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ABSTRACT

Healthcare associated infections are one of the most frequent adverse events to occur during healthcare
delivery, affecting 7-15% of patients with an estimated mortality of 10%. The healthcare environment
plays a significant role in the transmission of pathogens which can instigate such infections.
Environmental decontamination technologies which use UV-light or chemicals can be employed to
control infection-inducing pathogen spread, but are limited to episodic use in vacant rooms due to safety
restrictions. Antimicrobial 405-nm violet-blue visible light has emerged as an alternative technology,
due to its inherent safety at low irradiance levels, enabling its use for continuous decontamination of air
and exposed surfaces within occupied settings. The research of this PhD generated new information

pertaining to low irradiance 405-nm light and its efficacy for environmental decontamination.

Initial experiments investigated the broad-spectrum bactericidal efficacy of 405-nm light at exposure
levels typically employed for decontamination in occupied settings (<0.5 mW cm2), with results
indicating successful inactivation of surface-seeded nosocomial bacteria within practical exposure
times. Bactericidal efficacy was then evaluated under exposure conditions emulating realistic clinical
deployment — namely, exposure to a range of possible illuminating irradiances; desiccated on clinical
surfaces; associated with biological substrates; and presented as biofilms — with results indicating
significant inactivation in all instances using irradiances >0.005 mW cm™. Subsequent experiments
established an enhancement in the germicidal efficiency of 405-nm light, on a per-unit-dose basis, when
employed using low irradiances, analogous to levels employed for environmental decontamination, in
comparison to higher irradiances; highlighting the energy efficiency of such lighting systems. Further
testing demonstrated the ability of low irradiance 405-nm light to inactivate a SARS-CoV-2 surrogate
in both minimal and biologically-relevant media, with reductions significantly enhanced in the latter,
likely due to the presence of photosensitive components; overall indicating its ability to control

transmission of SARS-CoV-2, and potentially other respiratory viruses, within occupied environments.

This research significantly advances fundamental knowledge of the germicidal efficiency of low
irradiance 405-nm light, furthering clinical delivery of this novel environmental decontamination
technology which holds potential to reduce healthcare associated infection acquisition and thus address

current challenges associated with infection prevention and control within healthcare settings.
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CHAPTER 1

Introduction and Research Aims

1.0 Overview

Healthcare-associated infections (HAIs) are the most frequent adverse event to occur during healthcare
delivery (WHO, 2011) and are globally associated with increased mortality, morbidity, durations of
hospital stay and healthcare costs (NICE, 2016). It is well-recognised that the healthcare environment
plays a significant role in the transmission of pathogens which can instigate such infections (Dancer,
2009, 2014), and an estimated 70% of HAIs are considered avoidable with improved infection
prevention and control measures (WHO, 2022a). Nosocomial pathogens can persist on surfaces for
extended periods of time even after cleaning, and patients admitted to rooms previously occupied by
infected individuals have shown to be more susceptible to infection acquisition from contaminated
surfaces (Mitchell ef al., 2015; Shams et al., 2016). The problem is exacerbated by the increasing threat
of multi-drug resistant (MDR) organisms, which are becoming decreasingly susceptible to available
antimicrobials and routine cleaning procedures (WHO, 2011). As a consequence, there is an increasing
necessity for novel and improved strategies to effectively decontaminate healthcare environments to

prevent HAIs and enhance public safety.

In response to such concerns, a novel disinfection technology, termed the 405-nm light Environmental
Decontamination System (EDS), has recently been developed for continuous environmental
decontamination (Anderson et al., 2008; Maclean et al., 2010). The violet-blue 405-nm light
wavelengths emitted from these systems excite photosensitive porphyrin molecules within microbial
cells, initiating the production of reactive oxygen species (ROS) which induces widespread cellular
damage and ultimately cell death (Hamblin et al., 2005; Maclean et al., 2008a). Due to the use of visible
violet-blue light, these systems have the advantage that they can be employed to provide a continuous
decontamination effect to the air and exposed surfaces within occupied environments (Anderson et al.,

2008), and various clinical studies have successfully demonstrated their ability to both safely reduce



general bacterial contamination levels within healthcare settings and subsequently reduce HAI rates
therein (Maclean et al., 2010, 2013a; Bache et al., 2012a, 2018a; Murrell et al., 2019). To enable the
safe, continuous use of the EDS in the presence of room occupants, these systems have been designed
to utilise low irradiance levels of typically <0.5 mW cm™ (Anderson ef al., 2008; ICNIRP, 2013). The
majority of studies which have thus far exemplified the fundamental antimicrobial action of 405-nm
light inactivation, however, have typically utilised higher irradiance levels (up to approximately 200
mW cm?) to demonstrate such effects (Hamblin et al., 2005; Guffey and Wilborn, 2006; Murdoch et
al.,2012; McKenzie et al., 2014; Tomb et al., 2014; Moorhead et al., 2016b). As such, further evidence
is required to fully determine the antimicrobial efficacy of low irradiance 405-nm light, and how it

compares to that of higher irradiance exposures.

1.1 Aims of the Study

To further its clinical translatability, this thesis aimed to investigate key research areas associated with
the 405nm light EDS technology and its implementation for continuous environmental

decontamination. These included:

(1) Investigating the broad-spectrum antibacterial efficacy of the 405-nm light EDS;

(2) Investigating the antibacterial efficacy of the 405-nm light EDS under bacterial exposure
conditions representative of those associated with practical clinical deployment;

(3) Establishing the germicidal efficiency of, and cytotoxic responses of bacteria to, low irradiance
405-nm light in comparison to higher irradiance exposures on a per unit dose basis; and,

(4) Investigating the antiviral efficacy of the 405-nm light EDS.

This research will generate important new information on this emerging infection control technology,
particularly in terms of its antimicrobial efficacy and germicidal efficiency, which will be crucial in the
development of low power, energy efficient antimicrobial lighting systems with a view to minimising

hospital contamination levels and subsequently reducing the transmission of nosocomial pathogens.

A brief overview of the research focus of each chapter in this thesis is as follows:



Chapter 2 — Background and Literature Review: discusses HAIs, common routes of transmission and
current methods of environmental decontamination in healthcare. The chapter then introduces the novel
405-nm light EDS and, more broadly, 405-nm light in terms of its mechanism of action, antimicrobial

efficacy, and research gaps yet to be addressed.

Chapter 3 — General Methodology: provides details of the microbiological cultivation and preparation
techniques, light sources and optical equipment, and data and statistical analysis techniques required to

conduct experimental studies within this thesis.

Chapter 4 — Antibacterial Efficacy of the 405-nm Light EDS: characterises the optical irradiance
output profile of a ceiling-mounted 405-nm light EDS when installed in a typical room setting, and then
quantifies the broad-spectrum bactericidal efficacy of 405-nm light within this irradiance range for the
inactivation of nosocomial bacteria. This chapter also investigates the effects of contaminant position
from the light source on inactivation efficacy, employing Staphylococcus aureus and Pseudomonas

aeruginosa as model organisms.

Chapter 5 — 405-nm Light EDS Operational Considerations: expands upon the work conducted in the
previous chapter by investigating the bactericidal efficacy of the 405-nm light EDS using contaminant
exposure conditions representative of those likely to be encountered in dynamic healthcare
environments. This includes exposures: to the lower range of irradiance levels produced by the 405-nm
light EDS in a typical room setting; when bacteria are suspended in minimal, organic and biologically-
relevant media, and seeded onto clinically-relevant surfaces; and when bacteria are presented in
monolayer and mature biofilms formed on microtiter plate wells and clinically-relevant surfaces. To do
this, a miniaturised 405-nm light EDS was designed and profiled such that exposures could be

conducted practically on a laboratory bench.

Chapter 6 — Bactericidal Efficacy and Energy Efficiency of Low Irradiance 405-nm Light:
investigates the broad-spectrum bactericidal efficacy and energy efficiency of low versus high
irradiance 405-nm light, on a per unit energy basis, for the inactivation of surface-seeded and liquid-
suspended ESKAPE (Enterococcus faecium, S. aureus, K. pneumoniae, Acinetobacter baumannii,

Pseudomonas aeruginosa and Enterobacter cloacae) pathogens. Based on these findings, associated



mechanisms of damage elicited in response to such exposures was examined for S. aureus and P.

aeruginosa.

Chapter 7 — Antiviral Efficacy of Low Irradiance 405-nm Light: investigates the antiviral efficacy of
the 405-nm light EDS for inactivation of a SARS-CoV-2 surrogate, bacteriophage phi6. The
susceptibility of phi6 is investigated at both low and high seeding densities and when suspended in both
minimal and biologically-relevant suspension media; to additionally determine the influence of
population and suspension media on viral susceptibility. For comparison, preliminary investigations

into the susceptibility of phi6 to higher irradiances of 405-nm light are also included.

Chapter 8 — Conclusions and Recommendations for Future Work: summarises the key findings from
each experimental chapter, overall highlighting the pertinence of 405-nm light for environmental
decontamination and its potential to augment clinical infection control practices. Recommendations for

future work, in consideration of the work conducted in this thesis, is also discussed.



CHAPTER 2

Background and Literature Review

2.0 Overview

The healthcare environment plays a significant role in the transmission of nosocomial infections, and
this chapter provides background about healthcare-associated infections, common routes of infection
transmission within healthcare settings — with a focus on environmental transmission — and current
methods of environmental decontamination in healthcare. Further, and more specifically, the chapter
will then introduce the novel 405-nm light EDS and, more broadly, 405-nm light, in terms of its

mechanism of action, antimicrobial efficacy, and fundamental research questions yet to be addressed.

2.1 Healthcare-Associated Infections

HAIs are defined as infections which occur during the period of care within a hospital or healthcare
facility which were not present or incubating at the time of admission, including infections acquired
within a healthcare facility that do not arise until after discharge, and occupational infections acquired

by staff (WHO, 2011).

HAISs are the most frequent adverse event to occur during healthcare delivery worldwide (WHO, 2011).
The acquisition of HAIs is associated with prolonged hospital stays, long-term disability, increased
resistance towards antimicrobial treatments, additional medical expenditure and excessive morbidity
and mortality in hospitalised patients (NICE, 2016). On average, one in every ten affected patients will
die as a result of their HAI (WHO, 2023). The continuing persistence of HAIs, coupled with the
emerging threat of antimicrobial resistance (AMR), highlights the necessity for improved strategies to

prevent such infections and enhance patient and public safety.

The global burden of HAIs is largely under-reported due to a lack of efficient surveillance systems,

particularly in low-to-middle-income countries (LMICs) (Vilar-Compte et al., 2017; WHO, 2022a).



From the available data, the WHO recently reported that an estimated 15 and 7% of acute-care patients
in LMICs and high-income countries (HICs), respectively, are thought to acquire at least one HAI
during their stay (WHO, 2011; 2022a). The implications of HAIs are heightened within LMICs
compared to HICs due to fewer effective infection prevention and control programmes, a lack of
professional training, insufficient medical supplies and diagnostic tools, inadequate organisational
infrastructure and poverty-related factors including basic sanitation (Bardossy and Zervos, 2016; Vilar-

Compte et al., 2017; WHO, 2022a).

