from twenty-four 

dataloggers of 28.37oC (SD=0.15) was observed at the beginning of pre-conditioning reaching 

37.77oC (SD=0.18) at completion.  Similarly, an average temperature of 35.00oC (SD=0.07) was 

observed at beginning of post conditioning with 33.29oC (SD=0.09) recorded upon 

completion.  During sterilization phase an average temperature of 35.24oC (SD=0.40) (N=43 

(1min intervals)) was observed.  Analysis of variance between twenty four datalogger 

positions measured over the full duration of the process at 1min intervals (N=177) showed 

no statistically significant difference F(23, 4224) = 0.74, p=0.8.  In addition, the sterilizer load 

temperature probe data was compared to the pyrobutton data and no statistically significant 

difference was observed F(24, 4400) =0.75, p=0.8. 

 

4.3.2 Qualification of Geobacillus stearothermophilus BIs – Results and Discussion 

Using developed enumeration methods biological indicators described in Table 4.6 were 

qualified for use in the experimental work. 
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Table 4.6:  Biological Indicators used in experimental work 
Microorganism Type Lot Number Manufacturer 

labelled 
population 

Measured Spore 
inoculum (N0) (n=10) 

Experimental 
(Thesis section) 

Geobacillus 
stearothermophilus 

AH-023 2.0 X 106 2.1 X 106 4.3.3 

 AH-033 2.2 X 106 1.9 x 106 4.3.3 
 AH-109 2.1 X 106 2.6 x 106 4.3.4 
 AH-126 2.0 X 106 2.1 x 106 4.3.5 
Bacillus atrophaeus AG-022 3.8 x 106 1.1 x 106 4.3.5 

 

During spore enumeration, method with and without heat shock was examined and observed 

to have no significant impact on results, indicating that BI populations were intact spores.   

For survivor plot experiments spores were recovered without heat shock to recover full viable 

populations including damaged cells.    

 

4.3.3 Establishment of standard VH2O2 process – Results and Discussion 

A preliminary inactivation experiment was performed using the standardized process 

described in Table 4.1 and using BI+CI in a 10ml syringe with a 10cm lumen contained in a 

Sterivent foil pouch.  Standard VH2O2 processes performed with increasing VH2O2 pulses.   

Each pulse equates to ~9mins of sterilant dwell.  An initial inactivation experiment was 

performed to confirm the appropriateness of the PCD for use in the standard process i.e. 

ensure sufficient fractional growth recovered to make the LHSK calculations.  Results 

summarised in Table 4.7.  Full inactivation was achieved in six pulses, with fractional growth 

recovered with four and five pulses.       
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Table 4.7:  Initial studies to determine PCD and model cycle 

VHP Pulse BI Growth % viability 
1 12 100 
2 12 100 
3 12 100 
4 10 83 
5 2 17 
6 0 0 
7 0 0 

 

Following initial confirmation, two inactivation experiments (Analysis 1 and 2) were 

performed with data shown in Table 4.8.   

 

Table 4.8:   BI Inactivation, based on growth/no growth with Increasing VH2O2 pulses.  % viability based on 
n=20. 

 Analysis 1   Analysis 2 
VH2O2 
Pulse BI Growth % viability   BI Growth % viability 
1 20 100   20 100 
2 20 100   20 100 
3 16 80   18 90 
4 1 5   11 55 
5 0 0   0 0 
6 0 0   0 0 

 

 

As shown in Fig 4.8, Full Inactivation was observed after 5 pulses in the standardized process.  Each 

pulse accounting for ~9mins of VH2O2 exposure.    
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Figure 4.8:  % viability of 106 BI population of Geobacillus stearothermophilus following treatment with pulses 

of VH2O2.   

 

Data from each experiment was calculated by Limited Halcomb-Spearman-Karber procedure 

and summarised in Table 4.9. 

 

Table 4.9:  Calculation of D-values by Limited Halcomb-Spearman-Karber procedure (95% confidence limit) 
 Analysis 1 Analysis 2 

D-value (mins) 4.62 5.44 

variance 0.88 1.44 

Standard Deviation 0.94 1.20 

Lower Confidence Limit (min) 4.33 5.08 

Upper Confidence Limit (min) 4.91 5.81 

 

In accordance with ISO11138-7, use of LHSK D-value is dependent on the following conditions 

being achieved, which they were with the study performed.  
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- Minimum of five exposure periods including: 

- at least one set of samples to show growth in all samples 

- two sets of samples to show growth in only a fraction of samples 

- two sets of samples to show no growth in any samples 

 

However, a key limitation with the method is the underlying assumption that the inactivation 

is linear.  Hence, this approach was only employed as an initial examination of D-value of a 

standard process treating a standard PCD.   
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4.3.4  PCD Screening – Results and Discussion 

PCDs were evaluated for growth/no growth in cycles of varying VH2O2 sterilant pulse per Table 4.10 

Table 4.10:  Initial screening of PCDs 
 Cycle Ref:449  

VH2O2 Pulses =5 

457 

5 

463  

5 

483  

5 

512  

6 

 Cycle Modification 

None 

(Table 4.1) 

VH2O2 
Injection hold 
amended to 
55% 

VH2O2 
Injection hold 
amended to 
55% 

VH2O2 
Injection hold 
amended to 
80% 

VH2O2 
Injection hold 
amended to 
80% 

PCD A - -    

B - -    

C - -    

D - +    

E   +   

F   +   

G   -   

I    -  

J    -  

15cm (K)    -  

20cm (L)    + + 
25cm (M)     + 

+ Indicates growth recovered 

Based on results from preliminary tests PCDs K (15cm lumen), L (20cm lumen), M (17.5cm 

lumen), and N (25cm lumen) were carried forward for additional testing with a 5-pulse cycle 

at 80% RH injection hold.  Following processing of PCDs, BIs were recovered and enumerated 

with results reported in Table 4.11.   
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Table 4.11:  BI inactivation processed in PCDs (15-25cm lumen) in Cycle #514 

PCD type 10-1 dilution 10-2 dilution Average CFU Av CFU Av log CFU 
Av log 
reduction 

15 cm  66 57 2 6 61.5 6.15E+02 

9.52E+02 2.978485 3.44 
 146 144 13 16 145 1.45E+03 

 84 74 6 8 79 7.90E+02 

 
0 0 0 0 N/A N/A 

          
17.5 cm 200 202 18 24 21 2.10E+03 

1.98E+03 3.296116 3.12 
 387 331 47 47 47 4.70E+03 

 32 39 7 3 35.5 3.55E+02 

 75 76 9 8 75.5 7.55E+02 

          
20 cm TNTC TNTC 106 117 111.5 1.12E+03 

9.96E+03 3.998041 2.42 
 65 84 10 9 74.5 7.45E+03 

 TNTC TNTC 228 198 213 2.13E+04 

 TNTC TNTC TNTC TNTC N/A N/A 

          
25 cm  TNTC TNTC TNTC TNTC 

N/A N/A N/A N/A N/A 
 TNTC TNTC TNTC TNTC 

 TNTC TNTC TNTC TNTC 

 TNTC TNTC TNTC TNTC 

 

As cycle was performed using 5 pulses of VH2O2, the 15cm lumen PCD was selected for 

survivor plot generation as fractional results expected at 1,2,3, and 4 pulse.   17.5, 20 and 

25cm were not selected as with the lower log reductions would imply multiple cycle 

endpoints beyond 5 pulses would be required to fully inactivate.    
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4.3.5  Survivor Plot generation – Results and Discussion 

4.3.5.1 Inactivation of Geobacillus stearothermophilus with VH2O2 

Findings reveal that the spore populations of Geobacillus stearothermophilus were gradually 

decreased following treatments with 1-5 pulses of VH2O2, as shown in Figure 4.9. The 

microbial inactivation plot follows a first order linear kinetic shape where the R2 coefficient 

was measured at 0.91. Moreover, the number of recovered biological indicators (n) has also 

declined with increased number of applied VH2O2 pulses (Table 4.12). For example, all G. 

stearothermophilus biological indicators were recovered (96.83 %) after 1-pulse cycle, while 

only 15.24 % of BIs was recovered after a 5-pulse cycle.  

 

Table 4.12:  Percent recovery of G. stearothermophilus BI spores following treatment with 1-5 pulses of VH2O2 

sterilant.  Pulses also expressed as average exposure time from triplicate runs.   

Number 
of 

pulses 

Average exposure  
time (minutes) ± SD 

Recovered biological indicators from triplicate runs (%) 

Run 1 Run 2 Run3 Average 

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 
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Examination of the average exposure time reveals that Pulse 1 is some 43% longer in duration 

than the average time of the individual pulses delivered in Pulse 2-5: [Average time for Pulse 

2-5= 6.01min].   

From the recovered BIs, colony forming units were determined and triplicate survivor plots 

generated with reported in Table 4.13.  

 

Table 4.13:  Survivor plots of G. stearothermophilus contained in a 15cm lumen PCD inactivated with VH2O2 
cycles (1 -5 pulses).  Results shown are average colony forming units recovered (cfu), log10 reduction (N/No).   
Cycle reference numbers are also included.      

  Survivor plot 1 

(#531;533; 

535;536;537) 

  Survivor plot 2 

(#538;544;548; 

549;551) 

  Survivor plot 3 

(#550;553;554; 

555;556) 

   

Mean 

 

SD 

Number 
of pulses 

cfu mean N/No   cfu mean N/No   cfu mean N/No   
  

1 2.27 x 104   -1.97   3.67 x 104 -1.76   3.04 x 104 -1.85   -1.86 0.11 
2 1.09 x 104 -2.29   2.42 x 103 -2.95   2.02 x 104 -2.03   -2.42 0.47 
3 5.41 x 102 -3.60   1.55 x 103 -3.14   3.96 x 102 -3.73   -3.49 0.31 
4 1.25 x 102 -4.23   3.60 x 102 -3.77   4.65 x 102 -3.66   -3.89 0.30 
5 2.48 x 102 -3.94   1.05 x 102 -4.31   <1.0 x 102 >-4.33   -4.19 0.22 

 

 

Using the data from Table 4.13, a survivor plot of log inactivation versus pulses of VH2O2 

sterilant was plotted with an R2 coefficient of determination of 0.91 being calculated 

demonstrating log10 linear inactivation (Figure 4.9).  
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A 

 
 

 
Figure 4.9:  Survivor plot (n=3) of Geobacillus stearothermophilus following treatment with pulses of VH2O2.  
Vertical error bars show standard deviation of N/No (n=7).  B) The appearance of untreated chemical indicator 
(0), and chemical indicators treated with varying VH2O2 pulses (from 1 to 5 pulses). Red/pink = No VH2O2 
exposure; yellow = VH2O2 exposure.  

 

Colour change of CIs as an indication of VH2O2 exposure was observed following treatment 

with 2 or more pulses (Figure 4.9-B).   

 

During the preparation of the initial survivor plot for Geobacillus stearothermophilus, a 

second set of samples were enumerated with the incorporation of catalase as a sterilant 

quencher, to ensure no additional inactivation from a residual peroxide post processing.  A 

sample t-test was performed on samples treated with catalase indicating that there was no 
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statistical difference in the treatments (p>0.05). In other words, even if hydrogen peroxide 

had absorbed onto the BI carrier, it had no effect on spore viability.  

 

Examination of Figure 4.9 revealed that pulse-1 had lowest SD but somewhat deviated from 

best-line fit.   As revealed in Table 4.12, pulse 1 was significantly longer in duration and 

therefore likely to have increased spore inactivation and subsequently plot below linear 

trendline.   The pulses were further examined in detail whereby VH2O2 injections were 

assessed and reported in Table 4.14.   