Nevertheless, HAI acquisition in HICs is still a significant public health concern. In Europe, an
estimated 98,000 patients, equating to one in every fifteen, will bear at least one HAI during their
hospital stay (ECDC, 2017); with rates heightened for patients in intensive care, where approximately
one in every five are affected (ECDC, 2024). Annually, these infections directly conduce approximately
37,000 deaths and contribute towards a further 110,000; in addition to 16 million extra hospital stay
days and direct healthcare costs amounting to €7 billion (WHO, 2011). In the UK, the total annual cost
of HAIs on the NHS is estimated to be £774 million (Manoukian, et al., 2021). In Scotland alone, an
estimated 5% of inpatients will acquire a HAI during their stay (Health Protection Scotland, 2012);

accounting for 58,000 extra bed stays and costs of £46.4 million annually (Manoukian, et al., 2021).

The most prevalent HAIs reported globally, described in greater detail in Table 2.1, are urinary tract
infections (UTIs), surgical site infections (SSIs), bloodstream infections (BSIs) and lower respiratory
tract infections (LRTIs) (WHO, 2011). In Scotland, the prevalence of these infections in acute adult

hospital inpatients is 24.5%, 16.5%, 8.7% and 23.9%, respectively (Health Protection Scotland, 2017d).



Table 2.1 Common HAISs, their clinical relevance, causes, commonly associated pathogens and current preventative measures.

HAI Definition Clinical Relevance Causes Commonly Associated Pathogens Current Preventive Measures

UTI An infection ® One of the most common HAI (Tan o ~70-80% attributable to urinary catheters o Predominant uropathogen is Escherichia coli e Antibiotics: 60-80% of inpatients
involving any part of and Chlebicki, 2016). (Nicolle, 2014) (Kucheria et al., 2005); others include with an indwelling catheter will
the urinary tract o Associated with frequent infection e Although often essential — ~17.5% of Klebsiella pneumoniae, Staphylococcus receive antimicrobials and, due to
including the urethra, reoccurrence, pyelonephritis with Europe inpatients require one during aureus, Staphylococcus saprophyticus, the likelihood of infections
bladder, ureters sepsis, renal damage in young treatment (Zarb et al., 2012) — urinary Enterococcus faecalis, Proteus mirabilis, reoccurring or becoming chronic,
and/or kidneys (Tan children, pre-term birth and catheters can result in bacteriuria and Pseudomonas aeruginosa, Acinetobacter spp. frequent retreatment or long-term
and Chlebicki, 2016). complications with frequent biofilm colonisation; increasing morbidity and Candida spp. (Mandal et al., 2012; antibiotic prophylaxis is common

antimicrobial use (Flores-Mireles et and mortality rates in hospitalised patients Flores-Mireles et al., 2015; Tan and (Nicolle, 2014)
al., 2015) (Flores-Mireles et al., 2015) Chlebicki, 2016).

SSI An infection which e Second most common HAI in Europe Typically, attributable to either: From each source, respectively: * Good patient preparation, aseptic
occurs <30 days affecting >500,000 people and costing | e Patient’s endogenous skin microflora, o S. aureus (accounting for 20-30%), with the practice, attention to surgical
following a surgical ~€19 billion/ annum (WHO, 2018) mucous membranes or hollow viscera involvement of MDR pathogens, particularly technique and antimicrobial
procedure (or <90 e Associated with morbidity, mortality, (Reichman and Greenberg, 2009) methicillin-resistance S. aureus (MRSA), prophylaxis (Berrios-Torres et al.,
days if an implant has readmission, reoperation, intensive e Environment, surgical personnel or tools increasing drastically (WHO, 2018) 2017)
been placed) and care unit admissions, prolonged post- brought into the sterile field during the e S. aureus, coagulase-negative staphylococci, e General heating, ventilation and air
affect the area of the operative hospital stays and high procedure Enterococcus spp. and E. coli (Spagnolo et conditioning systems to control
body in which the economic burden (Owens and al., 2013) airborne transmission of infectious
surgery was Stoessel, 2008; Cassini et al., 2016; particles (Spagnolo et al., 2013)
performed (ECDC, Badia et al., 2017)
2017c¢).

BSI An infection defined o In Europe, ~1.2 million episodes of o Intravascular devices, particularly central o Bacteria of the skin microflora including S. e Antibiotic treatment is standard
by the presence of BSIs occur each year, accounting for venous catheters (CVCs), represent the aureus, P. aeruginosa, coagulase negative e Technologies incorporating
viable bacterial or over 157,000 deaths (Goto and Al- most common cause (Gahlot et al., 2014a) staphylococci, E. coli, K. pneumoniae and A. catheters and dressings infused with
fungal Hasan, 2013) e CVC insertion can significantly increase baumannii (Parameswaran et al., 2010) antiseptics or antibiotics have
microorganisms in ® BSIs are the costliest HAI/ case in hospital costs and lead to prolonged lengths | e Patients in occupied rooms are more likely to recently been developed (Gahlot et
the bloodstream Scotland due to associated hospital of stay, with an associated mortality rate of develop a BSI than those in private rooms, al., 2014a)

(Viscoli, 2016). stays, averaging 11.4 additional days 12-25% (CDC, 2011) suggesting measures to reduce environmental
(Manoukian et al., 2021) spread are essential
LRTI | Aninfection localised | e Amongst acute Scottish inpatients, Hospital-acquired pneumonia is the most o ESKAPE pathogens account for 80% of all o Limited-spectrum antibiotics for

to the airways
(bronchitis,
bronchiolitis,
influenza and
whooping cough) or
lungs (pneumonia).

LRTIs account for almost a quarter of
all HAI reported and more than a third
of antimicrobials prescribed for
infections (Health Protection Scotland,
2017d)

commonly reported LRTI (Health Protection
Scotland, 2017d) and is predominantly
caused by intubation and mechanical
ventilation, which interferes with host
defence mechanisms and encourages biofilm
formation on the inner tube surface (Adair et
al., 1999; Zolfaghari et al., 2011; Hunter,
2012; Mietto et al., 2013)

ventilator-associated LRTI (Chi kalaet al.,
2012; Sandiumenge et al., 2012)

o Early onset infection typically caused by
antibiotic-sensitive bacteria such as
Streptococcus spp., S. aureus, E. coli, K.
pneumoniae and Enterobacter spp.; late
onset infection typically caused by MDR
bacteria such as MRSA, Acinetobacter spp.,
P. aeruginosa and ESBL (Hunter, 2012;
Kalanuria et al., 2014)

early onset VAP and broad-
spectrum antibiotics for late onset
VAP (American Thoracic Society,
2005)

* Novel preventative measures with
focus on poor infection practices
and contamination of respiratory
equipment are essential (Koenig et
al., 2006)




2.2 Nosocomial Pathogens and their Transmission

The causation and spread of HAIs are dependent on a linked sequence of events termed the chain of
infection (Figure 2.1) which will be discussed in this section as a means of understanding the various

ways in which infectious agents can be transmitted and instigate infection within healthcare.

> { Infectious Agent } >
[ Susceptible Host ] [ Reservoir ]
A CHAIN OF v
INFECTION
[ Portal of Entry J [ Portal of Exit J
< { Mode of Transmission } <

Figure 2.1 Chain of infection within healthcare: the instigation of infection begins with an infectious agent
residing in a favoured reservoir; the infectious agent will then leave this reservoir via a suitable portal of exit, and
using a mode of transmission, can enter and infect a susceptible host (van Seventer and Hochberg, 2016).

2.2.1  Infectious Agents

Various nosocomial pathogens are capable of inducing infection within healthcare settings depending
upon patient populations, healthcare facilities and the care environment. Given the scope of this thesis,

this section will detail bacterial and viral species associated with HAIs.

2.2.1.1 Bacteria

Bacteria are responsible for approximately 90% of all reported HAIs (Khan et al., 2015). In a recent
Scottish survey, 40.4% of HAIs reported were caused by Gram-negative bacilli and 20.2% by S. aureus
(Health Protection Scotland, 2017d). The ESKAPE pathogens (Table 2.2) collectively represent the
leading cause of nosocomial infections worldwide (Santajit and Indrawattana, 2016). In LMICs, they
are associated with the highest mortality risks and healthcare costs of all MDR infectious agents;
primarily due to their notorious resilience to common antibiotics and antibacterial treatments (Founou
et al., 2017). The WHO recently published a list of global MDR ‘priority’ pathogens which pose the
greatest threat to human health and urgently require research and development of new antibiotic
treatments or other infection control interventions (WHO, 2017). Therein, the ESKAPE pathogens were

appointed high and critical priority status (WHO, 2017)



Table 2.2 ESKAPE pathogens, associated clinical disease, their common healthcare reservoirs, resistive characteristics and clinical significance.

Bacteria Gram Stain/ | Associated Clinical | Healthcare Reservoirs Resistive Characteristics Clinical Significance
Morphology Disease
Enterococcus + UTT; Intra-abdominal o Skin anq gut micrt?biota MDR, including: vancomycin, o Up to 46.3% and 80% of clinical isolates in Europe and
faecium Cocci and Pelvic Infection; ¢ Contaminated environmental ampicillin, linezolid, teicoplanin, US are currently vancomycin resistant, respectively (Zhou
Wound Infections; surfaces piperacillin, cephalosporin (De Oliveira | et al., 2020)
Bacteraemia; (Pendleton et al., 2013) et al., 2020) e 1/3 of mortality in European hospitals associated with
Endocarditis; Neonatal Enterococcus spp. HA-BSI between 2010-2020 were
Sepsis; Meningitis attributed to VRE (Brinkwirth ef al., 2021)
Staphylococcus | + LRTL SSI; Bacteraemia; | ® Skin anq mucosa microbiota MDR, including: aminoglycosides, B- e The most commonly isolated HAI-causing ESKAPE
aureus Cocci Pneumonia; ¢ Contaminated environmental lactams, chloramphenicol, trimethoprim, | pathogen in Scotland, responsible for 20.2% and 25% of
Cardiovascular surfaces macrolides, tetracycline, infections in acute adult and paediatric inpatients (Cairns et
Infections (Pendleton et al., 2013) fluoroquinolones (De Oliveira et al., al., 2018)
2020) o In the UK, ~5-25% of MRSA strains are resistant to
oxacillin (Lee et al., 2018)
Klebsiella - Neonatal Septicaemia; ® Respiratory tract and gut Pandrug and MDR, including: © ~32.8% of global nosocomial infections are due to MDR
pneumoniae Bacillus Septicaemia; mlcroblotz} ) polymyxins, carbapenems, K. pneumoniae isolates (Asri et al., 2021)
Bacteraemia; * Contaminated environmental | fluoroquinolones, 3rd-gen. o Mortality rate of carbapenem resistant K. pneumoniae
Pneumonia; Wound surfaces cephalosporins, aminoglycosides, infections (42.1%) double that of carbapenem-susceptible
Infections; SSI (Pendleton et al., 2013) tetracyclines (De Oliveira et al., 2020) K. pnumoniae infections (21.2%) (Xu et al., 2017)
Acinetobacter - Bacteraemia; UTI; * Contaminated environmental | MpDR, including: carbapenems, o Extremely persistent in the environment, with evidence of
baumannii Coccobacillus | Pneumonia; Wound surfaces (Pendleton et al., 2013) | polymyxins, B-lactams, tigecycline, its ability to survive on dry inanimate surfaces for up to 5
Infections ceftazidime, fourth-gen. cephalosporins | months (Kramer et al., 2006)
(De Oliveira et al., 2020) o The mortality rate of nosocomial 4. baumannii infections
has been recorded as high as 44% (Alrahmany et al., 2022)
Pseudomonas B Wound Infections; o Skin, respiratory tract and MBDR, including: first- and second-gen. ® Responsible for ~700,000 deaths per year (Qin ef al.,
aeruginosa Bacillus Meningitis; Uti; digestive 'Fract microbiota cep_halosporlps, plpe‘ramlhn-tazobactam, 2022) . o '
Necrotising Pneumonia; o Contaminated water sources aminoglycosides, qumqlones, o e The most frequently isolated organism in ICU-acquired
SSI; Bacteraemia (e.g. sink drains, toilets, etc) carbapenems, polymyxins (De Oliveira pneumonia (ECDC, 2016)
o Contaminated environmental et al., 2020)
surfaces
(CDC, 2019)
Enterobacter - LRTI; UTI; * Gut mlc.roblota Pandrug and MDR, including: o Currently resistant to almost all available antimicrobial
spp. Bacillus Gastrointestinal Tract » Contaminated water sources carbapenems, fourth-gen. drugs, except tigecycline and colistin (Santajit and