 

The difference between the first pulse and all other subsequent pulses may be explained by 

the manner in which the process is controlled by the LTS-V sterilizer:  As part of the pre-

conditioning step prior to sterilant injection, relative humidity (RH) is reduced to a level of 

0.0-0.1 %RH.   In the first pulse, sterilant is injected from this starting RH and a vacuum set-

point of 4mb to a control endpoint of 80% RH.  However, for all other pulses thereafter, 

vacuums are pulled to a set-point of 4mb, but RH does not reduce to zero as there are no 

additional pre-conditioning 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 are less (delta injection of only 34-24% RH), with less sterilant and less overall exposure 

time.  Table 4.14 reports the pressure level at the end of sterilant injection and this value is 

used to calculated the pressure increment during injection which is then converted to a 

theoretical VH2O2 concentration using the ideal gas law (pV=nRT). 
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Table 4.14:  Pressure (mbar ABS) at the end of sterilant injection of all cycle injections for cycles used in the 
generation of the G. stearothermophilus survivor plot (Fig 4.9).   Calculated VH2O2 (mg/l) calculated using 
pV=nRT and reported.      

 

 

Thus, Pulse-1 injects more sterilant:  2.1x more sterilant than average of other four pulses.   

When inactivation is plotted against sterilant concentration delivered per pulse, Figure 4.10 

is generated showing the relationship between concentration and spore inactivation. 

 

 

Figure 4.10:  Plot of Geobacillus stearothermophilus inactivation and sterilant concentration versus pulses of 
VH2O2 (n=3).     

Curve #Pulses 1 2 3 4 5 1 2 3 4 5
1 1 12.2 10.89

2 10.5 7.7 8.63 4.91
3 10.5 7.8 7.1 8.63 5.05 4.12
4 10.1 7.7 7.2 6.9 8.1 4.91 4.25 3.85
5 10.4 7.7 7.2 6.9 6.9 8.5 4.91 4.25 3.85 3.85

2 1 10.7 8.9
2 10.2 7.5 8.23 4.65
3 10.2 7.8 7.1 8.23 5.05 4.12
4 10.3 7.5 7 7 8.37 4.65 3.98 3.98
5 10 7.6 7.1 6.9 6.7 7.97 4.78 4.12 3.85 3.59

3 1 11.8 10.36
2 10.6 8.2 8.77 5.58
3 10.4 7.7 7 8.5 4.91 3.98
4 10.2 7.5 7 6.8 8.23 4.65 3.98 3.72
5 10.1 7.5 7 6.9 6.6 8.1 4.65 3.98 3.85 3.45

Average 10.5 7.7 7.1 6.9 6.7 8.7 4.9 4.1 3.9 3.6
SD 0.6 0.2 0.1 0.1 0.2 0.8 0.3 0.1 0.1 0.2

mg/l cum 8.7 13.6 17.7 21.5 25.2

Max Pressure per pulse (mbar) Concentration per pulse (mg/l)
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Thus, sterilant concentration is observed to have a direct impact on the inactivation of G. 

stearothermophilus spores.  Consequently, a microbial survivor plot was constructed to 

determine the R2 value of the relationship (Figure 4.11).    

 

 

Figure 4.11:  Inactivation of Geobacillus stearothermophilus with pulses VH2O2, expressed cumulative 
concentration of VH2O2 sterilant.  Horizontal error bars = SD from triplicate survivor plots (n=3).  Vertical error 
bars = SD of PCD N/No (n=7). 
 

 

As demonstrated in Figure 4.11, R2 is increased to a value of 0.98, emphasising the first-

order relationship between delivered sterilant concentration and spore inactivation.   

As shown in both Table 4.13 and Figure 4.11, as full inactivation is approached after 4 

pulses, the recovered replicates become low (Table 4.12) and close to the limit of 

quantification, which is 10 CFUs.  Thus, the sensitivity of the enumeration method i.e. 

decline in the spore population to below the quantifiable range, is the likely explanation for 

potential microbial tailing effect at Pulse 4 and 5 for G. stearothermophilus using this 

specific regime of VH202 pulsed conditions that was used to establish clear measurable log 
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reductions for inactivation kinetic fitting.  Alongside the general reduction of spore surviving 

population (CFU), a reduction in the number of quantifiable biological indicators (n) was also 

observed with the increased number of pulses. As shown in Table 4.12, the number of 

recovered and enumerated biological indicators after processing was relatively consistent 

(within 10 %) after 1-, 2- and 3-pulse cycles (96.83%, 90.79% and 86.67% on average, 

respectively).  After exposure to VH2O2 in a 4-pulse cycle, where approximately a 4 fold log 

reduction in spore population was achieved, it was only possible to quantify the surviving 

population (CFU) for less than 50% of treated biological indicators, as for the remaining half 

the number of grown colonies was below the lower countable range. After a 5-pulse cycle, it 

was possible to determine the CFU for only 15.24% of processed biological indicators. It 

appears that the lower detection limit for quantification was reached at around 4-pulses, 

and hence, the potential tailing effect observed after 5-pulses was due to the enumeration 

of only a few replicates (biological indicators) which survived extensive exposure to VH2O2, 

and thus is a limitation of the test enumeration method used currently in the field of 

sterilization microbiology where pre-determined spore populations are enumerated using 

spread plate technique post treatments.   

 

 

 

 

 

 

 



113 
 

4.3.5.2 Inactivation of Bacillus atrophaeus with VH2O2 

4.3.5.2.1 Establishment of an appropriate PCD 

Following the establishment of a microbial survivor plot with G. stearothermophilus, a range 

of PCDs containing Bacillus atrophaeus were evaluated to find one appropriate for generating 

an appropriate measurable inactivation data plot over the required range of 1-5 pulses of 

VH2O2.  The tested PCD types included syringes comprising of 15, 20, 25 and 30 cm lumen 

length. First, all trialled PCDs were subjected to a 1-pulse cycle to establish the initial 

reduction in population and compare with the results obtained for G. stearothermophilus 

after 1-pulse cycle (Figure 4.12). PCD with a lumen length of 30 cm was excluded from further 

analysis as it was found to be too technically challenging, whereas B. atrophaeus BIs in the 

remaining PCDs were enumerated following a 3- (15 and 20 cm) or 4- pulse cycle (25 cm) to 

determine their capacity to survive extensive VH2O2 treatment where these were compared 

with G. stearothermophilus data sets.  As shown in Figure 4.12, a PCD comprising of 25cm 

lumen was found to closely match the established plot for G. stearothermophilus.  Other 

lumen lengths were found to be either too challenging that required many pulses to achieve 

an inactivation plot over the 6-log regime or were deemed to be not sufficiently challenging 

as reflected in achieving inactivation after too few pulses to generate a clear microbial kinetic 

plot. 
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Figure 4.12:  Comparison of a range of Bacillus atrophaeus PCDs (15-30cm lumen) with survivor plot 

established for Geobacillus stearothermophilus (Figure 4.9-A).  

 

 

4.3.5.2.2 Survivor plot for B. atrophaeus 

Once a PCD was established, survivor plot was generated for B. atrophaeus, Table 4.15, Table 

4.16 and Figure 4.13, with a R2 of 0.87 being obtained when inactivation is plotted against 

increasing pulses of VH2O2.    
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Table 4.15:  Percent recovery of B. atrophaeus BI spores following treatment with 1-5 pulses of VH2O2 sterilant.  
Pulses also expressed as average exposure time from triplicate runs.   

Number 
of 

pulses 

Average exposure  
time (mins) ± SD 

Recovered biological indicators from triplicate runs (%) 

Run 1 Run 2 Run3 Average 

1 9.35 ± 1.01 100.00 100.00 100.00 100.00 

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 

 

 

Table 4.16:  Survivor plots of B. atrophaeus contained in a 25cm lumen PCD inactivated with VH2O2 cycles (1 -5 
pulses).  Results shown are average colony forming units recovered (cfu), log10 reduction (N/No).   Cycle 
reference numbers are also included.      

  Survivor plot 1 

(#557;558;561; 

567;577) 

  Survivor plot 2 

(#567;569;573; 

575;576) 

  Survivor plot 3 

(#578;579;580; 

581;582) 

   

Mean 

 

SD 

Number 
of 
pulses 

cfu mean N/No   cfu mean N/No   cfu mean N/No   
  

1 1.10 x 106   -0.74   8.94 x 104 -1.85   2.69 x 104 -2.35   -1.65 0.83 
2 9.99 x 104 -1.78   1.65 x 104 -2.56   3.01 x 103 -3.30   -2.55 0.76 
3 3.05 x 102 -4.30   9.87 x 102 -3.79   9.92 x 102 -3.79   -3.96 0.30 
4 4.77 x 102 -4.10   9.78 x 102 -3.79   6.33 x 102 -3.98   -3.96 0.16 
5 6.21 x 102 -3.99   3.95 x 102 -4.19   7.0 x 102 -3.94   -4.04 0.13 
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A 

 
B 

 

 
Figure 4.13:  Survivor plot (n=3) of Bacillus atrophaeus following treatment with pulses of VH2O2.  Vertical error 
bars show standard deviation of N/No (n=7).  B) The appearance of untreated chemical indicator (0), and 
chemical indicators treated with varying VH2O2 pulses (from 1 to 5 pulses). Red/pink = No VH2O2 exposure; 
yellow = VH2O2 exposure.  

 

 

 

Similar to the analysis of G. stearothermophilus process data, Pulse 1 was found to deliver 

greater amount of sterilant than subsequent pulses due to the equipment process control as 

described previously (Table 4.17).  Unlike G. stearothermophilus, no colour change was 

observed on CIs processed at 2 pulses.   Colour change as an indication of VH2O2 was only 

observed from three or more pulses (Figure 4.13-B). 
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Table 4.17:  Pressure (mbar ABS) at the end of sterilant injection of all cycle injections for cycles used in the 
generation of the B. atrophaeus survivor plot (Fig 4.13-A).   Calculated VH2O2 (mg/l) calculated using pV=nRT 
and reported.      

 

 

Using VH2O2 concentration data, a survivor plot was generated to establish relationship to 

spore inactivation, with an observed increase in R2 to a value of 0.93 (Figure 4.14).   

 

 

 

Curve #Pulses 1 2 3 4 5 1 2 3 4 5
1 1 11.8 10.36

2 10.3 7.7 8.37 4.91
3 15.6 7.5 8.4 15.41 4.65 5.84
4 10.1 7.8 7.1 7 8.1 5.05 4.12 3.98
5 10.6 8 7.4 7.2 7.1 8.77 5.31 4.52 4.25 4.12

2 1 11.9 10.49
2 10.5 7.8 8.63 5.05
3 13.6 10 9.7 12.75 7.97 7.57
4 13.9 9.5 9.4 9.4 13.15 7.3 7.17 7.17
5 13.6 9.8 9.3 9.2 9.1 12.75 7.7 7.04 6.91 6.77

3 1 15.4 15.14
2 13.7 9.4 12.88 7.17
3 13.9 9.8 9.5 13.15 7.7 7.3
4 13.5 9.7 9.5 9.4 12.62 7.57 7.3 7.17
5 16 7.7 8.4 8.9 8.8 15.94 4.91 5.84 6.51 6.38

Average 13.0 8.7 8.7 8.5 8.3 11.90 6.27 6.30 6.00 5.76
SD 2.0 1.0 1.0 1.1 1.1 2.63 1.37 1.29 1.48 1.43

mg/l cum 11.9 18.2 24.5 30.5 36.2

Max Pressure per pulse (mbar) Concentration per pulse (mg/l)
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Figure 4.14:  Inactivation of Bacillus atrophaeus with pulses VH2O2, expressed cumulative concentration of 
VH2O2 sterilant.  Horizontal error bars = SD from triplicate survivor plots (n=3).  Vertical error bars = SD of PCD 
N/No (n=7). 

 

In a similar manner to the survivor plot of G. stearothermophilus, as inactivation progresses 

fewer growths are recovered.   For B. atrophaeus, after 3 pulses typically less than 50% of 

replicates are recovered as consequence of reaching the limit of quantification of the 

methods.  A consequence, possible tailing effect in microbial inactivation data was observed 

at four log reduction that was attributed to typical use of spread plate technique in 

sterilization microbiology.     

 

 

4.3.5.3 D-value calculations 

D-value is calculated from the negative reciprocal of the slope of the plot and reported in 

Table 4.18.    
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Table 4.18:   Comparison of D-values and sterilization processing requirements, pulses of VH2O2 required for 
processing of PCDs containing G. stearothermophilus and B. atrophaeus.    

Sterilization processing requirements G. stearothermophilus B. atrophaeus 

BI D-value (minutes) 

(Manufacturer claim)  
1.4 0.3 

PCD  15 cm lumen 25 cm lumen 

D-value (minutes) 7.75 8.72 
12 SLR (Routine process time required 
for sterilization) (minutes) 

93 104.64 

Average pulse time from survivor plot 
(mins) 

7.24 7.90 

VH2O2 Sterilization Process (Pulses of 
sterilant) * 

13 14 

*VH2O2 pulses are calculated based on 12 SLR time/average pulse time. Fractions of pulses are positively 
rounded to full integers.   

 

 

A D-value for sterilant exposure time of the 7.75 minutes (SD=0.40) may be calculated to 

deliver 12 spore log reductions, equivalent to a SAL of 10-6 in 93.00 minutes. With an average 

exposure time per pulse of 7.24 minutes, 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 ; SD=0.22), and with an average concentration per pulse of 5.78 mg/l, determined to 

require a process of 12.12 pulses. Thus, to provide a SAL of 10-6 to the described PCD a routine 

process of 13 pulses must be programmed on the sterilizer.  With the more challenging 25cm 

lumen PCD for B. atrophaeus, a 14 pulse VH2O2 process is required to achieve SAL 10-6. 
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4.3.6 Advanced Imaging – Results and Discussion 

Phase Contrast Microscopy and SEM were employed to examine spores for any observed 

structural or surface topography changes.  With Phase Contrast, transitions from Phase Dark 

to Phase Bright were observed but not in a manner that was quantifiable to the inactivation 

data obtained by plate count data (Figure 4.15).    

  

  
Figure 4.15:  Phase Contrast images (40x) of Geobacillus stearothermophilus untreated (A) and treated with 5 
pulses of VH2O2 (B) and Bacillus atrophaeus untreated (C) and treated with 1 pulse of VH2O2 (D).   

 

SEM provided the most useful images primarily due to the preparation method requiring 

minimal manipulation of samples post VH2O2 treatment:  As spores already are fixed onto 

stainless steel coupons, they were mounted, and sputter coated for imaging.    

Upon visual inspection of SEM images, a well distributed monolayer of spores with no 

apparent change to the level of clumping or aggregation was observed on both the 

A B 

C D 
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untreated and VH2O2-treated BIs of either G. stearothermophilus (Figure 4.16) or B. 

atrophaeus (Figure 4.17). 

   

   
   

   
   

   
 
Figure 4.16:  SEM images (10kx) of Geobacillus stearothermophilus untreated (i) and treated with 1-5 pulses 
(images ii-vi) and fully inactivated with VH2O2 (vii). 2kx magnification (viii) and 40kx magnification (ix) of 2-
pulse image also shown.   
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Figure 4.17:  SEM images (10kx) of Bacillus atrophaeus untreated (i), treated with 1-5 pulses (ii-vi) and fully 
inactivated (vii) with VH2O2.  2kx magnification of 5-pulse treated spores (viii) and 40kx magnification of 
untreated spores (ix) also shown.   
 
 
This is consistent with SEM imaging of spores treated with EO whereby no apparent damage 

or structural changes were observed with partial or full treatment (Figure 4.18) 
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Figure 4.18:  SEM images (10kx) of Bacillus atrophaeus untreated (A), fractionally inactivated (B) and fully 
inactivated with EO (C).  A 50kx image of untreated spores also shown (D)   

 

Using statistical tools (Shapiro-Wilk test, Anova and Tukey), the data in Figure 4.19 was 

found to be normally distributed, and a difference was observed between treatments (p < 

0.05). However, as no significant difference was found between the untreated spores and 

spores treated in 1-,4-, and 5-pulse cycles, it seems unlikely that the observed shifts in the 

ratio of single to grouped spores could have an effect on microbiological growth responses, 

and subsequently on the survivor curve (e.g. tailing).  

 

 

Figure 4.19:  Analysis of single and grouped spores on 10’000x SEM images of Geobacillus stearothermophilus 
untreated and treated with 5 pulses of VH2O2 and fully inactivated (>5 pulse) with VH2O2.  Total number of 
cells counted on each image also provided (n=3).   

A B C D 
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Bacillus atrophaeus was also examined following treatment with both VH2O2 and EO 
(Figure 4.20). 

 

  
Figure 4.20:  A) Analysis of single and grouped spores on 10’000x SEM images of Bacillus atrophaeus untreated 
and treated with 5 pulses of VH2O2 and fully inactivated (>5 pulse) with VH2O2.  Total number of cells 
counted on each image also provided. B) Analysis of single and grouped spores on 10’000x SEM images of 
Bacillus atrophaeus untreated, fractionally treated and full treated with EO.  Total number of cells counted on 
each image also provided (n=3). 

 

Except for treatment with 4 pulses of VH2O2, the proportion of single to grouped spores is 

consistent with all samples including negative control of untreated spores and positive 

control of fully inactivated spores.  The 4 pulse samples comprised of a larger number of 

spores in the images many of which were grouped together, and not typical of all the 

samples analysed (Figure 4.20-A).  Similarly, the untreated EO sample showed lower 

proportion of single cells primarily due to a larger population being in the image (Fig 4.20-B).  

Most importantly, the proportion of single to grouped spores were nearly identical for the 

fractionally treated and fully treated EO samples.   

 

The most important observations from the SEM analysis of both G. stearothermophilus and 

B. atrophaeus spores treated with VH2O2 and EO are: 

A 

 

B 
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(i) BIs contain an even monolayer of spores with no evidence of clumping or 

biofilms, which indicates equal opportunity for spore exposure to applied 

sterilant 

 
(ii) Following either fractional or full inactivation with sterilant, there is no evidence 

of structural damage to the spores. 

 

(iii) The distribution of spores measured as ratio of free to grouped spores appears 

unchanged following treatment with the sterilization processes.             

 

4.4 Issues Encountered 

• With an inactivation process, recovered microorganisms reduces to zero with 

increasing sterilization treatment.  However, the limit of quantification of the test 

method for recovering microorganisms is reached first using typical sterilization 

microbiology methodology. In this research, this limitation in traditional 

methodology manifested in perceived or possible tails in the BI survivor plots as a 

consequence of VH2O2 treatments.  However, this did not affect meeting the 

acceptance criteria for linearity in accordance with ISO11138-7.   On the other hand, 

this may have resulted in an over-estimation of D-values, that is addressed later in 

conclusions.  To improve the limit of quantification to achieve zero to 10 CFU range, 

VH2O2 treated samples, in addition to pour plating, should also have an additional 

step of membrane filtration of remaining aliquots incorporated into future work as 

required for advancing the field of Sterilization microbiology.  Additionally, MPNs 

could be considered to supplement pour plates particularly for 5th or 6th pulses at 
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high VH2O2 concentration where there is greater likelihood of recovery using 

moderate VH202 treatment conditions for inactivation kinetic best-fitting studies. 

 
• During the evaluation of potential PCDs for use with B. atrophaeus, 25cm lumen was 

assessed at 1 and 4 pulses.  The slope of the inactivation was deemed to be similar 

to G. stearothermophilus in 15cm lumen PCD.  However, following generation of the 

survivor plot, it became apparent that on average more than 50% of BIs were being 

fully inactivated at three or more pulses of sterilant, whereas this level of reduced 

recovery was observed with G. stearothermophilus at four pulses.  While this did not 

affect meeting the acceptance criteria for linearity, it most likely resulted in an 

overestimation of D-value.  For future work, it may be beneficial to use fractional 

methods such as LHSK, to more quickly profile PCDs in a VH2O2 process.       

 
 

4.5 Conclusions 

A novel VH2O2 sterilization process was established and commissioned at STERIS AST, 

Tullamore Ireland.  The installation and commissioning was performed in accordance with 

GAMP 5 and STERIS standard procedures aligned to industrial sterilization with EO.  During 

commissioning temperature profiling was performed demonstrating a homogenous 

environment with even distribution of temperature, necessary for providing a consistent and 

stable process necessary for VH2O2 sterilization.  Given the importance of relative humidity 

in the delivery of the vapor sterilant, an even distribution of temperature throughout the 

chamber and processing load is critical.  Following qualification and enumeration of an 

appropriate G. stearothermophilus BI system, a standardized model process was established 

and using selected PCDs, LHSK performed in accordance with ISO11138-7 to profile the 
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inactivation of the process.   The performance of LHSK was a preliminary one whereby linear 

inactivation was assumed.    

Following the establishment of an appropriate PCD and VH2O2 process, experimental studies 

were found to be very repeatable and were appropriate for the survival kill window (fractional 

range) of 1-5 pulses of VH2O2 being explored.  As shown in Figure 4.9, a first-order log linear 

inactivation was observed for the BI, Geobacillus stearothermophilus contained in a PCD 

comprising of a 10ml syringe with a 15cm lumen attached, contained in a vented pouch.  In 

compliance with ISO11138-7:2019, an R2 coefficient of determination greater than 0.8 was 

achieved. 

Examination of the initial survivor plot of spore log reduction versus pulses of VH2O2 sterilant 

was the first indication that the pulses of sterilant were not equal and upon further scrutiny 

of the duration of each VH2O2 pulse and the concentration of sterilant (Table 4.14) being 

delivered it was confirmed that not all pulses are equal.  Consequently, the survivor plot was 

re-plotted to log survivor versus sterilant concentration with an improvement in R2 to a final 

value of 0.98 (Figure 4.11).  This demonstrates the direct first-order relationship between the 

spore log reductions and the amount of VH2O2 sterilant delivered to the process.  A sterilizer 

is programmed by means of the cycle recipe with defined parameters.  As demonstrated by 

this research, it is insightful to fully appreciate what those programmed parameters are 

delivering in terms of a sterilization process, especially if trying to optimize processes to 

deliver SAL efficiently by establishing the most appropriate measure of ‘sterilant dose’ when 

assessing inactivation.  

The determination of this first-order relationship is the single most important aspect of this 

novel research.  The demonstration of linearity confirms the appropriateness of validation 
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methods such as half-cycle validation, as described in ISO14937:2009, employed in the 

qualification of sterilization processes to establish a sterility assurance level.  Furthermore, 

the demonstration of linearity also confirms that more efficient fractional methods of D-value 

determination such as Holcomb-Spearman-Karber Procedure, Limited Holcomb-Spearman-

Karber Procedure and Stumbo-Murphy-Cochran Procedure may be applied (ISO11138-

7:2019).  In this work, application of LHSK was initially performed as a relatively quick and 

simple means of provide an early indication of an appropriate process for use in the full 

inactivation study.  However, it should be noted that LHSK was performed, and a D-value 

obtained on the presumption that the inactivation is linear! This research now confirms that 

the use of such fractional methods are appropriate.   

The type of sterilization process and associated experimental conditions are significant 

factors that inform the reliable and repeatable linear destruction of BIs over a period of 

approximately 45 minutes in an industrial scale sterilization using PCDs. This contrasts with 

previous reported studies where biphasic microbial inactivation kinetic plots were observed 

over much shorter durations of treatments such as within less than 5 mins (Dufresne and 

Richards, 2016). It is plausible that if the zero to 1 pulse range of the latter study was more 

closely examined in a biological indicator evaluation resistometer (BIER) in the absence of a 

PCD, non-linear inactivation may potentially be observed:  This is due to the inactivation 

kinetics being significantly shortened when the resistance of the PCD is removed and D-values 

more aligned to the BI manufacturer stated values, for example 1.4minutes for G. 

stearothermophilus BI used in this study.  Such studies in BIER conditions where non-linear 

inactivation may be observed, most likely converges on the topic of cellular inactivation and 
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survival response mechanisms such as redox reactions and enzymatic response to oxidizing 

agents, many of which require further research and understanding (McEvoy & Rowan, 2019).     