Infections

(e.g. sink drains, toilets, etc)
(Davin-Regli et al., 2019)

cephalosporins,

Fluoroquinolones, B-lactams,
polymyxins (De Oliveira et al., 2020)

Indrawattana, 2016)

e E. cloacae, which causes 90-99% of Enterobacter
infections in humans, is associated with an inpatient
mortality rate of 15.1% (Song et al., 2010)




2.2.1.2  Viruses

Viral pathogens account for 1-5% of all HAI-inducing pathogens (Aitken and Jeffries, 2001) and are
typically transmitted via blood products, faecal matter or respiratory routes (WHO, 2002). Nosocomial
bloodborne viruses, such as hepatitis B, C and human immunodeficiency virus type 1, are commonly
transmitted through unsafe and improper needle practice via blood transfusions or in dialysis units
(Aitken and Jeffries, 2001); with 30% of these due to failures following infection control procedures
(Singh et al., 2022). Pathogens transmitted via the faecal-oral route, including rotavirus, calicivirus,
hepatitis A and E (Aitken and Jeffries, 2001), typically replicate in the intestines and are spread through
improper hand hygiene practices or failures in sanitation systems (Gerba, 2009). Respiratory viruses,
including respiratory syncytial virus, norovirus, influenza A and B, adenovirus, rhinovirus and
coronavirus (Aitken and Jeffries, 2001), are the most common causative agent of disease in humans
(Boncristiani, 2009) and represent a major cause of mortality, causing approximately 2.7 million deaths
worldwide in 2015 (Troeger et al., 2017). In light of the recent Coronavirus Disease 19 (COVID-19)
pandemic, this study took a particular focus on severe acute respiratory syndrome coronavirus 2 (SARS-

CoV-2) and further detail about this virus is provided in Chapter 7.

2.2.1.3  Antimicrobial Resistance

AMR is the situation whereby a disease-causing microorganism develops the ability to survive exposure
to an antimicrobial agent which would have previously been considered an effective treatment (WHO,
2021a). The global emergence and spread of MDR pathogens, decreasingly susceptible to available
antimicrobials, threatens the ability to treat and prevent common infections. It is considered one of the
top ten global public health threats facing humanity today (WHO, 2021a): in 2019, approximately 1.27
million global deaths were directly attributable, and it is predicted to cause 10 million deaths by 2050;

matching the global death toll of cancer (O’Neill, 2016; Antimicrobial Resistance Collaborators, 2022).

Antimicrobial Resistance Mechanisms in Bacteria

The modern ‘antibiotic era’ — inaugurated with the discovery of penicillin by Sir Alexander Fleming in
1928 (Lee Ventola, 2015) — incited production of various novel classes of antibiotics, revolutionising
modern medicine and consequently saving many lives (Office for National Statistics, 2017). However,

this was followed by a cyclic pattern of antibiotic production and subsequent drug resistance. By the
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1950s, penicillin resistance was a significant clinical problem (Lee Ventola, 2015). Novel beta-lactam
antibiotics were developed in response; however, cases of methicillin-resistant S. aureus (MRSA) were
identified less than a year later (Harkins ef al., 2017). This urged development of vancomycin; which
was followed by the discovery of vancomycin-resistant enterococci (Cetinkaya et al., 2000). Resistance
has been observed to the vast majority of antibiotics currently available (Lee Ventola, 2015) and, since

the 1980s, the production of novel antibiotics has significantly decreased (HM Government, 2019).

Bacteria typically demonstrate either intrinsic resistance, due to general adaptive processes not
necessarily linked to a specific class of antimicrobials (P. aeruginosa, for example, is resistant to
common antimicrobials due to its low outer membrane permeability, expression of efflux pumps which
can expel antibiotic materials, and ability to produce antibiotic-inactivating enzymes (Pang et al.,
2019)); or acquired resistance, typically through genetic mutation or acquisition via horizontal transfer
from another strain/ species — with mechanisms including thickening of cell walls, encoding proteins to
prevent drug penetration and onset of mutants lacking porin channels to inhibit influx of chemicals (Jori
et al., 2006) — due to evolutionary pressure to evade antimicrobial susceptibility (Reygaert, 2018).

Examples of these mechanisms are presented in Figure 2.2.

%

Activation of drug Enzymatic drug
efflux pumps (’ degradation/

ﬁ alteration

Alternation of

drug target P
C, (\‘ Inhibition of drug
uptake

Figure 2.2 Antimicrobial resistance mechanisms in bacterial cells. Image created with BioRender.com.

The rise and spread of MDR bacteria have created a new generation of hospital ‘superbugs’ which are
increasingly difficult to treat with existing therapeutics. Emerging strains of S. aureus, for example,
have shown resistance towards vancomycin, which was considered a last line of defence (Smith ef al.,
1999) and MRSA is associated with high global mortality rates (Founou et al., 2017). Carbapenem-

resistant and ESBL-producing Gram-negative bacteria are also of concern, accounting for all critical
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organisms on the WHO’s recently published list of MDR pathogens requiring novel therapeutics (WHO,

2017). In Europe, one third of HAI-causing bacteria are believed to be MDR phenotypes (ECDC, 2017).
Antimicrobial Resistance Mechanisms in Viruses

Viruses principally confer resistance through various naturally occurring random point mutations: some
enter a latency period, whereby antivirals are generally ineffective; some adopt various serotypes which
are unlikely be effectively treated by one antiviral; and some have high mutation rates during their
replication cycle, increasing the likelihood of clinical resistance (Vere Hodge and Field, 2011). Further,
viruses with segmented genomes, such as influenza, can generate resistance through genetic
reassortment upon infecting a host cell; producing progeny viruses with novel genomes (Vere Hodge
and Field, 2011). Resistance has developed to most available antivirals, including antiretroviral drugs
to treat HIV (WHO, 2021a), with prolonged antiviral drug exposure and ongoing viral replication due
to immunosuppression key contributing factors (Strasfeld and Chou, 2010). In light of the COVID-19
pandemic, the potential for SARS-CoV-2 to confer resistance mechanisms is of significant concern.
Although not fully understood, recent findings have demonstrated its ability to already mutate and
escape the effects of Remdesivir, which is routinely used to treat hospitalised COVID-19 patients

(Szemiel et al., 2021).
Clinical Impact

Although naturally occurring, AMR can be accelerated by factors including: the misuse and overuse of
antimicrobials, lack of access to clean drinking water and sanitation, limited quality diagnostics and
treatments, poor infection control practices, a lack of appropriate legislation enforcement, agricultural
use of antibiotics in livestock feedstuff, increased global travelling and poor education (Dadgostar,
2019; WHO, 2021a). HAI instigated by MDR pathogens, compared to sensitive pathogens, doubles the
likelihood of complication development and triples the likelihood of death (Cecchini et al., 2015), and
is associated with greater healthcare costs due to prolonged hospital stays, additional diagnostic tests
and therapies (Serra-Burriel ef al., 2020). Without action, AMR is estimated to account for a cumulative
economic output of $100 trillion globally by 2050 (O’Neill, 2016). As the antimicrobial pipeline
continues to decrease and MDR pathogens continue to emerge, the end of the antibiotic era is imminent

and development of novel therapeutics with minimal likelihood of tolerance development is crucial.
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2.2.2  Sources of Infection

Nosocomial pathogens commonly arise from either an endogenous source, such as the patient’s natural

microflora, or exogeneous sources, primarily through contact transmission (Khan et al., 2017).

Endogenous Sources

Human skin acts as a physical barrier to prevent invasion of foreign pathogens (Byrd et al., 2018). It
also hosts various microorganisms, with up to one million residing on just one square centimetre
(Weyrich et al., 2015). The majority are harmless commensal microbiota which protect against foreign
pathogens by both acting on the host’s immune system to induce protective responses and directly
inhibiting growth via production of antimicrobial products and competition for nutrients and adhesion
sites (Byrd et al., 2018; Khan et al., 2019). Staphylococcus epidermidis, for example, which is the most
commonly isolated bacteria from healthy human skin, has been shown to produce bacteriocins and [3-
defensins which initiate an enhanced immune response and inhibit growth of invading pathogens
including S. aureus (Lai and Gallo, 2010). Skin microbiota can, however, induce infection if immune
responses are hampered or if the skin surface is breached (Khan et al., 2017). S. aureus, for example, is
a commensal which asymptomatically colonises the skin/ mucosal surfaces of approximately 1 in 3
individuals (Gorwitz et al., 2008); however, upon entering the body, is the leading cause of bacteraemia,
infective endocarditis, skin, soft tissue and device-related infections (Tong et al., 2015; Grogan et al.,

2019).

Exogenous Sources

Approximately 20-40% of HAIs arise due to cross infection via healthcare workers (HCWs) hands, via
direct patient contact or indirect contact with contaminated surfaces (Weber et al, 2010). Various
surfaces/ objects within the ‘patient zone’ can serve as pathogen reservoirs, with colonisation dependent
on factors including surface type/ orientation, environmental conditions and frequency of contact
(Suleyman et al., 2018). ‘High-touch’ surfaces in close proximity to patients are thought to provide the
biggest risk of HAI transmission (Otter et al., 2013; Suleyman et al., 2018) and thus should be cleaned
more frequently (CDC, 2023). Huslage et al. (2010) recently defined, based on observations of contact
frequency, the bed rail, bed surface, supply cart, over-bed table and intravenous pump as the top five

most frequently touched hospital surfaces. Water sources are also a prominent reservoir for pathogens
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including Pseudomonas spp., which can be transmitted from sinks to hands during handwashing (Franco

et al., 2020).