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 relevant ISO14937 standard.   

 
Tailing was observed in both survivor plots and warranted further investigation.  As described 

by  (Shintani et al., 2010; Shintani, 2014), experimental artifact of spore clumping has been 

described as a potential source of non-linear inactivation kinetics, whereby the aggregation 

of spores result in reduced penetration of the sterilant vapor.  Furthermore, the work of 

Johnston et al., (2000) demonstrated the significance of microbial load and the possibility for 

biocide quenching by the inoculum:  As quenching occurs, the amount of available biocide for 

further inactivation 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 treated microbial samples that contained short-lived 

oxygenated free radicals (Rowan et al., 2007; Hayes et al., 2013).  SEM may be effectively 

used as an investigative tool to provide visual data on the effect of sterilization processes on 

spore shape and surface topography; for example, this was demonstrated for Mycobacterium 

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 distributed monolayer 

of spores in treated and untreated BIs and (ii) no significant change to the distribution of 

spores on the BI carrier material either before or after treatment (Figure 4.16 and 4.17).  This 

is consistent with the findings of others who examined treatment with VH2O2 and EO 
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sterilant and noticed no noticeable morphology differences or clumping of cells (Reich and 

Akkus, 2013), and confirms that spore distribution is an unlikely contributor to the tailing 

effect observed:  In this research, spores were also examined following EO treatment and 

found to agree with past research (Figure 4.18).  Furthermore, the inclusion of catalase in the 

test method confirmed the absence of any observed sterilant residual effect on spore 

enumeration.     

 
Observed in the findings is the recovered BI replicates are significantly reduced as sterilant 

inactivation is increased.  This is expected as increasing concentration should reduce the 

spore population to zero.   However, the test method for recovering spores from BIs required 

dilution such that minimal quantification was 100cfu.  Converted to N/No equates to a log 

reduction value of -4.33 for G. stearothermophilus and -4.78 for B. atrophaeus.  It is likely that 

as the number of recovered replicates reduces with treatments, the recovered BIs are likely 

to be resistant phenotypes and not in fact representative of the population.   Thus, one can 

expect a tail from an inherently heterogenous population given the limitation of the test 

methods and this very much agrees with the ‘Vitalistic Theory that is based upon phenotypic 

variation of microorganisms (Cerf, 1977; Humpheson et al., 1998; Stone, Chapman and Lovell, 

2009).   

 
In this work, while the acceptance criteria for linearity was met, a downside of tailing is the 

potential to exaggerate D-values and consequently require excess processing time or dose 

that may be an unnecessary challenge to the medical device (McEvoy and Rowan, 2019).    

D-value provides a quantified value for the inactivation that can be expressed as a function 

of time or sterilant concentration.  Most importantly, D-value may be used to extrapolate 

(using defined Spore Log Reductions (SLR)) to the required inactivation to achieve a 
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probabilistic SAL.  The parameter used to calculate to the SLR may then be converted back 

to a programmable process parameter, in the case of the LTS-V sterilizer, pulses of VH2O2 

sterilant.   With a D-value for sterilant exposure time of the 7.75mins for G. 

stearothermophilus and 8.72 for B. atrophaeus required a VH2O2 process of 13 pulses and 

14 pulses respectively, to deliver SAL 10-6.  Similarly, D-value may be calculated in terms of 

sterilant concentration:  For example, a log reduction is achieved in G. stearothermophilus 

15cm lumen PCD with 5.84mg/l of VH2O2 sterilant equivalent to 12.12 pulses based on 

average pulse concentration.  Thus, a routine process of 13 pulses must be programmed on 

the sterilizer.   

 
The microbial survivor plot of B. atrophaeus displayed a rapid inactivation from 1-3 pulses 

and tailing after 4- and 5-pulse cycles.  Similar to G. stearothermophilus, it was only possible 

to determine CFU for a limited number of biological indicators subjected to increased VH2O2 

treatment, more precisely, CFU was determined for 57.14% and 42.86% of biological 

indicators following a 4-pulse and 5-pulse cycle, respectively. Therefore, it seems that a lower 

quantification limit was reached at around 3-pulses, and several factors could have attributed 

to a faster spore log reduction compared to G. stearothermophilus. For example, average 

contact time for B. atrophaeus was longer when compared to G. stearothermophilus (Table 

4.12 and 4.14).  The difference between contact time of the two microorganisms was less 

than 1 minute for pulses 1 and 2, while for pulses 3, 4 and 5, B. atrophaeus was exposed to 

VH2O2 for more than 3 minutes longer than G. stearothermophilus. Although the cycles in 

which B. atrophaeus was treated had somewhat higher VH2O2 concentration (Figure 4.14) in 

the chamber, it is important to note that VH2O2 concentration in the chamber does not 

necessarily corresponds to the VH2O2 concentration within the PCD.  This was evident in the 
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colour change in the chemical indicators:  Unlike G. stearothermophilus, no colour change 

was observed in the B. atrophaeus PCDs after two pulses (Figure 4.13).  

 
This would indicate that the longer 25 cm lumen was effective in impeding the ingress of 

vapour.  However, once vapor penetrated the PCD lumen, inactivation of the B. atrophaeus 

BI was rapid due to its lower intrinsic resistance, with a D-value of only 0.3 minutes as 

compared to G. stearothermophilus of 1.4 minutes (Table 4.20).  This may also explain why 

spore inactivation is observed with 1- and 2- pulse of VH2O2 treatment even though limited 

penetration with sterilant. Thus, while the overall resistance of a PCD is a combination of the 

BI resistance and the PCD materials, the contribution of each constituent component may 

require some consideration when assessing both D-value and linearity.   

 
Calculation of D-value for the B. atrophaeus PCD yielded a conservative figure of 8.72 minutes 

or 14 pulses for a routine sterilization process (12 SLR =104.64min) yielding SAL 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 minutes and 10 pulses (12 SLR= 72.84mins).  Thus, this demonstrates that 

experimental limitations, potentially adds an additional 5 logs of kill ((104.64-72.84)/6.07min) 

to the process, resulting in an SAL 10-11!      

 

Furthermore, as shown by this research, 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 

resistance of the PCD relative to the medical device being sterilized of most importance when 

quantifying D-values and extrapolating to a required SAL.  In this research, by modifying the 

lumen length of the PCD, similar D-values were obtained using two different biological 

indicator species.   Hence, it may be argued that the criteria for an appropriate BI for use in 
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industrial sterilization is one of (i) known high resistance within a PCD, (ii) known inactivation 

kinetics and linearity of the PCD and (iii) may be qualified as equivalent or greater resistance 

relative to the natural microbiological challenge of the medical device itself.  The generation 

of critical data points for VH2O2 sterilization will also inform future automation of this process 

that includes use of digital technologies such as artificial intelligence enabled by machine 

learning (Rowan et al., 2022).  

 
In conclusion, this constitutes the first study to examine the inactivation of two types of BI 

spores contained in PCDs and processed with an industrial VH2O2 sterilizer. Findings 

supported the occurrence of linear BI inactivation plots post VH202 treatments that is 

important given that validation methods underpinning terminal medical device sterilization 

rely upon this linear microbial death-rate assumption. Thus, this study provides additional 

rigor and confidence that appropriate sterility level can be achieved using biological 

indicators.  The findings of this research will also inform the recently published ISO22441  

globally recognised consensus standard for VH2O2 sterilization.  This will also inform and 

enable TC198 Working group who are responsible for this standard that includes the 

identified gaps in the research of inactivation. Therefore, this research will contribute new 

knowledge supporting the medical device sterilization industry adoption of VH2O2 as a viable 

method for industrial scale sterilization that is critical for patient care.        
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Chapter 5 

Application of Flow Cytometry for Bacterial Spore Enumeration 

 

5.1 Introduction 

As part of this research, flow cytometry (FCM) was evaluated as a potential alternative to 

plate counting for the enumeration of bacterial spores.  FCM has become an established rapid 

microbiology method, the principles of which are summarized in Figure 5.1, when single cells 

contained in a liquid sheath are detected as they pass a laser (McEvoy et al., 2020b; Anan et 

al., 2017).    

A 

 

B 

 

Figure 5.1:  A; Principle of operation of Flow Cytometry.  B; Light scattering as laser beam passes through and 
around cell.  Forward scatter proportional to size and side scatter proportional to cell granularity.  Adan et al,, 
2017.   

 

 

While vegetative cell enumeration is extensively researched and described given the ease of 

stain uptake with permeabilized cell membranes, spores present a challenge such that such 

uptake must be assisted by a cellular pathway such as germination (McEvoy et al., 2020b).  
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Research was conducted to devise a method where bacterial spores from commercially 

manufactured BIs could be accurately enumerated using flow cytometry.   

 
Sterility assurance is provided through process validation and often involves biological 

indicators (BI) comprising of bacterial endospores of known high resistance utilized as 

representative challenge to the sterilization process (Cortezzo et al., 2004; McEvoy and 

Rowan, 2019).   The resistance of the spore is conferred by multiple protective layers encasing 

a core of essential DNA which itself is protected by small acid soluble proteins (Reineke and 

Mathys, 2020) and is formed by a multistage process instructed by several adaptive genes 

(Leggett et al., 2012; Sella et al., 2014a, 2014b).   

 
Commercially manufactured BIs are manufactured to a defined high resistance and have been 

demonstrated to be up to 10 times more resistant compared to wild type endospore 

equivalents (Kokubo et al., 1998).  As described in chapters three and four, the process of 

endospore inactivation can be investigated by employing traditional culture-based methods, 

such as resuscitation and growth on artificial-laboratory plate count media where spores are 

grown to the vegetative state. However, there are significant limitations with such 

conventional enumeration methods in that results are binary (growth/no growth) and take 

significant time due to allowance for colony growth of potential survivors on agar plates (48 

hours) (McEvoy et al., 2020b).  Conventional plate counts do not typically facilitate recovery 

of sub-lethally damaged microorganisms (Rowan, 2019).   

 
The use of cellular-based differentiation and enumeration techniques, such as Flow 

Cytometry (FCM), may help limit uncertainty arising from evaluating experimental artefacts 

along with assumptions of population homogeneity; thus, providing valuable real-time data 
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at an individual cell level. The aforementioned describes phenotypic heterogenicity in a 

microbial population that ultimately provides a truer picture of the inactivation being 

predicted (Quirós et al., 2007).  Such heterogenicity becomes ever more relevant when one 

considers the ‘monomodal Gaussian or multimodal distribution of subpopulations’ resistance 

to stress environments (Dhar and McKinney, 2007).  By understanding and eluting sub-

populations through staining and FCM-gating strategies, a fuller mathematical model such as 

the ‘segregated model’ described by Quirós et al., (2007) may be defined with greater 

accuracy that in turn may provide further insight and confidence in the achievement of 

sterility assurance.     