Nosocomial bacteria often survive on healthcare surfaces for extended periods of time due to their
aptitude for the temperate hospital environment (Kramer et al, 2006; Dancer, 2014). Certain
microorganisms, such as S. aureus, persist better under low humidity conditions, whilst certain Gram-
negative bacteria survive better at high humidity; primarily due to the cell wall enabling higher tolerance
of dry conditions (Kramer and Assadian, 2014). Suspension media can also be influential: Fedorenko
et al. (2020) recently reported significantly higher levels of SARS-CoV-2 survival on glass surfaces
when suspended in evaporated saliva microdroplets compared to minimal media; with saliva proteins
believed to offer the virion protection. Bacterial endospores also survive longer than their vegetative
counterparts (Otter and French, 2009): the outer spore layers detoxify chemicals, the spore coat protects
from heat and desiccation and the inner spore membrane restricts access of toxic chemicals (Setlow,
2014). Bacteria can also develop biofilms — an assemblage of surface-associated microbial cells
enclosed in an extracellular polymeric substance (EPS) matrix — in response to environmental stress
which structurally aid survival: growth rate is reduced, the hydrated EPS prevents desiccation, exchange
of extrachromosomal DNA occurs quicker, and the up and down regulation of specific genes to confer
resistance against environmental influences (Donlan, 2002). The ESKAPE pathogens have been found
to survive on common hospital surfaces for up to four weeks (Katzenberger ef al., 2021). MRSA, often
shed from infected individuals, has been shown to resist desiccation and survive on hospital surfaces
for up to one year (Wagenvoort et al., 2000). Further, vancomycin-resistant Enterococci (VRE) has
been shown to survive several years on surfaces (Suleyman et al., 2018) and is the most frequently
isolated MDR bacteria in nosocomial transmission events (Erb et al., 2016). The risk of infection is
additionally heightened for individuals admitted to rooms previously occupied by infected patients

(Huang et al., 2006).

2.2.3 Modes of Transmission

Infectious particles can be transferred and instigate infection via multiple routes of transmission

including contact, droplet and airborne transmission.
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2.2.3.1 Contact Transmission

Contact transmission — either direct or indirect — is the most frequent mode of nosocomial infection
transfer (NHS, 2022). Direct contact transmission typically occurs via direct physical contact between
the skin or mucosa of an infected individual and that of a susceptible host (van Seventer and Hochberg,
2016). This includes bacterial and viral conjunctivitis and respiratory viruses such as SARS-CoV-2 (van
Seventer and Hochberg, 2016; Leung, 2021). During regular care activities, such as lifting patients and
taking vital signs, HCW hands can easily become contaminated (Casewell and Phillips, 1977), with up
to 300 colony forming units (CFU) of bacteria previously found on HCW fingertips following direct
patient contact (Pittet et al., 1999). Hand hygiene is one of the most effective measures in HAI
prevention (Pittet, 2001) and, when used correctly, can lower hospital stays and rates of patient
morbidity, mortality and complications (Ahmadipour et al., 2022). However, poor compliance to these
measures is often demonstrated due to various factors including insufficient hand washing supplies,
high workloads, understaffing, and limited education (Pittet, 2001). Indirect contact transmission occurs
when an infected individual contaminates a surface or fomite with pathogens and a susceptible host then
later comes into contact with this contaminated material. Infectious pathogens are shed from patients
into the environment via the skin or excretion/secretion of bodily fluids such as vomit, facces, blood
and respiratory droplets, which can then settle on environmental surfaces. Contamination of hospital
surfaces in patient areas via this shedding is widely reported to play an important role in the development
of HAIs (Weber et al., 2010). HCWs frequently touch patients and surfaces, and thus can act as
transmission vectors if the environment is contaminated and hygiene measures are not adhered to
(Huslage et al., 2010). Hayden et al. (2008) found 70% of HCWs in a tertiary-care teaching hospital
who touched VRE-positive patients and their immediate environment contaminated their hands or
gloves; with 52% becoming contaminated following contact with the environment only. Further,
Sasahara et al. (2016) found 76% of HCWs hands in a tertiary-care hospital were contaminated with
either Bacillus subtilis, Bacillus cereus and Clostridium difficile spores (mean of 468.3 CFU hand™")
following nine working hours, with a significant positive correlation between hand contamination level

and the length of time since last handwashing.
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2.2.3.2  Transmission through the Air

Infectious pathogens can be dispersed from an infected individual through various expiratory activities.
In response to the COVID-19 pandemic, the WHO have recently updated their official terminology used
to describe the transmission of pathogens through the air in order to better reflect the complexities
associated with such transmission and enable clearer and more effective communication of public health
strategies (WHO, 2024). Comprehensively, pathogens may be transmitted through the air via either
airborne transmission/inhalation or direct deposition (WHO, 2024). Airborne transmission/inhalation
occurs when pathogens expelled into the air, as described above, enter, through inhalation, the
respiratory tract of another individual (WHO, 2024). In such instances, the infectious particles can travel
various distances before being inhaled by the host (WHO, 2024). Direct deposition occurs when a
pathogen expelled into the air follows a short-range semi-ballistic trajectory and is then directly
deposited on the exposed facial mucosal surfaces of another individual (WHO, 2024). The type of
organism, particle size, settling velocity, relative humidity and airflow can each influence the length of
time that an infectious particle can be suspended in the air, and thus the distance over which it can travel
(WHO, 2014). Prolonged suspension time enables wide distribution of aerosolised particles throughout
hospital buildings, and as such, ventilation conditions play a considerable role in transmission (Beggs,
2003). Most aerosolised infectious particles in healthcare settings are generated from infected
individuals via expelled respiratory droplets or medical aerosol-generating procedures (WHO, 2014).
Dougall et al. (2019) demonstrated a correlation between the mean counts of airborne bacteria within
inpatient isolation rooms and the duration of patient stay and room activity levels: an average increase
in air bioburden of 103%, 197% and 145% during patient personal hygiene activities, when more than

three staff members were in the room and during bed sheet changes, respectively.

224 Risk Factors

Various predisposing factors, including those related to the patient, healthcare delivery and the

environment, may increase the likelihood of HAI acquisition.

Patient-related factors

Higher risk age groups include the elderly, due to greater likelihood of long-term care facility stays,

age-associated co-morbidities, chronic in-dwelling devices and extensive healthcare delivery exposure
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(Gruber et al., 2013). Neonates are also of higher risk, primarily due to the immaturity of their immune
system, frequent use of broad-spectrum antimicrobials, extended hospital stays and long-term use of
invasive devices (Legeay et al., 2015). Immunocompromised patients are also at higher risk, primarily
due to the severity of their underlying conditions and consequential ongoing diagnostic, monitoring and
therapeutic procedures (Lim, 1997; Al-Tawfiq and Tambyah, 2014), with a recent study finding
vulnerable patients admitted to Scottish hospitals for cancer, cardiovascular disease, chronic renal
failure and diabetes were at significantly higher risk than all other patients (Stewart et al., 2021).The
risk of HAI is substantially heightened with increasing duration of hospital stays: a case-control study
in an emergency department found for every extra hour that an emergency-intubated blunt trauma
patient stayed in hospital, the risk of developing healthcare-acquired pneumonia increased by around
20% (Carr et al., 2007). Minimising unnecessary hospitalisations is a significant problem, with
approximately 350,000 patients across NHS England currently spending over three weeks in acute

hospitals each year (NHS England, 2019).

Healthcare delivery-related factors

The risk of HAI development heightens upon increasing exposure to invasive devices (van der Kooi et
al., 2007). Central venous catheters (CVCs) pose the greatest risk, and are the main cause of bacteraemia
and septicaemia in hospitalised patients (Gahlot ef al., 2014). During surgical procedures, pathogens
may enter open incisions — further exacerbated by prolonged exposures and inadequacies in the surgical
scrub or antiseptic preparation of the skin (Cheadle, 2006) — with SSIs estimated to account for 16.5%
of inpatient HAIs within NHS Scotland in 2019 (ARHAI Scotland, 2020). Infections instigated by MDR
bacteria are associated with increased severity: for example, MRSA infections are associated with
greater co-morbidities, complications, hospital stays and mortality compared to methicillin-sensitive S.

aureus (MSSA) infections (Cosgrove et al., 2003; Hanberger ef al., 2011; Chatterjee ef al., 2018).

Environmental factors

HALI prevalence is highest in intensive care units (ICUs) compared to all other hospital wards (WHO,
2011): a national point prevalence survey in Scotland found 11.4% of ICU patients had a HAI at any
given time, compared to just 4% of medical patients and 6.5% of surgical patients (Health Protection

Scotland, 2017d). Globally, an estimated 30% and 88.9% of adult ICU patients in HICs and LMICs,
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respectively, are affected by at least one HAI during their stay (WHO, 2011). This is primarily due to
greater likelihood of emergency admissions, prolonged hospital stays, intravenous material placement
and immuno-suppressed and neutropenic patients (WHO, 2011). Burns patients are also at significantly
higher risk due to breakdown of the skin barrier/immunosuppression when exposed to significant
thermal injuries (Church et al., 2006). If patients survive the initial 72 h after a burn injury, infections

are considered the most common cause of death therein (Lachiewicz et al., 2017).

Stiller et al. (2016) additionally observed a strong correlation between ward design and HAI rates,
identifying single patient rooms and hand rub dispensers near patient beds as important infection control
facilitators. Air-conditioning systems can harbour dust and moisture, increasing contamination risk:
HEPA filters are efficient in reducing contamination, however are typically only used in high risk areas
instead of general wards and clinics (Wu et al., 2021). Mitchell et al. (2018) also found a decrease in
staffing levels, measured in terms of nurse-to-patient ratio or nursing hours per patient day, increases
the risk; potentially due to high levels of burnout leading to lapses in infection control procedures

(Cimiotti et al., 2012).

Up to 70% of HAIs are considered avoidable with improved infection prevention and control measures
(WHO, 2022a). Although complete eradication is unfeasible and unrealistic, implementation of efficient
and stringent control measures to hinder infection acquisition is essential for improving patient

outcomes and relieving financial burden on healthcare systems (Health Protection Scotland, 2019).

2.3 Environmental Decontamination in Healthcare

High standards of decontamination play an important role in minimising the risk and controlling
outbreaks of HAIs (Dancer, 2009a, 2014); however, the discussed complexities associated with
contamination substantiates the need for a multidisciplinary approach. This section discusses both
standard and ‘whole-room’ methods used for routine and terminal decontamination of hospital

environments.
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2.3.1 Routine and Terminal Decontamination

NHS Scotland stipulates both routine and terminal environmental cleaning must be conducted to
minimise environmental contamination (Healthcare Associated Infection Task Force, 2009). Routine
cleaning is conducted on a regular basis — not in response to an outbreak — and mostly targets surfaces
with higher risks of contamination, i.e. those close to the patient area and frequently touched by patients
and HCWs (Cobrado et al., 2017; Health Protection Scotland, 2017d). These are recommended daily or
at increased frequency in high-risk patient areas, such as ICUs, accident and emergency, and neonatal
units, and very high-risk areas, including theatres and transplant and bone marrow units (Health
Protection Scotland, 2017d). Terminal cleaning is conducted, where necessary, in addition to routine
cleaning and is the procedure required to ensure that the environment used to treat patients with an alert
organism or communicable disease are adequately decontaminated such to render it safe for the next
patient (Healthcare Associated Infection Task Force, 2009). Once the patient has been transferred,
discharged or is no longer considered infectious, all healthcare waste, fabrics and laundry is removed;
reusable non-invasive care equipment is cleaned in the room prior to removal; and, using an appropriate
method, all surfaces are cleaned thoroughly, starting from the least to the most contaminated point

(NHSScotland, 2012).

2.3.2  Standard Decontamination Methods

Traditionally, environmental cleaning, both routine and terminal, is conducted using detergents and
disinfectants. During routine cleaning, a neutral or near-neutral pH solution detergent should be used to
physically remove organic matter and microorganisms from surfaces (Health Protection Scotland,
2017). This alone can be sufficient in low-risk settings, such as offices and corridors; however, within
patient care areas, surfaces and non-critical items, such as bed rails, bedpans and blood pressure cuffs,
must subsequently be treated with disinfectants, such as alcohol, chlorine, sodium hypochlorite and

quaternary ammonium compounds, to inactivate any remaining pathogens (Rutala and Weber, 2013).

Although essential for reducing contamination, manual cleaning using detergents/disinfectants can be
considered suboptimal. Despite improvements in cleaning performance in recent years, inaccessible or
difficult-to-clean surfaces can still be missed or cleaned ineffectively, with findings demonstrating flat

surfaces, such as countertops and bedside tables, are cleaned more duly than small, vertical surfaces,
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such as doorknobs and light switches (Goodman et al., 2008; Ali et al., 2016; Parry et al., 2022). Further,
surfaces which are not routinely cleaned, such as walls and electronic equipment, are still likely to
harbour pathogens for transmission (Maclean et al., 2015). Although low-level disinfectants
demonstrate rapid efficacy; these can often be irritants, cause material damage, and be affected by
organic matter (Rutala and Weber, 2013, 2016). Individual cleaning performance can also vary and
there is a potential lack of compliance amongst cleaning staff, often accredited to inadequate staffing or
excessive workload (Dancer, 2009a; Goodman et al., 2008b). Further, organisms can persist even after
discharge cleaning: a prospective microbiology study found 40% of hospital rooms sampled were
contaminated with MDR organisms after routine and terminal cleaning, of which VRE was most
common (Shams et al., 2016); and recent findings indicate patient admitted to rooms previously
occupied by individuals infected with MRSA, VRE, C. difficile, MDR Acinetobacter and Pseudomonas

spp. were at a significantly higher risk of infection (Mitchell ef al., 2015).

2.3.3  Whole-Room Decontamination Methods

As a consequence of the issues associated with traditional cleaning, there has been an upsurge in the
use of ‘whole-room’ technologies which are designed to complement standard cleaning and infection
control procedures and enhance environmental decontamination. This section will discuss the key
technologies currently commercially available or under development for this purpose, including gaseous

and light-based disinfection methods.

2.3.3.1  Steam Cleaning

Steam cleaning systems for environmental decontamination deliver pressurised superheated (>140 °C)
dry steam to both clean and disinfect: the pressurised steam loosens organic debris, which are then
vacuum extracted into the machine, whilst the high temperatures inactivate microorganisms through
irreversible coagulation and denaturation of structural proteins and enzymes (Rutala et al., 2008;
ARHAI Scotland Infection Control Team, 2021). It is rapidly microbicidal and sporicidal, with
evidenced ability to successfully remove nosocomial pathogens, including MRSA, Acinetobacter and
C. difficile spores, from clinical surfaces (NHS England, 2008). The technology does not pose chemical
hazards, however, is associated with scalds and/or burns risk due to the high temperatures employed,

and so rooms must be vacated with fully trained operators employed throughout. To ensure adequate
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decontamination, the spray nozzle must be held at the appropriate distance for a set time; making the
process intensive and time-consuming (NPSA, 2009). The technology is not recommended on
temperature and/or moisture sensitive surfaces due to potential rusting, oxidation and/or damage to
joints, seals and bonds (Kohli, 2018). Care must be taken not to apply the steam over electrical sockets

(NPSA, 2009), and fire/smoke detectors often require disengaging prior to use (NHS England, 2008).
2.3.3.2 Hydrogen Peroxide

Hydrogen peroxide (H20,) produces free hydroxyl and ferryl radicals that induce oxidative damage in
cellular lipids, proteins and nucleic acids (Otter and French, 2009; Linley et al, 2012). It is
microbiocidal and sporicidal, and thus is commonly employed for terminal decontamination in
healthcare. Two varieties of H,O, based systems are currently used: aerosolised H,O» (aHP) systems

and vapour-phase H,O, (VPHP) systems.

aHP systems, such as the GLOSAIR™ 400 system (ASP, 2015) and Oxy Pharm Nocospray
(Oxy’Pharm, 2021; Figure 2.3), produce a pressure-generated fine mist of 0.5-20 pm diameter droplets
by aerosolising H,O» (5-6%) with additives such as silver ions (<50 ppm) and deionised water (95%)
(Otter et al., 2019). A 6 mL m™ dose cycle is recommended in hospital rooms, during which circulating
electrically charged particles will adhere to and inactivate microorganisms in the air and on exposed
surfaces (Fu et al., 2012). The H,O, decomposes naturally, and so aeration post-treatment is not
typically required. The technology has demonstrated >3 logio reductions in organisms isolated from
ICU patients in <3 h (Herruzo et al., 2014); however, there is concern regarding its efficacy given the
ability of certain pathogens to produce catalase, which degrades H»O,. Kelly ef al. (2022) found aHP
systems reduced bacterial contamination within an ICU by 50.7%, however, other light-based methods

achieved 96.8% reductions.

VPHP systems, including the Steris 1000ED mobile generator unit (STERIS, 2021a) and Bioquell L-4
mobile generator unit (Bioquell, 2021; Figure 2.4), deliver a heat-generated vapour of aqueous H,O»
through a high-velocity airstream to uniformly decontamination the air and surfaces within enclosed
areas (Boyce, 2009; Fu et al., 2012). Steris systems continually dehumidify the air and deliver a
controlled concentration of dry VPHP without reaching the dew point; thus, ensuring vapour and/or

toxic residues do not condense on surfaces (STERIS, 2021b). In contrast, Bioquell systems do not
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incorporate prior dehumidification, and instead deliver VPHP at an uncontrolled concentration beyond
the dew point until the enclosure becomes saturated and H,O> begins to condense on surfaces (Otter et
al.,2019). VPHP systems have demonstrated >6 log;o reductions in nosocomial pathogens including C.
difficile spores, MRSA, VRE, A. baumannii and SARS-CoV-2 surrogates (Otter and French, 2009;
Berrie et al., 2011; Barbut ef al., 2012; Goyal ef al., 2014). VPHP is more widely used for whole-room
decontamination than aHP due to its higher penetrating power and distribution ability: Holmdahl et al.
(2011) reported a single VPHP system was more effective than two aHP units; and Fu et al. (2012a)
found VPHP safer and more efficient than aHP; with >2 logjo greater reductions in MRSA, C. difficile

and A. baumannii.

Figure 2.3 aHP systems: (A) Glosair 400 and (B) OxyPharm Nocospray (ASP, 2015; Oxy’Pharm, 2021).

e

Figure 2.4 VPHP system: Bioquell L-4 mobile generator unit (Bioquell, 2021).

Although effective, H,O, is extremely toxic due to its non-selective oxidising nature, and inhalation can
irritate the nose, throat, respiratory tract and, in severe cases, cause bronchitis or pulmonary oedema.
Decommission and adequate sealing of rooms is thus essential prior to treatment, with experienced

operator supervision required throughout. Reported cycle times can be up to 8 h (Ray et al., 2010),
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which could potentially reduce admission capacity and prolong bed turn over time (Otter et al., 2009),
and is infeasible in wards which offer 24 h emergency care (Dancer, 2014). Using VPHP systems, H,O»
levels can reach >450 ppm (Murdoch et al., 2016) — with short-term occupational H,O» exposure limits
being 2.0 ppm (HSE, 2020) — and thus aeration post-treatment to catalyse the conversion of VPHP into
non-toxic by-products is essential (Hall ez al., 2007; Rutala and Weber, 2013). Efficacy has also shown
to be impeded by residual debris and soft materials, with repeated use shown to encourage erosion of

plastics and polymer surfaces (Dancer, 2014).
2.3.3.3  Chlorine Dioxide

Chlorine dioxide (ClO») is an EPA-registered steriliser which has recently been proposed for terminal
cleaning given its ability to penetrate porous surfaces and diffuse rapidly within the air to reach areas
which are difficult to clean manually (Health Protection Scotland, 2017b). It is highly potent and fast-
acting against bacteria, viruses and fungi due to its ability to selectively attack cellular constituents (Jefri
et al., 2022): unlike other oxidisers, it does not react, or reacts very slowly, with the majority of organic
compounds in living tissue; and instead oxidises a small number of amino acids and inorganic ions
present in cellular proteins and peptides (Noszticzius et al., 2013). As such, it demonstrates broad
antimicrobial capabilities: Li ef al. (2012) demonstrated 1.8-6.6 logio reductions in C. difficile spores
from six clinically-relevant materials within 3 h of treatment; Shirasaki et al. (2016) demonstrated
complete inhibition of S. aureus and Escherichia coli growth from an 87 m? lab room following 2-3 h
exposure; and clinically, Lowe et al. (2013) demonstrated 7-10 logio reductions of nosocomial bacteria
including 4. baumannii, E. coli, and S. aureus from a patient care suite in a similar time frame. There
are, however, limitations associated with its use: the gas is highly explosive, limiting its ability to be
stored commercially (Jin ef al., 2009); as a potent oxidiser, rooms must be decommissioned/sealed,
which, as discussed, can negatively impact healthcare delivery (Health Protection Scotland, 2017b); and
it also induces material degradation/ corrosion unless employed at extremely low (<0.9 mg/m?)

concentrations (Ning et al., 2020).
2334 Ozone

Ozone (03) is highly unstable and is believed to induce oxidative damage — with a very high oxidation

potential — to bacterial cell walls and cytoplasmic membranes (Boer et al., 2006; Zoutman et al., 2011)
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and viral capsid proteins and nucleic acids (Tseng and Li, 2008). The technology is not yet widely used
in clinical settings; however, its fast-acting antimicrobial efficacy has been demonstrated in the
literature. Moat et al. (2009a) demonstrated its ability to inactivate clinically-relevant bacteria, including
S. aureus, E. coli, B. cereus and C. difficile spores, by >3logo in a small testing room in <1 h. More
recently, an automated system achieved >4 logio reductions of SARS-CoV-2 surrogates on room
surfaces (Franke ef al., 2021). Its synergistic effect in combination with other established technologies
has also been demonstrated: Zoutman et al. (2011) observed >6 logio reductions of surface-seeded
nosocomial bacteria in 90 min using 80-ppm ozone and 1% VPHP; and Liu et al. (2014a) found ozone
and ultraviolet C (UV-C) irradiation together were significantly more effective at reducing Aspergillus
niger spores in comparison to each technology alone. Despite its antimicrobial efficacy, there are
limitations associated with its use. As a strong oxidiser, ozone is extremely toxic and can irritate and
damage the respiratory tract (Health Protection Scotland, 2017¢). Training and respiratory protective
equipment is required for all operators, and rooms must be vacated, decommissioned and sealed during
the procedure (Moccia et al., 2020). To ensure no toxic residue remains prior to room recommission, a
quench gas or scrubber is often required at the end of a treatment cycle (Moat et al., 2009). Further,
Doan et al. (2012) compared the effectiveness of eight disinfection methods and found ozone to be the
most expensive — costing approximately £116 per use — rendering it infeasible for widespread

application.