 
While FCM has been widely employed to examine vegetative populations, bacterial spores 

have provided a challenge due to spore size (Carrera et al., 2007) along with the lack of 

permeability to fluorescent stains (Comas-Riu and Vives-Rego, 2002; Tracy et al., 2008; Trunet 

et al., 2019). Some researchers have overcome such challenges by adopting strategies, 

including germination with L-alanine and/or other nutrients to permeabilize the spore 

membranes such that stains may be absorbed by spores; therefore, rendering individual cells 

visible to FCM detectors (Laflamme et al., 2005; Cronin and Wilkinson, 2007; Cronin and 

Wilkinson, 2008a, 2008b; Trunet et al., 2019).   FCM is often used to assess a treatment of 

spores – whether it be germination events (Comas-Riu and Vives-Rego, 2002; Black et al., 

2005; Cronin and Wilkinson, 2007; Zhang et al., 2020) or inactivation processes (Mathys et 

al., 2007; Cronin and Wilkinson, 2008b; Trunet et al., 2019); whereby, in such cases, the 

integrity of the spore structure is purposely affected by a treatment, consequently facilitating 

fluorescent staining of the spores. However, it should be acknowledged that such treatments 

are facilitating staining of germinated spores, as opposed to intact endospores.  
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Use of nutrient germinants, such as L-alanine, rely on a fully functioning germinant receptor 

mechanism where the germinant interacts with germinant (Ger) receptors located in the 

inner endospore membrane. For example, in Bacillus subtilis, gerA, B, K operons encode the 

GerA receptor that binds L-alanine, with the Ger B and GerK recognizing AGFK (asparagine, 

glucose, fructose and k+) (Setlow, 2003; Soni et al., 2019).   

 
Non-nutrient germination may also be induced via pathways using substances such as 

lysozyme, CaDPA or dodecylamine. Germination induced by dodecylamine requires either 

CwlJ or SleB cortex lytic enzymes resulting in the rapid release of cellular CaDPA from the 

spore core that then acts to stimulate the CLE activity (Setlow, 2003; Ghosh and Setlow, 2009).  

Dodecylamine by-passes the GR mechanism and acts directly on the spoVA operon 

responsible for CaDPA migration across the membrane. Spores germinated with 

dodecylamine do not exhibit typical properties of nutrient germinated spores, most notably, 

water uptake and expansion of the core are limited, they maintain phase brightness when 

observed under microscope, they are rapidly inactivated and do not initiate metabolism 

(Setlow et al., 2003), indicating incomplete germination.  

 
Thus, the aim of this study was to develop a method for visualizing and enumerating bacterial 

spores with flow cytometry to be used as complementary approach to that of using traditional 

plate count methods.  In addition, to counter the impacts of addressing BI, or spore lifecycle 

changes, and fluorescent probe bleaching over time, a real-time enumeration method was 

sought that could be used to rapidly determine the population of treated endospores to 

advance sterilization science.  The research was conducted as follows: 
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5.1.1  FCM analysis of vegetative cells and development of staining strategy 

Vegetative cells were staining with Syto BC (total count), CFDA (viable count) and PI (non-

viable count) to determine if stains could elucidate differing fractions. 

 

5.1.2 FCM analysis of spores without any pre-treatment such germination 

Spores were treated with selected dyes to determine if such dyes were assimilated and 

subsequently spore fractions elucidated with FCM. 

 

5.1.3 FCM analysis of spores with a germination pre-treatment. 

Spores were pre-treated with various germinants to determine if such a treatment enhanced 

staining and enumeration with FCM. 

 

 

5.2  Methodology 

5.2.1 Preparation of spore suspensions and plate counts 

Biological Indicators (BIs) (Spordex NA333; STERIS, Mentor OH, USA) consisting of spores of 

Geobacillus stearothermophilus (ATCC 12980) inoculated on a stainless-steel carrier were 

extracted to sterile water(10ml) by sonication for 25mins.  Spores were enumerated by heat-

shocking (95-100oC/15mins) followed by serial dilution and plating to tryptic soya agar (TSA) 

and incubated at 55-60oC for 48h.  For initial studies with nutrient germinants, spores 

(ATCC9372) from BIs of Bacillus atrophaeus (MesaLabs GRS-090; Lakewood CO, USA) were 

also employed to assess stain uptake.   
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5.2.2 Flow Cytometry (FCM) 

FCM was performed on a MACSQuant 10 Analyzer (Miltenyi Biotec, Bergisch Gladbach, 

Germany; 10.2.11.1817.19623) utilizing a 488-nm laser with 30mW power for excitation 

(Figure 5.2).   

 

 

 

Figure 5.2:  MACSQuant 10 Flow cytometry 

analyser (Miltenyi Biotech) 

 

 

 

 

 

 

Syto BC fluorescence was collected using a 525/50nm Photo Multiplier Tube (PMT) detector.  

The PMT voltage was adjusted such that both unstained and stained cells were visible on both 

Forward scatter (FSC) v Side scatter (SSC) and B1 channel v SSC plots.  Individual analyses were 

performed using 50µl aliquots of spore preparations with gentle mixing and maximum events 

of 10000/s.  B1 channel trigger (threshold) was set at 0.3 or at 1.0 (to eliminate debris noise). 

Flow cytometry results were analysed using Flowjo 10.7.1 (Becton Dickenson, Franklin Lakes 

NJ, USA).  Events were converted to spore counts by applying dilution factor. Samples were 

gated as follows (1) Forward scatter (FSC) v Side scatter (SSC) to visualise cells and (2) SSC-

Height v SSC-Area to check for aggregates and (3) FSC or SSC v fluorescent filter (FITC B1 



140 
 

channel; PI-B3 channel) (Figure 5.3).   Note:  As the method was to quantify all cells including 

duplets, SSC-H v SSC-A was not gated out, just checked to ensure homogenous specimen.  If 

not homogenous, further vortexing was applied during sample preparation.  

 

 

 

 
 

 

Figure 5.3:  Gating strategy for FCM studies:  FSC v SSC for total counts; SSC-A v SSC-H to check for aggregates; 

SSC v Channel detector appropriate to dye (example shown is B1 channel for CFDA detection.   

 

 

 
5.2.3 FCM analysis of vegetative cells 

Six G. stearothermophilus BIs were fractionally treated with a 1-pulse VH2O2 process to 

generate killed, damaged and alive BI specimens.  After processing, BIs were placed in TSB 

(Biokar) and incubated at 55-60oC.  After 24h and 48h, a 1ml aliquot was removed from 

each BI tube for FCM analysis.  Samples were centrifuged at 2000g for 5mins.  Supernatant 

was replaced with 1ml PBS followed by another centrifugation.  After which, 400µL PBS was 

added.   
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5.2.3.1  Staining with Syto BC 

20µL of Syto BC (Invitrogen, Molecular Probes, Carlsbad, CA, USA) stock was added to 180µl 

of spore suspension in PBS to a final concentration of 5µM.  After application of the stain 

and prior to FCM analysis, spores were incubated for 30mins at 60°C. 

 

5.2.3.2 Staining with CFDA 

10µL of carboxyfluorescein diacetate (CFDA) (Invitrogen, Molecular Probes, Carlsbad, CA, 

USA) stock was added to 190µl of spore suspension in PBS to a final concentration of 5µM.  

Tubes incubated for 30mins at 60oC. 

 

5.2.3.3 Staining with PI  

Staining with PI (100µg/ml) was performed during FCM analysis with PI (Miltenyi Biotec, 

Bergisch Gladbach, Germany) added to the sample 5mins prior to analysis.   

 

 

5.2.4  FCM analysis of intact spores without any (germinant) pre-treatment 

Studies were conducted with vegetative and spore form G. stearothermophilus where 

samples were stained with Syto BC (5µM) and analysed separately and when mixed.   
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5.2.5 FCM analysis of spores stained with Syto BC following treatment with nutrient and 

non-nutrient germinants 

Spore suspensions were prepared as described above and 1 mL aliquots were harvested by 

centrifugation at 2000g/5 min. Harvested spores were germinated with nutrient (L-alanine or 

L-valine) and non-nutrient (dodecylamine) germinants. L-alanine (Sigma Aldrich, Merck KGaA, 

Darmstadt, Germany) and L-valine (Sigma Aldrich) were dissolved in Dulbeccos PBS buffer 

(pH=7.1-7.5; Sigma LifeScience, Ireland) to concentrations of 1, 10 and 100mM, and were 

added to pelleted spores.  To resuspend the spores, the tubes were briefly mixed by vortexing.  

An activation step involving various temperatures and incubation time (80-90oC/15-22 min) 

followed by cooling on ice (5 min) was also applied for nutrient germination.  

Dodecylamine (Sigma Aldrich) was dissolved in both anhydrous ethanol and DMSO 

(separately to optimize method) and added to the following buffers: 20mM/L Tris-HCL (pH 

8.0; Gibco/Life Technologies, Ireland), 25mM/L Hepes (Sigma Aldrich) and Dulbeccos PBS to 

final concentrations of 0.5, 1.0 and 5.0mM.  Buffers containing dodecylamine were then 

added to harvested spores, and the tubes were mixed by vortexing.  All incubation steps were 

carried out at 55-60°C. Following incubation, Syto BC fluorescent nucleic acid stain 

(Invitrogen, Molecular Probes, Carlsbad, CA, USA) was added to the mixture containing 

bacterial cells and germinant. The stain was supplied at 5mM in DMSO and was diluted to a 

working stock solution (50µM) in Dulbeccos PBS.  20µL of Syto BC stock was added to 180µl 

of spore suspension to a final concentration of 5µM.  After application of the stain, spores 

were incubated for 30mins at 60°C. Flow cytometry was utilised assess the uptake of Syto BC 

stain and enumeration of individual cells.  For initial studies with nutrient germinants 

both carboxyfluorescein diacetate (CFDA) (Invitrogen, Molecular Probes, Carlsbad, CA, USA) 
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and PI (Miltenyi Biotec, Bergisch Gladbach, Germany) were used in accordance with 

manufacturer’s instructions.   

 
 

5.2.6 Assessment of correlation of FCM to traditional plate counts 

To assess the relationship between FCM and standard plate counts, tubes of G. 

stearothermophilus were prepared at populations of 106 spores and serial diluted to 102.   

From each tube n=5, 1ml aliquots were removed for Flow Cytometry (except 106, n=4).   From 

each tube n=5, 1ml aliquots were removed for plate counting (except 106, n=3).  For plate 

counting, triplicate TSA plates were tested (except 102, duplicates).  Both total FCM events 

and gated events were assessed.   Gating based on density concentration.    

 

 
5.2.7 Assessment of linearity 

A series of dilutions were prepared at 105-106, by pooling two BIs and serial diluting 1/2 in 

sterile water.  180µl aliquots (n=5) were removed and stained with Syto BC and total events 

counted and converted to spore counts.  R2 statistic calculated to assess linearity. 

 

 

5.2.8 Phase contrast microscopy 

The extent of spore germination with dodecylamine was monitored by phase-contrast 

microscopy (Leica Microsystems, Wetzlar, Germany).  Aliquots were examined to distinguish 

phase-bright (dormant) and phase-dark (germinated) spores during treatment to detect loss 

of phase brightness.   
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5.2.9 Loss of viability and heat resistance 

Spores treated with dodecylamine were examined for loss of viability by taking 1ml aliquots 

from triplicate samples of G. stearothermophilus in Tris-HCL with dodecylamine (1 mM) at 

defined intervals. Aliquots were serially diluted and inoculated on TSA, and plates were 

counted after 48h of incubation at 55-60°C. A similar procedure was carried out to determine 

the loss of heat resistance, except aliquots were heat-shocked at 95-100°C for 15 min, 

followed by cooling to <20°C.  

 

 
5.2.10 Statistics 

Statistics (mean, standard deviation, t-test; Anova; regression; correlation and R2) were 

performed using Microsoft Excel. 
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5.3 Findings   

5.3.1 FCM analysis of vegetative cells 

 

Table 5.1:  Growth/No growth observed in TSB test-tubes containing G. stearothermophilus BI following 
treatment with 1-pulse VH2O2.  + denotes growth observed. 

 TSB Growth  FCM Counts (cells/ml) – 24h samples 
 Days of Incubation  Syto BC CFDA PI 

BI 
Number 

1 2 7  (Total Count) (Viable Count) Damaged/Dead 

1 + + +  1.74 x 107 1.75 x 107 0 
2 - - -  2.24 x 103 1.54 x 103 1.68 x 104 
3 - - -  9.78 x 102 2.04 x 103 1.52 x 104 
4 + + +  1.72 x 107 1.87 x 107 9.38 x 106 
5 - - -  1.04 x 106 3.36 x 104 1.32 x 106 
6 - - -  1.60 x 105 2.52 x 104 2.21 x 105 

 

 

As shown in Table 5.1, test tubes with growth demonstrated greater CFDA measurements 

(measured as events converted to cells/ml) versus PI, confirming viable growth in the 

populations.  Samples from tubes with no growth also showed some CFDA activity albeit 

lower than PI measurements for those samples. Qualitatively these results would indicate 

that the fluorescent dyes are performing as expected.   Representative FCM plots are shown 

in Figure 5.4.    
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Figure 5.4:  Flow cytometry plots of G. stearothermophilus BI processed with 1-pulse VH2O2 and stained with 
Syto BC, CFDA and PI after 24h incubation in TSB. 
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Tubes 1 and 4 showed viable growth and in Figure 5.4 are the only plots showing positive 

CFDA stain confirming viable growth.   All other samples were CFDA negative which agrees 

with TSB growth observations.  Tube 1 was also negative for PI, whereas Tube 4 showed 

some PI positive events, indicating a sub-population of damaged or dead cells.  Samples #2 

and #3 showed no positive Syto BC, PI or CFDA and therefore likely to contain only debris 

that was somewhat evident in the negative control gates for each dye.  Samples 4,5,6 

displayed two sub-populations in Syto BC and PI stains.   This research demonstrated the 

benefit of using multiple dyes for the elucidation of fractions and sub-population including 

viable and damaged/dead.      

 

5.3.2 FCM analysis of ungerminated spores 

As vegetative cells absorbed the Syto BC dye, it was possible to gate cells from debris (Figure 

5.5-A and C).  In contrast, spores failed to uptake the Syto BC dye and therefore appeared as 

debris and provided inconsistent counts (Figure 5.5-B and C).  During the course of the 

research, variances to the method (dye incubation time; dye concentration; FCM parameter 

setting) were applied without success.    
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A 

 

B 

 

C 

 

Figure 5.5:  Flow cytometry plots of G. stearothermophilus stained with Syto BC.  A; Vegetative cells. B; Spores.  
C; Mixed population.  

 

 

5.3.3 FCM analysis of germinated spores 

5.3.3.1 Assessment of nutrient germination 

Initial studies using spores of Bacillus atrophaeus and Geobacillus stearothermophilus treated 

with either L-alanine or L-valine up to concentrations of 100mM and with incubation times 

up to 22 hours, with and without pre-germination activation at various temperatures and 

time were performed (Table 5.2).   
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Table 5.2:  Summary of Test parameters using nutrient germinants 

Parameter Variables Tested 

Microorganism Type Bacillus atrophaeus vegetative cells and spores; Geobacillus 
stearothermophilus vegetative cells and spores  

Germinant Type L-alanine; L-valine 

Germinant concentrations (mM) 0.1; 1; 10; 100 

Incubation Temperature (oC) 37; 55-60; 65 

Incubation Time (h) 0; 0.5, 1; 1.5; 2; 3; 4; 5; 22 

Activation Temp (oC) 75; 85-90; 100; + ice 15mins 

Activation Time (mins) 15; 30; 45 

FCM stains Syto BC; PI; CFDA 

Sonication 10mins 

 

 

 

Treatment with L-alanine and L-valine resulted in FCM plots showing spores coincident with 

debris resulting in event counts not being representative of the spore population, which was 

a known 106. (Figure 5.6-A and B).  With all nutrient germinant treatments, limited uptake of 

Syto BC was observed with FCM plots similar to Figure 5.6-A being typical.    
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Figure 5.6: Representative Flow Cytometry of G. stearothermophilus treated with various germinants and test 
protocols.  (A) Spores treated with 10mM L-alanine with 15mins activation and 2h germinant incubation.  (B) 
Spores treated with 10mM L-valine with 15mins activation and incubated for 2h. (C) Spores treated with 1mM 
dodecylamine with no activation and 2h incubation.  (D) Panel C with B1 Trigger adjusted to 1.0. (E) 
Dodecylamine treated spore without Syto BC stain control).  (F) Syto BC stain positive control (stained 
vegetative cells).  (G-I) Increasing concentration of spores stained by Syto BC following treatment with 
dodecylamine) 
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5.3.3.2 Assessment of non-nutrient germination.   

Uptake of Syto BC stain following treatment with the non-nutrient germinant, dodecylamine 

at the concentrations and incubation times tested showed uptake in Syto BC stain similar to 

that observed with a vegetative cell control (Figure 5.6-C).   By moving the B1 channel 

threshold trigger to 1.0, the debris and unstained material were eliminated from view and 

measurable events detected using dodecylamine (Figure 5.6-D and G-I).  Controls of G. 

stearothermophilus spores treated with dodecylamine, but not stained with Syto BC, were 

not visible with a threshold trigger of 1.0 (Figure 5.6-E); whereas, vegetative cells of G. 

stearothermophilus were visible following Syto BC uptake and fluorescence (Figure 5.6-F).  

Figure 5.1-H illustrates the FCM plot from a single BI of G. stearothermophilus of a population 

of 2.2x106 (measured by plate count).  Figure 5.6-G exhibits data from a tenfold dilution with 

Figure 5.6-I containing two BIs.  As evidenced by the FCM event counts, a measured 

progression in events is observed:  Figure 5.6-G = 1984 events/4.40x105; H=14441 

events/3.21 x 106; I=29297 events/6.50x106.  As expected with non-nutrient germinants, an 

activation step was not required.       

 

5.3.3.3 Assessment of appropriate dodecylamine concentration.   

Concentrations of 1mM dodecylamine employed by other workers examining germination 

using dodecylamine (Cortezzo and Setlow, 2005; Vepachedu and Setlow, 2007; Zhou et al., 

2013; Mokashi et al., 2020) were tested as part of the method development.  Other 

concentrations, 0.5mM and 5mM were also tested at various time points to determine effect 

of concentration and time on the uptake of stain.  1mM yielded the most consistent results 

(M = 5334, SD = 367) with T0 being an appropriate test time (Figure 5.7-F-H)).  1mM T0 result 

represents 1.18 x 106 BIs, which compared favourably to a measured population from plate 
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counts = 1.1 x 106.  0.5mM (M= 7858, SD = 1065) appeared to require additional incubation 

time (upto 1.5h) to achieve steady state (Figure 5.7-C-E).   

 

  

 

   

   

   
Figure 5.7:  Effect of increasing concentration of dodecylamine measured at various timepoints.  Events 
measured by FCM with B1 trigger=1, are shown for various concentrations ((C-E) 0.5mM, (F-H) 1.0mM, (I-K) 
5.0mM) at 0, 1.5, and 3 hours of incubation in dodecylamine. [Note:  Time 0 is time of sampling from 
germinant and addition of Syto BC stain with 30min stain time].  (A) is G. stearothermophilus that has been 
Syto BC stained but not treated with dodecylamine, with a B1 Trigger of 0.3.  (B) Panel A with B1 Trigger reset 
to 1.0.  
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At 5mM, the side scatter of the events changed significantly with the number of events far 

exceeding the known spore quantity (106) (Figure 5.7-I-K).  Also, the number of events 

increase significantly over time.   This phenomenon was also observed with samples of 

Bacillus atrophaeus and Bacillus pumilus (unpublished results). 

 
In the assessment of G. stearothermophilus controls that were Syto BC stained but not treated 

with dodecylamine, a small population (3184 events = 7.0 x 105 cells) (Figure 5.7-A and B) was 

observed that contrasted with the untreated and unstained G. stearothermophilus control 

(Figure 5.6-E). However, as the biological indicators are not heat shocked as part of FCM 

preparation, it is likely that such a population is a vegetative cell fraction that uptakes the 

Syto BC stain.  

 
With 1mM established as an appropriate concentration, further examination of the 

relationship to plate counts was performed:  106 populations of BIs enumerated by plate 

counts were assessed by FCM, with a correlation of determination (R2) of 0.9235 being 

observed, indicating a consistent relationship to plate counts at populations of ca. 106 (Figure 

5.8).        
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Figure 5.8:  Scatter plot of Flow Cytometry results versus plate counts of G. stearothermophilus.   

 

 

5.3.3.4 Assessment of dodecylamine in buffers 

As previous workers used a range of buffers for administering dodecylamine in germination 

experiments, Tris-HCL (20mM); Hepes (25mM) and Dulbeccos PBS were examined.  There was 

no statistically significant difference between mean observations from each of the buffers 

tested as determined by one-way Anova (F(2,15)=1.32, p=0.30).    Also, the effect of making 

up the dodecylamine in either ethanol or DMSO was assessed by t-test with no significant 

difference between the means being observed (t(8)=-1.08, p=0.31). 

 

 

5.3.3.5 Establishment of correlation to traditional plate counts 

Following confirmation of the method (solvent (EtoH), buffer type (20mM Tris in 0.22µ 

filtered sterile H20) and incubation time (30mins per Syto BC stain time), further assessment 

of FCM results versus plate counts demonstrated that a good correlation was observed at 
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populations of 105-106, whereas analysis of all data points were poorly correlated (r(3) = 

0.60, p > .05) (Figure 5.9).   

 

 

Figure 5.9:  Comparison of spore counts measured by Flow Cytometry (105-102, n=5; 106 n=4) (Total Counts 
and Gated counts) versus Plate counts (105-102, n=5; 106 n=3).   A plate count versus plate count line is 
included to demonstrate a linear relationship.  Gating was based on establishment on highest density 
population on the plot at highest concentrations.    
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The correlation and linearity of the relationship between FCM counts and plate counts was 

further assessed by diluting known populations of spores to final aliquots in 105 and 106 range. 

FCM results versus known dilutions are show in Figure 5.5.  As shown in Figure 5.10, R2=0.9985 

indicates excellent linearity in the FCM counts versus the dilutions performed.   

 

 

 

Figure 5.10:  Analysis of G. stearothermophilus spores at various dilutions between 105 and 106 population for 
linearity and correlation coefficient of determination.  Actual results denoted as (    ) with trendline (     ) 
included.  Error bars denote standard deviation from population n=5. 
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Also, shown in Figure 5.9 is the effect of gating; at higher concentrations (>105) there is no 

significant difference between total event counts and gating at the highest density due to the 

concentration of stained spores within the FCM plot (t(1)=0.3, p<0.05; further confirmed 

during linearity study (Figure 5.10), t(4)=0.08, p<0.05) whereas at lower concentrations 

(Figure 4) the difference becomes significant (t(4) = 0.02, p<0.05).  In the absence of spores, 

no events are observed beyond the B1 trigger =1, and therefore all events may be considered.    

 

 

5.3.3.6 Phase contrast microscopy of dodecylamine treated spores 

The spores incubated with dodecylamine remained phase bright, similar to untreated spores 

(Figure 5.11).   

(a)  

 

(b) 

 

Figure 5.11: Phase-contrast microscopy of dormant G. stearothermophilus spores (a) and spores treated with 
dodecylamine (b). Spores were incubated in Tris buffer with 1 mM dodecylamine for 3h at 55-60°C. 
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Also, it appeared that dodecylamine caused cells to clump, as smaller and larger aggregates 

were observed.  However, this aggregation did not affect FCM counting as samples were 

vortexed prior to examination.  The average size of dormant and dodecylamine treated spores 

was comparable, with an average of 1.74 and 1.80 µm, respectively, consistent with 

previously published data (Carrera et al., 2007).  

 

 

5.3.3.7 Effect of dodecylamine on heat resistance and viability of spores 

G. stearothermophilus spores were assessed to determine whether they retained their 

intrinsic resistance to high temperature and remained viable when treated with 

dodecylamine.  Most of the population (~60 %) was inactivated (measured by recovery on 

agar plates) within the first 30 minutes of treatment, with approximately some 70% losing 

heat resistance (Table 5.3).   