2.3.3.5  Cold Atmospheric Pressure Plasma

Cold atmospheric pressure plasma (CAPP) is an emerging technology with potential applications for
environmental decontamination. CAPP consists of an assortment of charged particles, radicals
(including atomic oxygen, ozone, superoxide and oxides of nitrogen), intense electric fields and UV
radiation, which are typically generated in the air at room temperature via a plasma jet or dielectric
barrier discharge (O’Connor et al.,2014). This process often produces a combination of these elements,
inducing microbial damage through various targets: positive and negative ions electrostatically disrupt
bacterial cell walls; radicals etch cell walls, interfere with cellular transport and induce DNA lesions;
intense electric fields induce electroporation; and UV radiation induces DNA and intracellular protein
damage (Cahill et al., 2014). The technology is effective for inactivation of vegetative and sporicidal

bacteria, fungi and viruses. Although not yet clinically deployed, recent studies have indicated its

24



potential efficacy. Cahill et al. (2014) demonstrated 1.7-5 logio reductions in nosocomial bacteria
including MRSA, VRE, E. coli and A. baumannii on clinical surfaces following just a 1.5 min treatment.
Zimmermann et al. (2011) demonstrated up to 6 logio reductions and inhibited replication of human
adenovirus, which is resistant to most disinfection procedures, in 4 min. More recently, CAPP systems
have demonstrated the ability to inactivate SARS-CoV-2 droplets (2 x 10° PFU in 25 uL) deposited on
various surfaces including plastic, metal and cardboard in <3 min when the device was held at a distance
of 15 mm (Chen et al, 2020). CAPP can be considered advantageous over other whole-room
technologies given it leaves no harmful residues and can be applied at room temperature; however,

further studies are required to assess its safety and scalability (O’Connor ef al., 2014).
2.3.3.6  Ultraviolet Light Systems

UV-C wavelengths in the region of 250-270 nm (peaking at 254 nm) are germicidal against nucleic
acid-based pathogens (Cobb, 2016). These wavelengths are strongly absorbed by DNA/RNA base pairs
and induce damage primarily through dimerization of pyrimidine molecules (Dai et al., 2012b) which
interrupts DNA replication, transcription and translation; compromising cellular function and leading
to microbial cell death (Ploydaeng et al., 2021). Due to its broad-spectrum antimicrobial nature,
artificial UV-C light has been widely implemented for terminal room decontamination, using either

continuous or pulsed UV-C light (Ploydaeng et al., 2021).
Continuous Ultraviolet Light for Whole-Room Decontamination

Continuous UV (CUV) room decontamination typically uses either a monochromatic 254 nm low-
pressure or a polychromatic medium pressure mercury lamp. The Tru-D Smart UVC device (Figure
2.5) — which pioneered clinical UV-C disinfection in 2007 and continues to be one of the most widely
used today — is mobile, fully automated, calculates the precise dose required, and then achieves this
from a single cycle and position (Tru-D, 2024), with a dose of 12 mJ cm? recommended for inactivation
of vegetative bacteria and 22 mJ cm™ recommended for bacterial spores (Mahida et al., 2013). Its
efficacy in eradicating nosocomial pathogens from exposed surfaces has been widely demonstrated:
Rutala et al. (2010) demonstrated >99.8% reductions in vegetative bacteria and spores following 15 and
50 min of use, respectively; Nerandzic et al. (2010) demonstrated 93% reductions of MRSA and VRE

and 80% reductions in C. difficile spores in isolation rooms following patient discharge but prior to
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standard cleaning; and Mahida et a/. (2013) reported >4 logio reductions of VRE, MDR Acinetobacter
spp. and Aspergillus spp. from intensive therapy units in <1 h; however, this was achieved on surfaces

in direct sight of the device, and the system was less effective (1.7-2.3 logio reductions) in shaded areas.

[

i

Figure 2.5 Tru-D Smart UVC device (Tru-D, 2024).

Pulsed Ultraviolet Light for Whole-Room Decontamination

To reduce risks associated with mercury, there has been interest in pulsed polychromatic xenon-based
UV-C flashlamps which emits UV wavelengths (200-320 nm) in short and high energy pulses, resulting
in faster and more ecological decontamination than CUV (Wang et al., 2005; Jinadatha ef al., 2014).
The Light Strike Germ-Zapping Robots produced by Xenex, for example, are 4300 times more intense
than a mercury lamp (Xenex, 2022), which significantly shortens treatment: for a typical isolation room,
complete decontamination can be achieved in 18 min (Jinadatha et al., 2014). At a distance of ] mina
laboratory room, the device has shown to induce 8.7-9.1 logio reductions of S. aureus, K. pneumoniae,
A. baumannii and P. aeruginosa in 5 min, and complete eradication (7.27 logio reduction) of Ebola virus
in 1 min (Stibich and Stachowiak, 2016). Simmons ef al. (2021) demonstrated >4.1 logio reductions of
SARS-CoV-2 on laboratory surfaces within 5 min of use. Clinically, a 2 min cycle has shown to
eliminate >70% more surface contamination in operating rooms than that achieved by manual cleaning

alone (El Haddad et al., 2017).
Far UV-C Light for Whole Room Decontamination

Clinical use of UV-C light is primarily limited to unoccupied environments due the hazardous

carcinogenic and cataractogenic properties associated with 254 nm exposure of human skin and tissue

26



(Van Kuijk, 1991; Matsumura and Ananthaswamy, 2004). There has been recent interest in the use of
far UV-C (200-230 nm) light for decontamination, which, compared to conventional UV-C light,
possess similar germicidal properties owing to their similar mechanism of microbial inactivation (Dai
et al., 2012b); however, are less penetrative in biological materials (Brenner, 2022) and, given the size
difference between microbial and mammalian cells (typically 0.1-1 pm versus >10 um diameter), is less
toxic to mammalian cells (Coohill, 1986; Hessling ef al., 2021). Far UV-C wavelengths can typically
only reach the outermost stratum of the corneum layer of the skin epidermidis, which consists of dead
keratinocytes that absorb the majority of the radiation (Hessling ef al., 2021); and the human eye tear

layer absorbs radiation and shields the corneal epithelium from damage (Kaidzu et al., 2019).

Such devices predominantly use 222 nm excimer lamps filled with Krypton-Chloride (KrCl) gas
(Hessling et al., 2021). These wavelengths have proven effective for inactivation of various MDR and
susceptible bacteria and viruses on surfaces, in liquid suspension and in aerosols (Matafonova et al.,
2008; Wang ef al., 2010; Buonanno et al., 2017, 2020; Welch et al., 2018; Kitagawa et al., 2021; Eadie
et al., 2022); with evidence suggesting they are just as germicidal as conventional UV, and more
efficient for bacterial endospores (Narita ef al., 2020). Although promising, there is limited evidence of
the antimicrobial efficacy of far UV-C within whole-room environments. Eadie et al. (2022) recently
demonstrated for the first time the ability of far UV-C to inactivate aerosolised pathogens in a 32.3 m?
bioaerosol chamber designed to replicate a realistic room environment by means of controlled air flow,
temperature and humidity: five ceiling-mounted lamps reduced aerosolised S. aureus by 92% in just 15
min at intensities sufficiently lower that ICNIRP exposure limits, thus rendering it safe for human
exposure. Further study to establish the efficacy of these wavelengths for whole-room decontamination

is essential for these systems to be considered for widespread application.
2.3.3.7  Necessity for Alternative Methods

A summary of the whole-room decontamination technologies discussed in Sections 2.3.3.1-2.3.3.6 are
presented in Table 2.3. Although undoubtably effective, these technologies are associated with
limitations: the most prominent being that the majority are unsafe in the presence of room occupants,
and thus are restricted to terminal cleaning applications. As such, there is a necessity for alternative

methods of environmental decontamination which can be safely employed in occupied settings.
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Table 2.3 Comparison of ‘whole-room’ decontamination technologies. Adapted from Maclean et al. (2015).

?::ﬁzzl‘ggmmn Description ggs;ittl;)gn;l Operational Disadvantages
A generator releases hydrogen e Broad antimicrobial o Episodic use
peroxide which forms oxidising efficacy o Exposure is toxic to people
hydroxyl and ferryl free o Effective for terminal e Rooms must be vacated, sealed and out of
radicals and inactivates micro- decontamination commission before use to prevent chemical
organisms by penetrating cell « Decontamination exposure or leakage
l;z;i;;g;: walls and reacting with achieved quickly « Requires experienced operators and training
Vapour membrane lipids, proteins and o Effective for whole e Rooms can quickly become re-contaminated
nucleic acids to prevent proper room « Risk of material damage
function and halt replication decontamination of « Requires active catalytic conversion to aid
and infection (Ali ef al., 2016). air and surfaces decomposition of hydrogen peroxide into
o Environmentally non-toxic by-products
friendly
A generator releases chlorine * Broad antimicrobial  Episodic use
dioxide vapour which efficacy * Exposure is toxic to people
inactivates micro-organisms by | e Effective for terminal | e Rooms must be vacated, sealed and out of
oxidising intracellular decontamination commission before use to prevent chemical
Chlorine | compounds and the membrane | ¢ Decontamination exposure or leakage
Dioxide | surface to disrupt cell achieved quickly e Requires experienced operators and training
Vapour | metabolism. The direct reaction | o Effective for « Rooms can quickly become re-contaminated
with disulphide bpnds in the decontamination of o Risk of material damage
cellular amino acids and RNA air and surfaces « Limited commercial storage due to explosive
halts replication and infection (including hard to properties of chlorine dioxide
3 (Shirasaki et al., 2016). reach areas)
f; A generator releases gaseous o Broad antimicrobial  Episodic use
s ozone which inactivates micro- efficacy o Exposure is toxic to humans
2 organisms by inducing o Effective for terminal | e Rooms must be vacated, sealed and out of
3 oxidative damage to the cell decontamination commission before use to prevent chemical
3 wall and cytoplasmic o Decontamination exposure or leakage
Ozone | membrane of bacteria and fungi |  achieved quickly « Requires experienced operators and staff
and lipid peroxidation and o Effective for whole training
subsequent lipid envelope and room « Rooms can quickly become re-contaminated
protein shell damage of viruses decontamination of o Risk of material corrosion damage
(Boer et al., 2006; Murray et air and surfaces « Requires active catalytic conversion to aid
al., 2008). decomposition
Release reactive oxygen and * Broad antimicrobial  Episodic use
nitrogen species (e.g. '02, O3 efficacy o Safety implications are not yet established
CAPP and NO) which disrupt o Effective for all o Likely to require experienced operators and
bacterial cell walls, viral surface types training
capsids and damage nucleic « No established systems in place at present
acids (Cahill et al., 2014).
Steam technology uses o Broad antimicrobial o Episodic use
superheated dry steam efficacy o Cannot be used in the presence of people
(<140°C) delivered under o Effective for terminal | e Disruptive to normal hospital routine
pressure at a temperature decontamination  Rooms can quickly become re-contaminated
Steam | sufficient to inactivate micro- « Decontamination o Cannot treat air and is ineffective for fabrics
Cleaning | organisms and loosen dirt and achieved quickly « Only accessible surfaces can be treated
sticky oils from surfaces * Incorporates vacuum | o Incompatible with sensitive electronic
(Oztoprak et al., 2019). extraction to also equipment
remove dirt, water
and contaminants
UV-light systems illuminate o Broad antimicrobial o Episodic use
micro-organisms using either efficacy o Uses radiation which is toxic to people —
continuous or pulsed light o Effective for terminal damaging to human skin and eye tissues
. sources within the UVC region decontamination o Rooms must be vacated and out of
2 (240-260 nm) and the « Decontamination commission during treatment
5 . absorption of these photons by achieved quickly  Rooms can quickly become re-contaminated
= | UV-Light | DNA and RNA base pairs o Effective for whole « Microbial resistance can develop to UV light
L5y induces the formation of room illumination
4 thymine dimers and other decontamination of e Materials may become damaged by
mutgtio_ns wh%ch halt microbial air and surfaces photosensitive degradation
replication (Sinha & Hader, « No production of « Efficacy limited by short range of UV
2002). toxic residues wavelengths
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2.4 405-nm Light Environmental Decontamination System

To address current challenges associated with effectual decontamination of clinical environments, a
novel disinfection technology, termed the 405-nm light EDS, has recently been developed. The
antimicrobial nature of the 405-nm light EDS, discussed in greater depth in Section 2.4.3, is owed to its
emission of violet-blue visible light wavelengths: exposure to these wavelengths, with peak activity at
405-nm, induces photoexcitation of porphyrin molecules within microbial cells resulting in the
production of ROS which damage and inactivate microbes (Hamblin et al., 2005; Maclean et al., 2008a).
This section provides an overview of the 405-nm light EDS with regard to its design, characteristics and

efficacy in healthcare.
2.4.1  System Overview

The 405-nm light EDS was first developed at the University of Strathclyde as a means of providing
continuous decontamination to the air and exposed surfaces within occupied environments (Anderson
et al., 2008). For clinical use, it is designed to be implemented as a complimentary disinfection approach
used in conjunction with conventional infection control measures (Anderson ef al., 2008; Maclean et
al., 2010, 2013a; Bache et al., 2012a). These ceiling-mounted light sources consist of a matrix of light
emitting diodes (LEDs) which emit violet-blue visible light within a narrow spectral profile centred at
405-nm (Anderson et al., 2008), blended with white LEDs to ensure that the illumination produced is
predominantly white and blends with standard clinical room lighting systems (Maclean et al., 2010).
The system is designed to continuously emit low-irradiance violet-blue light across an approximate 10
m? area at irradiances of approximately 0.05-0.5 mW cm™; set, on the basis of extensive laboratory
experiments and international safety guidelines, to stimulate significant bacterial inactivation at levels
deemed safe for continuous human exposure (Anderson et al., 2008; Bache et al., 2012a; ICNIRP,

2013).

The EDS technology has since been licensed from the University of Strathclyde by a number of
companies including Kenall Lighting, a major US lighting company, who have successfully marketed
the technology under the brand name IndigoClean™. They have produced a range of products which

incorporate the technology, from standard room to operating theatre lighting (Figure 2.6).
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Figure 2.6 Commercial 405-nm light EDS in (A) antimicrobial blue only mode and (B) blended mode (Kenall
Manufacturing, 2017).

2.4.2  Clinical Efficacy

The antimicrobial nature of 405-nm light is discussed comprehensively in Section 2.4.3; this section
focuses primarily on studies which examine clinical efficacy of the 405-nm light EDS. In all cases, the

system was employed as a complementary disinfection protocol in conjunction with standard cleaning.

Initial studies by Maclean et al. (2010) assessed levels of staphylococcal bacteria on frequently touched
surfaces in a single-bed isolation room housing an MRSA-infected burns patient with two 405-nm light
EDS installed and switched on for around 14 h/day. Findings indicated increasing reductions (56-86%)
over 5 days of use and rising levels (<126%) in the 6 days following use; confirming the recontamination
effect post-treatment and the necessity for a continuous disinfection approach (Maclean et al., 2010).
Subsequently, Bache et al. (2012) evaluated its efficacy for reducing surface staphylococcal bacteria
contamination in a single-bed isolation room housing a burns inpatient and a burns outpatient clinic.
Inpatient studies demonstrated 27-75% reductions over 2 days of use, and outpatient studies
demonstrated 61% reductions over an 8 h clinic; indicating the decontamination effect is neither patient
nor room dependant (Bache et al., 2012a). Efficacy has also been demonstrated in non-patient clinical
areas, such as nurses’ stations and preparation rooms, where surface contamination as high as 193 CFU

plate’! has been shown (Coyle et al., 2011).

Maclean et al. (2013a) evaluated its efficacy in an occupied ICU isolation room for surface
decontamination of both staphylococcal-type and total viable bacteria, to provide a broader overview
of antimicrobial activity. Findings indicated 63-67% reductions in both following 2-5 days of use; with

levels returning to pre-treatment and higher levels (<375% increase) post treatment (Maclean et al.,
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2013a). This study additionally found that, although reductions were greater on directly illuminated
surfaces (63%), significant and uniform reductions were also achieved on indirectly illuminated surfaces
(48%); indicating decontamination occurs throughout the room and not just on surfaces in close
proximity (Maclean et al., 2013a). Further, Bache et al., (2018) investigated the effects of irradiance
and exposure time on staphylococcal contamination levels within an occupied burns isolation room:
reductions were shown to cumulatively increase upon increasing exposure time, with 53, 69 and 86%
reductions observed following 2, 4 and 6 days of use, respectively; however, no correlation was
demonstrated between reductions and irradiance levels, with 50-100% reductions at each sampling site
regardless of irradiance. The authors suggested, given light dose is a function of irradiance and exposure
time, and the irradiances employed are so low (<I mW cm?) whilst exposure times can span several

days, it is possible that exposure time is more critical in the decontamination effect (Bache et al., 2018a).

Kendall Manufacturing’s IndigoClean™ is available in a multitude of fixtures which emit low levels of
405-nm light (0.1-0.2 mW c¢m™) to decontaminate surgical rooms, procedure rooms, patient bathrooms,
ORs and healthcare pharmacies (Kenall Manufacturing, 2017). Its efficacy was first demonstrated by
Sandhu et al. (2016), who observed 88.8% and 94.9% reductions (2456 to 275 and 14 CFU plate™,
respectively) in S. aureus contamination on ICU surfaces following 2 and 3 weeks of use, respectively.
Further, Sutton et al. (2016) investigated its efficacy within a level II trauma room - an environment
which cannot easily be sealed and thus renders alternative ‘whole-room’ decontamination methods
challenging — with results demonstrating reductions in mean bacterial counts across 15 weeks of use
(24.5t0 5.2 CFU plate™!) despite mean patient minutes in the room increasing (254 to 490); highlighting
its efficacy even during periods of increased room activity. Rutala ef al. (2018) demonstrated its ability
to reduce surface-seeded MRSA, VRE and MDR Acinetobacter by <90% in 24 h exposure to irradiances
of 0.3-0.4 mW cm?. In a randomised control trial, Warren et al. (2020) demonstrated that installation
of the system resulted in fewer pathogens within wound/pulmonary outpatient clinics; however, no
reductions in contamination levels were presented by the end of each clinic day. It should be noted,
however, that contamination levels within clinics substantially increased throughout the day (<87%),

and thus longer exposures may be necessary to achieve adequate decontamination (Warren et al., 2020).

Although these studies have successfully demonstrated reductions in environmental contamination,

infection prevention guidelines do not currently include the use of no-touch disinfection technologies,

31



such as the 405-nm light EDS, primarily due to a lack of evidence to demonstrate ensuing reductions in
HAI development (Health Protection Scotland, 2017a). Recently, however, Murrell et al. (2019),
assessed the efficacy of a 405-nm light EDS for reduction of bacterial surface contaminants within an
orthopaedic OR, and its subsequent impact on SSI rate for procedures performed in the year therein.
After one year of use, bacterial counts were reduced by 81% and SSI rates reduced from 1.4% in the
year pre-installation to 0.4% in the year post-installation (Murrell et al., 2019); proving its efficacy at
both reducing environmental contamination levels and subsequent HAI rates, which is the ultimate goal
of any environmental disinfection strategy. Further, the authors noted that this effect extended into an
adjacent OR, where bacterial levels were reduced by 49% and SSI rates reduced from 1.2% to 0.3%;
believed to be due to the positioning and shared air circulatory system between the two OR’s, suggesting
the system’s efficacy for inactivation of airborne bacteria (Murrell et al., 2019). Although promising,

further exploration into this effect will be crucial in its widespread implementation.

2.4.3 Antimicrobial Mechanism of Action

Violet-blue visible light induces microbial inactivation using mechanisms analogous to photodynamic
therapy (PDT); a treatment modality in which a light-activated chemical substance, termed a
photosensitiser, and low intensity visible light, of specific wavelength, are combined in the presence of
oxygen to produce cytotoxic species which induce localised destruction of a target cell or organism
(Hamblin and Hasan, 2004). PDT was first reported by Raab (1900), who discovered the lethal
combined effects of acridine red and visible light on Paramecium caudatum; with ensuring studies
discovering the necessity of oxygen in the process (von Tappeiner, 1904). However, PDT for
antimicrobial purposes was not widely implemented until the 1990’s — instead emerging as a
malignancy treatment — when it was realised that the “antibiotic era” was under serious threat (Jori et
al., 2006). Compared to conventional antibiotics, PDT is an advantageous alternative: it is non-specific
and so one photosensitiser can act on various microorganisms; efficacy is independent of microbial
resistance patterns, with an improbability of resistance development; it has high selectively for
hyperproliferating cells including microbes; and its effects are localised, minimising damage to host
tissue and/or mutagenesis (Nitzan et al., 1992; Cassell and Mekalanos, 2001; Jori et al., 2006).
Traditionally, PDT employs non-toxic chemical dyes, porphyrins or chlorophylls as photosensitisers,

which are delivered to a specific area and illuminated at the required wavelength to elicit cell damage
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(Allison et al., 2004). Those presently employed include halogenated xanthene’s, such as Rose
Bengal, phenothiazinium dyes, such as toluidine blue, and porphyrin derivatives, such as
hematoporphyrin (Wilson and Yianni, 1995; Wainwright, 1998; Bertoloni et al., 2000; Tanielian ef al.,
2000). It is essential that these agents demonstrate high tissue selectivity, to minimise host cell damage;
are adequately small/ soluble to penetrate membranes; demonstrate rapid clearance from normal tissues
to minimise phototoxic side effects; possess a substantial triplet quantum yield to maximise ROS

production; and are relatively cheap/ easy to mass manufacture (Abrahamse and Hamblin, 2016).

Research over the last 20 years, however, has indicated photosensitive additives are not necessarily
required for PDT, and that violet-blue visible light possess the ability to excite naturally occurring
intracellular photosensitive molecules, namely porphyrins, within microbial cells (Papageorgiou et al.,

2000; Ashkenazi ef al., 2003; Hamblin et al., 2005; Maclean, 2006; Guffey and Wilborn, 2007).

2.4.3.1  Porphyrins and the Photodynamic Inactivation Process

Porphyrins are highly pigmented organic compounds which occur naturally in both prokaryotic and
eukaryotic cells and are fundamental to various biological processes including oxygen transport,
electron transport, photosynthesis, pigmentation changes and catalysis reactions (Goldoni, 2002). They
each consist of a basic organic porphine macrocyclic ring framework (Figure 2.7), with specific type
and function derived from side-chain substitution of porphine at the methine bridges (positions 5, 10,
15 and 20) or exposed pyrrole regions (positions 1, 4, 6,9, 11, 14, 16 and 19) with non-hydrogen atoms

or groups (Lesage et al., 1993; Milgrom, 1997; Josefsen and Boyle, 2008).

Figure 2.7 Molecular structure of porphine (C20H14N4) which consists of a 16-atom ring containing four nitrogen
atoms obtained by linking four pyrrole sub-units with four methine bridges (Josefsen and Boyle, 2008).

Porphyrins present distinctive absorption characteristics in the ultraviolet-visible (UV-Vis) spectrum

(Figure 2.8). Maximum absorption, termed the Soret band, is demonstrated at approximately 400 nm,
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and four weaker absorptions, termed the Q bands (I, II, III and IV), are demonstrated at approximately
450-700 nm (Goldoni, 2002; Josefsen and Boyle, 2008). The relative intensities and wavelengths of

each are associated with the type and position of porphine substituents (Giovannetti, 2012).
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Figure 2.8 UV-Vis absorption spectrum of porphyrins. Adapted from (Josefsen & Boyle (2008).