 

Table 5.3: Loss of heat resistance and viability of G. stearothermophilus spores incubated with dodecylamine. 
Viability was determined as the ability to grow and form colonies on microbiological media (n=3).  

Duration of 
treatment 
(minutes) 

Loss of heat resistance (%) Loss of viability (%) 

0 0.00 ± 0.00 0.00 ± 0.00 

30 70.67 ± 3.91 59.43 ± 10.82 

60 75.49 ± 1.57 75.69 ± 1.55 

120 79.26 ± 1.54 80.71 ± 2.39 

180 88.57 ± 3.79 89.17 ± 8.20 
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After 3 hours of incubation with dodecylamine, approximately 90% of the population had 

lost both heat resistance and the ability to form colonies.   

 

 

5.4  Issues Encountered  

• FCM has been widely used in immunology and has gained traction in bacteriology:  

Much of published research involves staining of vegetative microbial cells and this was 

corroborated with and without treatments using all stains employed in the research 

(Sybr green; Syto BC; CFDA; PI).   However, spores proved to be very challenging given 

their resistant spore coat and membrane structures.   Thus, this required extensive 

research to find a mechanism of facilitating uptake of fluorescent dye while 

maintaining cell structure for counting.    

 
• Linked to the above, was the coincidental timing of this very novel FCM work with the 

global Covid pandemic.  From March 2020 until September 2020, access to TUS 

laboratories was restricted.  Furthermore, for remainder of the 2020 calendar year, 

access was limited which impacted ability to call upon additional supports for the FCM 

work.  In addition, the FCM equipment servicing needed to be postponed to 2021.   

 

• In order to perform Phase Contrast Microscopy while access to TUS was restricted, 

STERIS acquired a microscope but again supplier leadtime for acquiring, installing and 

training on its use was significantly affected by Covid.    
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5.5 Conclusions 

As demonstrated in this research, the dyes and associated methods employed (Syto BC, CFDA 

and PI) were very effective in staining vegetative cells.  Stain uptake was demonstrated to 

qualitative correlate with growth/no growth observed with fractionally treated spores 

cultivated in TSB.  However, intact spores demonstrated their spore resistance mechanisms 

whereby the dyes and method applied were ineffective in staining and elucidating fractions 

with FCM.  Populations were found to be associated with gating attributed to debris, most 

likely associated with small spore size.  This was problematic as the goal was to monitor 

inactivation of spores so being able to differentiate between spores and cellular debris was 

imperative.  As a result, a germination pre-treatment was developed to facilitate dye uptake 

into the cell.   

 
However, germination of BI spores with typical nutrient germinants such as alanine and 

valine, also proved challenging.  The ability to germinate bacterial endospores (or biological 

indicators (BIs)) with nutrients appears to be another stochastic phenotypic characteristic of 

endospores that is influenced by the sporulation process and spore media employed, which 

involves the operon encoding germinant receptors (Ramirez-Peralta et al., 2012; Christie and 

Setlow, 2020).  Thus, one could hypothesise that the conferred high resistance of 

commercially prepared BIs is a consequence of the spore preparation resulting in reduced 

GRs, which subsequently resulted in poor nutrient germination, as was observed with the test 

conditions applied in this work.   

 
Initial studies examining the ability to stain bacterial spores following treatment with L-

alanine and L-valine proved unsuccessful.  Spores from BIs of Bacillus atrophaeus and 

Geobacillus stearothermophilus were tested using a range of test parameters and showed no 



163 
 

uptake of stain, likely due to the continued impermeability of the spore membranes.  Perhaps 

examination with other nutrients and test conditions may have improved stain uptake; 

however, this potentially requires additional incubation time that is counter to the 

overarching aim of this work that focuses on elucidating a rapid method for stain uptake and 

cell enumeration using FCM.   

  
Successful staining with Syto BC was achieved following treatment with the non-nutrient 

germinant, dodecylamine.  This may be explained in part by dodecylamine not acting on a 

limited pool of germinant receptors (limited in highly resistant BIs), but on the SpoVa proteins 

responsible for Dipicolinic acid (DPA), in the form of a 1:1 chelate with Ca2+, loss from the 

spore during germination (Setlow et al., 2003; Li et al., 2019).  Vepachedu and Setlow (2007) 

suggest that an increased level of SpoVA proteins results in more CaDPA channels and 

therefore greater germination, with ‘slightly less than fourfold higher’ than wild type spores 

with minimal SpoVA.  More recent investigations reveal the germination effect of 

dodecylamine is not directly to the SpoVA protein but more likely an effect on the inner 

membrane itself, and subsequently leading to an opening of the CaDPA channel (Mokashi et 

al., 2020).  This permeabilization was also substantiated by the work of (Setlow et al., 2003), 

who assessed small molecule (adenine nucleotides) release from spores following treatment 

with dodecylamine.  Most importantly, the dodecylamine effect on the permeability of the 

inner membrane facilitates the uptake of Syto BC, similar to that observed by (Setlow et al., 

2003) who used DAPI and BacLite stains.   

 
Syto BC stain accesses the permeabilized spore and stains cellular nucleic acids causing 

individual spores to fluoresce such that the flow cytometer can detect and enumerate.  The 

ingress of the Syto BC is rapid and relatively homogenous, which agrees with the work of 
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Ghosh and Setlow (2009) who observed no heterogenous superdormancy when non-nutrient 

germination was applied.  With the uptake of Syto BC stain, the cells fluoresce in the FCM B1 

channel such that the population shifts along the x-axis (B1) of the FCM plots away from 

debris.  Consequently, this allows the B1 threshold trigger be increased to 1.0 eliminating 

debris from visibility and from being included in counted events.  The controls, (i) spores not 

treated with dodecylamine and Syto BC, and (ii) treated with dodecylamine and not stained 

were not visible with a B1 trigger of 1.0.  Hence, events observed with such a threshold trigger 

are cells treated with dodecylamine and stained with Syto BC. 

  
Treatment of G. stearothermophilus spores with dodecylamine combined with Syto BC 

staining offered many advantages in that (i) it showed to be a quick method (30mins 

incubation) for enumeration of spores from BIs with FCM (ii) unlike nutrient germination, did 

not require an additional activation step; (iii) could be administered in a range of buffers and; 

(iv) shows a strong correlation to plate counts at the appropriate concentrations suitable for 

detection with FCM.   

 
However, there are also some observed limitations with the developed method: 

• A minimum spore inoculum of 105 is required for reliable results.  The proposed 

method requires further refinement to either increase sensitivity.   

   
• This work demonstrates that loss of heat resistance and loss of viability are coincident 

with uptake and effect of dodecylamine:  Approximately 90% of the population lost 

the ability to form colonies after 3 hours of treatment with dodecylamine.  Moreover, 

as suggested by DeMarco et al. (2021), dodecylamine might act as a universal 

sporocide for Firmicutes, a phylum to which G. stearothermophilus belongs, as it kills 
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spores by damaging their inner membrane and alter the membranes permeability.  As 

the goal of this method development was to enumerate spores simply and quickly 

with Syto BC, loss of viability was not impacting.   However, such loss of viability may 

also explain the lack of fluorescence with the viability stain CFDA.  More importantly, 

if one is attempting to elucidate viable and non-viable fractions, loss of viability would 

be a significant limitation to the application of the method.  Loss of viability warrants 

further investigation with other fluorescent dyes.    

 
• The staining was limited to Syto BC:  CFDA staining was performed but proved 

unsuccessful and likely due either the loss of viability as stated or the dodecylamine 

being an early stage germination process coupled with the short incubation time, 

whereby full enzymatic activity required for CFDA, has not been restored.  This in 

agreement with prior observations with dodecylamine initiating early stage I 

germination, where full water uptake has not commenced and consequently, 

metabolism not restored (Setlow, Cowan and Setlow, 2003).  The observation of 

phase bright spores after dodecylamine treatment may also be further evidence of 

the lack of enzymatic activity.  Thus, it may be expected that the method is limited to 

stains that are not  dependent on enzymatic activity.  Further work is needed in the 

assessment of other fluorescent stains.  If the dodecylamine is not causing full 

germination, but perhaps only an opening of the CaDPA channel activated by SpoVA, 

this offers the advantage in that the staining is of spores (as opposed to other 

methods whereby the staining is of spores germinated to vegetative cells).  The 

observations with phase contrast microscopy substantiate this hypothesis as phase 

bright spores were observed during the 30 min incubation, coupled with the inactivity 
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of CFDA.  Furthermore, spores remained phase bright through the end of the 

experiment (3h).  Similar to our own work, (Laflamme et al., 2005) observed the initial 

membrane potential staining some 15mins after treatment which was at least 1 hour 

before microscopic observation of germination.  Thus, the stain penetration appears 

to occur at early-stage germination and most likely at the opening of the CaDPA 

channel where molecules including stain may pass.   

 
• Use of higher concentrations of dodecylamine (5mM in this work) yielded 

extraordinarily high events not consistent with the known quantities of spores and 

therefore may indicate binding of Syto BC stain with exogenous nucleic acid or other 

cellular constituents released from the spores.  Application of dodecylamine above 

threshold concentrations for specific microorganisms and at particular test conditions 

may result in a lethal effect as observed by others (Mokashi et al., 2020).   Hence, 

method development must be performed to establish appropriate germinant 

concentration, incubation time and test parameters.     

 
• In flow cytometry, gating is often employed to capture a distinct set of cells by means 

of density concentration.   In this work, the B1 channel threshold trigger is used to 

separate between spores and debris and therefore all events post the trigger point 

may be considered, given the effect of the dodecylamine may be somewhat 

heterogenous, (due to the inherent heterogenicity within a population of cells).  On 

the other hand, by not gating, there is a risk of counting Syto BC stain events that are 

not necessarily individual cells, but simply binding of stain with exogenous nucleic 

acid.  Additional washing steps, albeit time consuming, may be considered in the 

protocol to eliminate non-cell satin contaminants.  However, as shown in the results, 
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if a gating strategy is adopted at concentrations of 105 or more, the likelihood of a 

significant impact on final results is unlikely, due the quantity of events being counted 

and the predominant clustering of cells within the gate (Figure 5.9).    

 
 

The aim of this work was to develop a rapid and novel means of facilitating uptake of Syto BC 

stain in highly resistant biological indicator of G. stearothermophilus spores.   Based on this 

research, such a rapid method has been developed with a useful range of 105 to 106, which is 

an appropriate concentration for the FCM equipment.  Coincidentally, BIs used in sterilization 

microbiology are typically of a 106 population so that six spore log reductions are 

demonstrated in validation with a minimum sterility assurance level of 106 being 

subsequently derived in the routine sterilization process (McEvoy and Rowan, 2019).  Thus, 

the usefulness of this method is the realization of real-time rapid visualization and 

enumeration of starting populations of intact spores on biological indicators.  As spores are 

sterilized, it is expected that the inner membrane will be permeabilized by the sterilization 

treatment itself allowing access of stains such as propidium iodide to provide enumeration of 

damaged and dead spores.      

  
FCM visualization and counting of G. stearothermophilus was the primary focus of this 

research and treatment with dodecylamine has been demonstrated to be a useful means of 

facilitating Syto BC stain uptake.  There is also the opportunity of deploying to other 

microorganisms and fluorescent stains.   In this work, preliminary evaluation was performed 

using Bacillus atrophaeus and Bacillus pumilus commercially available biological indictors and 

while some stain uptake was observed after treatment with dodecylamine, future work is 
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needed to refine this method to achieve the same level of repeatability and accuracy as 

observed using G. stearothermophilus.  While this work has particular relevance to 

sterilization microbiology, the use of BIs as a surrogate approach of determining representing 

the resistance of other complex recalcitrant microorganisms to applied lethal stressors is 

increasing in interest (Barrett et al., 2016; Naughton et al., 2017; Fitzhenry et al., 2019; 

Franssen et al., 2019; Rowan, 2019);  therefore, having analysis tools like flow cytometry to 

enumerate and evaluate spore populations in real time will be as valuable as the BIs 

themselves, in respective food, sterilization and water microbiology applications.      

 
Sterilization microbiology currently relies upon traditional cultivation and plate count 

methods that are time consuming, involve significant effort and ultimately provide limited 

information of growth, no growth, and recovered colony forming units (McEvoy et al., 2020b).  

In the manufacture and release of critical healthcare devices many of which have limited 

shelf-life due to critical components and materials, time is a crucial consideration.  This 

proposed method allows for the real time determination of BI challenge microorganisms of 

populations exceeding 105.  With BI populations being typically of 106, potential applications 

of flow cytometry and this method of staining include the quality control of BI manufacture, 

sterilization process validation and routine sterilization production release. 
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Chapter 6 

Conclusion 

 

6.1 Main Findings and Conclusion 

The primary aim of this novel research was achieved whereby an industrial VH2O2 process 

was established, and the inactivation efficacy of highly resistant bacterial spores determined 

under varying processing conditions.  The research firstly required the installation and 

commissioning of sterilization equipment and the establishment of a model VH2O2 process.  

Using this process, appropriate PCDs were investigated, designed, and manufactured that 

supported and enabled the generation of appropriate microbial inactivation kinetic data 

(survivor curve) using specific, process and industry application relevant biological indicators 

(BIs).  This novel research of demonstrating the linearity of data plots arising from the 

inactivation of both G. stearothermophilus and B. atrophaeus that is a central tenet to 

underpinning assumptions made about 12-D sterilization processes for VH2O2 where the 

latter 6 log-reductions in BIs are based upon probability that this treatment deliver linear 

death rates.  This is in contrast to some previously published studies that held the assumption 

that microbial death is non-linear, where these observations were attributed to inactivation 

data using different VH2O2 sterilization methods often with short exposure times.   

The most significant outcome of this novel research was the establishment of an industrial scale 

VH2O2 sterilization process capable of delivering required sterility assurance to medical devices:  

An efficient, environmentally friendly and sustainable sterilization technology that STERIS can 

confidently provide to Customers and reciprocally one that same manufacturers can validate and 

seek global regulatory approval.        
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A second aim of this research was to compare the efficacy of VH2O2 processing against two 

highly resistant bacterial spores or BIs.  G. stearothermophilus is an established reference 

microorganism as it is known to have a high resistance to VH2O2 exposures.  B. atrophaeus, 

a BI of choice for industrial EO processing is not commonly used as it has a lower D-value in 

VH2O2 processes than the thermophile G. stearothermophilus. This present research 

demonstrated that the BI is a component of a Process Challenge Devices overall resistance, 

calibrated to be appropriate to the medical devices being sterilized with the VH2O2 process 

being applied.  The research demonstrated that while a lower D-value BI (intimated greater 

sensitivity to the applied lethal stress) may be used, it might be at the expense of having to 

use a significantly challenging lumen length PCD that affects vapor pathway for VH2O2 

delivery, which may result in the generation of less linear inactivation plots.   This study 

highlighted that this combination of key factors is important but potentially underappreciated 

in the field of sterilization microbiology. 

 
A final aim of this research was to develop and use Flow Cytometry (FCM) as a novel real-time 

method of enumerating microbial inactivation as a consequence of VH2O2 treatments that 

incorporated use of these BIs.  Traditional culture-based approaches are limited to plating 

treated samples on artificial agar surfaces where survivors are enumerated after 48 hours 

incubation and could have developed from heterogenous clumps of spores giving inaccurate 

or misleading data.  As described in the results, while enumeration of VH2O2-treated 

vegetative cells was repeatedly and reliably achieved using FCM, similar real-time 

determination of BIs alone or treated with VH2O2 in their spore-state was not achievable due 

to the inability to uptake fluorescent probes.   Numerous means of germinating spores to 
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facilitate stain uptake were explored that provides valuable insights for future FCM 

development as a tool.  For example, use of dodecylamine proved to be very effective with BI 

spores such that FCM could be used as a rapid method (<30mins).  However, the sensitivity 

of the method did not meet the requirements of this research.   Only 2 log reductions could 

be observed and therefore application of FCM to survivor curve generation was not possible. 

 
A rapid microbiology method such as Flow Cytometry can speed up the creation of survivor 

curves significantly, which as demonstrated in this research, and would therefore be very 

beneficial in creating scientific understanding of the sterilization process and the associated 

inactivation kinetics.   Use of FCM data could lead to the potential automation of VH2O2 

monitoring and validation of sterilization of process as the data could be combined with 

artificial intelligence for rapid determination of process effectiveness and for decision-

making.  This novel research provided critical insights into pressure points that if hurdled, 

could significantly transform the field of sterilization microbiology, in this instance, VH2O2 

terminal treatment of devices.  Kev findings from this study will inform future digital 

transformation of sterilization microbiology.  

 

6.2 Implications of Research 

• Currently, EO sterilization accounts for some 50% of medical device sterilization.   

Unfortunately, the method has come under significant scrutiny from a health, safety and 

environmental perspective.   In the US, the introduction of new regulation by the EPA has 

increased the requirements to minimise and control the use of the carcinogenic gas that 

considers end-users such as device manufactures and healthcare providers.   In Europe, 

the 2020 decision by the EU ECHA Biocidals Products Registration process has significant 
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future implications.   This has resulted in healthcare industry stakeholders reacting to find 

other means of sterilization:   US FDA launched the Innovation Challenges and Master 

File programs to encourage the adoption of novel sterilization technologies such as 

VH2O2.   This research forms part of the STERIS response to this call for change.   VH2O2 

sterilization provides a suitable, clean, and safe means of sterilization that is sustainable 

long into the future.   At the 2019 Kilmer Conference, this author presented to the 

medical device and sterility assurance industry on the potential for industrial scale VH2O2 

terminal sterilization.  Coming full circle as part that reflects this doctorate process, both 

Abbott and Medtronic showcased their work a recent 2022 Kilmer Conference with a 

focus on examining material compatibility using VH2O2 technology provided by STERIS. 

Based on unique contributions to this field of study by this author, VH2O2 is now a firmly 

accepted by the industry as an important future terminal sterilization process such that 

US FDA has recently announced the launch of a 510k Master File program to encourage 

uptake by manufacturers.     

  
• This novel research has demonstrated the linearity of the inactivation of highly resistant 

spore microorganisms that has the significant implication of confirming the 

appropriateness of validation methods (half-cycle overkill; cycle calculation) in 

accordance with current ISO standard, ISO14937 and future, ISO22441.   This is an 

important finding as it provides both rigor and confirmation that an effective sterilization 

process is achieved using VH2O2 such that validations may be applied to tangibly discern 

what was previously based on the ‘probability’ of achieving sterility assurance levels 

which provides ultimate confidence that medical devices sterilized with industrial VH2O2 

will be safe for patient use.   
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• A new VH2O2 sterilization standard (ISO22441) published by ISO in 2022 describes 

validation methods for users, some of which are premised on the assumption of linear 

inactivation in accordance with ISO11138-7.  However, when one examines the 

bibliography of ISO22441, there is no published evidence of such linear inactivation, such 

that it then becomes a responsibility of all end users to provide such evidence to 

regulators.  This research and associated (peer review publication in progress arising from 

this study), will the provide the first published evidence of linear inactivation of industrial 

VH2O2 sterilization performed with a vacuum-based process using PCDs, appropriate to 

the challenge provided by typical single use medical devices.  It is envisaged that the next 

revision of ISO22441 will include the aforementioned publication. 

 
• At the time of writing, STERIS are in discussion with the US FDA regarding the potential 

establishment of a Master File for transfer of EO processes for 510k products to VH2O2 

processing.   It is expected that this research will be included in the STERIS Master File as 

confirmation of the studies of inactivation kinetics and meeting the requirements of both 

ISO14937 and ISO22441.    

 
• Through the incorporation of B. atrophaeus into the research, it has been demonstrated 

that BIs alternative to G. stearothermophilus (as the established ‘Most Resistant 

Organism’) may be used in accordance with ISO standards, once the inactivation kinetics 

are known and demonstrated to satisfy requirements.   

 
• The work with Flow Cytometry demonstrated the challenges of working with highly 

resistant spore BIs.  This work provided critical data on the foundational development of 

FCM as a monitoring and diagnostic tool to inform future development of sterilization 
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microbiology.  However, the novel finding that stain uptake and fluorescent enumeration 

is correlated to plate counts using dodecylamine as a means of stain uptake by spores 

may have enormous potential for real time monitoring of spore populations in numerous 

applications from sterilization to food processing to water testing.     

 

6.3 Recommendations and Future Research 

On consideration of the research, the findings and implications, the following 

recommendations for future research are made: 

(i) With the increasing interest from the medical device industry in terminal 

sterilization using VH2O2, it is envisaged that this novel work serves as an 

important first study in the field of VH2O2-mediated sterilization microbiology and 

will encourage other users to adopt similar methods for characterizing the 

inactivation kinetics of other VH2O2 processes and demonstrating with 

confidence that sterility assurance level (SAL) may be achieved.  

 
(ii) This research was performed using a specific suite of process parameters to match 

project objectives.   It is the intention of STERIS to further expand this research 

such that a portfolio of standardized and efficient processes may be established 

and potentially included in a Master File.   This would allow STERIS to advise on 

the most efficient cycle based on the medical device tolerances and potentially 

propose processes with regulatory pre-approval.    

 
(iii) With such an expanding portfolio of processes, data generated in this novel 

research may be used to determine the effect of temperature and calculate a z-

value for the VH2O2 process.   
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(iv) Further research is required to advance BI-PCD combinations in order to establish 

best candidate PCDs that are most appropriate for the processes being applied.   

In a time of sustainability, the appropriateness of linked PCD should be established 

to avoid excessive use of process and sterilant. 

 
(v) As a novel technique, Flow Cytometry was an exciting tool to examine bacterial 

populations in real-time.   The implications of such real-time analysis versus 

traditional incubation methods that can take days to derive a result is very 

significant.  This research made a significant advancement in demonstrating the 

usefulness of dodecylamine in fluorescent staining of highly resistant spores.   

Traditional plate count methods have limitations in terms of count sensitivity such 

that additional and unnecessary spore log reductions are potentially added to 

sterilization processes:  For example, it was calculated from the data that the 

survivor plot for B. atrophaeus potentially added 4 logs of unnecessary lethality.   

In an era of sustainability, the development of rapid, real-time and more sensitive 

single cell-based methods like Flow Cytometry has far reaching outcomes.  Hence, 

the developed method with dodecylamine merits further investigation and 

development, allowing enumeration of low populations of spores.   Once 

complete, the applications for such a real-time method could be very significant. 

 
(vi) Future research is also required in the area of material compatibility post VH2O2 

as this may also inform design features for next-generation medical devices 

appropriate for sterilization processing. 
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In conclusion, this constitutes the first study to examine the inactivation of two types of BI 

spores contained in PCDs and processed with an industrial VH2O2 sterilizer. Findings 

supported the occurrence of linear BI inactivation plots post VH202 treatments that is 

important given that validation methods underpinning terminal medical device sterilization 

rely upon this linear microbial death-rate assumption. This research provides additional 

rigor and confidence that an appropriate sterility level can be achieved using biological 

indicators.  The findings from this research will also inform the recently published ISO22441, 

which is the first globally recognised consensus standard for VH2O2 sterilization.  

Ultimately, this research will contribute new knowledge supporting the medical device 

sterilization industry adoption of VH2O2 as a viable method for industrial scale sterilization 

that is critical for patient care.       
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