Absorption of 405-nm light induces photoexcitation of porphyrin molecules within microbial cells,
which inaugurates a sequence of actions to produce ROS and ultimately results in microbial cell death
(Hamblin et al., 2005; Maclean et al., 2008a). The ability of endogenous porphyrins to act as
photosensitisers eliminates the requirement for chemical additives, required in traditional PDT, to

actuate microbial inactivation. This mechanism of photoexcitation (Figure 2.9) is described as follows.
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Figure 2.9 Jablonski diagram demonstrating the photoexcitation of endogenous porphyrins upon 405-nm light.
Straight arrows represent radiative energy transitions; curved arrows represent non-radiative energy transitions.
VR: vibrational relaxation; IC: internal conversion; ISC: intersystem crossing.
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In their natural ground singlet state (So), porphyrins have a stable electron configuration comprising two
unpaired electrons in its outermost electron orbitals with opposite spin bearing null net angular
momentum (Vatansever ef al., 2013). Absorption of a violet-blue light photon provides sufficient
quantum energy to transport a porphyrin electron from its ground state to one of many unstable and
short-lived excited singlet states (S>1) (Dai et al., 2012a). Exposure to approximately 400 nm results in
strong electron transmission from Sy to S,, giving rise to the Soret band; and photo-stimulation at
approximately 450-700 nm results in weaker transmission from Sy to S;, giving rise to Q bands
(Goldoni, 2002; Josefsen and Boyle, 2008; Dai et al., 2012a). With an electron in an excited singlet
state, porphyrins will rapidly endeavour to lose this excess energy and return to So in order to regain
stability (Abrahamse and Hamblin, 2016). If in a high vibrational level of an excited state, the electron
will fall to the energetically lowest level of that state through vibrational relaxation (VR); releasing heat
to its surroundings (Plaetzer et al., 2009). If elevated to an excited singlet state more energetic than S1,
the electron will fall to lower energetic states by internal conversion (IC); similar to VR, releasing heat
to the surroundings (Plaetzer ef al., 2009). When at the energetically lowest level of Sy, the porphyrin
will partake in one of three energy-releasing mechanisms: the electron may return to Sy by fluorescence,
which involves energy release through secondary photon emission of lower energy (approximately 630
nm) than that used for photoexcitation; the electron may return to So by IC; or, most importantly for
cellular inactivation (Dai et al., 2012a; Vatansever et al., 2013), the electron may participate in
intersystem crossing (ISC), which involves spin reversal of the excited electron and subsequent
transportation from S; to its triplet excited state (T:) (Plaetzer et al., 2009; Abrahamse and Hamblin,

2016).

In T}, the spin reversal of the excited electron produces parallel spin to its former paired electron, and
net angular momentum is no longer equal to zero (St. Denis et al., 2011a) . As such, the electron is not
permitted to immediately decay to its ground state: the molecule will have identical quantum numbers
to that of its paired electrons; violating the Pauli Exclusion Principe (Frenkel, 1930). Accordingly, the
electron can either: change its spin orientation, which is a relatively slow process, and return to Sy
through photon emission (phosphorescence); or interact with molecules abundant in the immediate
environment (Dai et al., 2012a). Although less energetic than Sy, T; is much more stable and provides

a significantly longer lifespan (microseconds versus nanoseconds) for molecular interaction (Dai ef al.,
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2012a). Based on the selection rules, which specify that triplet-triplet interactions are permitted whilst
triplet-singlet interactions are forbidden (Frenkel, 1930), porphyrin in T; can readily interact with
molecular oxygen (°0,), which, uniquely, is one of few molecules inherently found as a triplet in its

ground state (Dai ef al., 2012a).

The interaction of porphyrins with 30, is crucial to the production of ROS, which comprise superoxide
(02*), H,0,, hydroxyl radical (¢OH) and singlet oxygen (!0,). ROS are natural by-products of cell
activity and, at low levels, have important roles in cell signalling pathways, including aerobic
respiration, metabolism and redox homeostasis, and are vital for cell survival, apoptosis and
differentiation (Droge, 2002; Bae et al., 2011). Cellular antioxidant defence mechanisms have evolved
to neutralise low level ROS; however, when produced in excess, ROS can overwhelm these systems
and induce oxidative stress, which can damage cellular components and ultimately lead to cell death
(Ray et al., 2012; Vatansever et al., 2013). In T, porphyrins can readily interact with 30, to produce

ROS by one of two photooxidative reaction pathways.

Type I pathway involves electron/hydrogen atom transfer from porphyrin in T to >0, to produce 02
(Plaetzer et al., 2009). O2° is not particularly reactive, inducing limited oxidative damage alone;
however, it can react with itself through dismutation, catalysed by superoxide dismutase (SOD), to yield
H,0»; which again is not particularly reactive, however, in the presence of O2°, produces extremely
reactive ®OH via the Haber-Weiss and/or Fenton reaction (Castano ef al., 2004; Plaetzer et al., 2009).
Type Il pathway involves transfer of excitation energy, as opposed to electrons, from porphyrin in T
to 0a. This inverses the spin of an outermost electron of 3O,, resulting in the production of 'O, which,
due to its electron configuration instability, is extremely short-lived and reactive (St. Denis et al.,

2011a).

Both pathways occur concurrently and in competition, with the relative proportions of each thought to
be dependent on photosensitiser structure and micro-environment (Plaetzer et al., 2009). Production of
ROS is mechanically simpler via the Type II pathway (Vatansever et al., 2013), and porphyrins
composed of a tetrapyrrole framework tend to predominantly produce Type II 'O, over Type I ROS

(Abrahamse and Hamblin, 2016). ROS-induced cellular damage is strictly localised given the short half-
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life (nanoseconds) and diffusion distance (20 nm) of ROS; providing a ‘therapeutic window’, whereby

microbial cells can be destroyed without damaging adjacent cells (Moan, 1990).
2.4.3.2 Oxidative Damage

Given its non-specific nature, overproduction of ROS, generated during the violet-blue light
photodynamic inactivation process, can induce a wide range of damage to microbial cells. This section
provides an overview of the current understanding of the cellular targets and the damage induced by

violet-blue light exposure.

Early studies by McKenzie et al. (2016) indicated exposure to 405-nm light (65 mW cm for <180 min)
reduced the membrane integrity of both S. aureus and E. coli, based on observations of a loss of salt
and bile tolerance and an increase in release of nucleic acid material into the extracellular matrix of both
species upon exposure. Later studies similarly concluded that the cellular membrane was a key target
in violet-blue light inactivation, with evidence of increasing membrane permeability, loss of efflux
activity, changes in transmembrane potential and polarisation in various bacterial species (Biener et al.,
2017; Kim and Yuk, 2017; Chu ef al., 2019; Jeffet et al., 2020; Kim and Kang, 2021; dos Anjos et al.,
2023). Of these, Biener ef al. (2017) observed that, for MRSA exposure to 405-nm light (135 mW cm-
2 for <30 min), membrane damage occurred drastically within the first 5 min and then continued slowly
as exposure time increased; suggesting damage induced on membranes is immediate. Interestingly, dos
Anjos et al. (2023) indicated, upon exposing S. aureus, E. coli and P. aeruginosa to 410-nm, sublethal
doses induced measurable membrane permeabilization in the Gram-negative species, however much
higher doses were required for this same effect in S. aureus (45.8 versus 549.6 J cm2); suggesting

damage is likely dependent on species-specific variances in antioxidant/ DNA repair mechanisms.

Damage to bacterial DNA has also been found following 405-nm light inactivation, with previous
studies indicating increasing DNA oxidation levels, disorganisation of chromosomes and ribosomes, A-
DNA cleavage and DNA fragmentation upon exposure (Bumah et al., 2013; Kim and Yuk, 2017;
Djouiai et al., 2018; Jeffet et al., 2020; dos Anjos et al., 2023). dos Anjos et al., (2023) indicated
differences in the extent of DNA damage in different species: using doses <366.5 J cm™, known to
induce complete inactivation, significant levels of DNA degradation were demonstrated in both S.

aureus and E. coli, but none was demonstrated in P. aeruginosa. The authors suggested this may be due
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to damage instigated upon the membrane of P. aeruginosa upon these exposures, which likely mitigated
damage to DNA given the short lifetime of ROS: DNA is robust, and sustained ROS production is likely
required to elicit damage (dos Anjos et al., 2023). Djouiai et al. (2018) observed DNA is a major target

in sporicidal bacteria.

Bacterial lipids have also shown to be cellular targets in blue-light mediated inactivation, with previous
studies indicating that lipid peroxidation, particularly towards unsaturated fatty acids, are associated
with cellular inactivation (Chu et al., 2019; dos Anjos et al., 2023). Further, Fila et al. (2017)
demonstrated, for the first time, lethal 405-nm light exposure can inactivate multiple virulence factors
of P. aeruginosa; and Kim and Kang (2021) indicated 405-nm light exposure results in a loss of cellular
respiratory activity. Together, these studies demonstrate that damage induced by violet-blue light likely

involves multiple cellular components, with many likely being targeted at any given time.
2.4.3.3  Antimicrobial Efficacy

Violet-blue light within the region of 405-nm demonstrates widespread antimicrobial efficacy towards
various micro-organisms, including bacteria, fungi and viruses, presented in liquid suspension, on
surfaces and in aerosols (Maclean et al., 2008a, 2008b, 2009, 2013b; Murdoch et al., 2010, 2012, 2013;
Endarko et al., 2012; McKenzie et al., 2013, 2014; Tomb et al., 2014, 2017b; Moorhead et al., 2016a;
Dougall et al., 2018). Given the context of this thesis, its antibacterial and antiviral efficacy will be

discussed in the following sections.
Bacterial Inactivation

The ability of violet-blue light to inactivate bacteria without requiring external photosensitisers was
initially observed in Helicobacter pylori, Propionibacterium acnes, S. aureus and P. aeruginosa
(Papageorgiou et al., 2000; Ashkenazi et al., 2003; Hamblin et al., 2005; Maclean, 2006; Guffey and
Wilborn, 2007); theorised to be due to the presence of photosensitive porphyrins within exposed
bacteria. Maclean et al. demonstrated that, within the visible spectrum, greatest antibacterial activity
occurs at 405 + 10 nm (Maclean et al., 2008a) and that the presence of oxygen is essential for the
photoinactivation process (Maclean et al., 2008b). Multiple studies have since confirmed the presence
of endogenous porphyrins at levels sufficient to elicit inactivation in numerous HAI-associated bacteria

(Dai et al., 2013b; Zhang et al., 2014, 2016; Kumar et al., 2015; Wang et al., 2016), and violet-blue
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light inactivation of a broad-spectrum of HAI-inducing bacterial species, including ESKAPE pathogens,
has been demonstrated (Guffey and Wilborn, 2006; Enwemeka et al., 2008; Maclean et al., 2008a, 2009;

Hoenes et al., 2021; Amodeo et al., 2022).

This broad-spectrum efficacy is believed to be primarily due to the non-selective and non-specific nature
of damage incited by ROS (Maisch, 2015). Unlike antibiotics, which act specifically towards one
cellular target (Maisch, 2009), the photo-destructive oxidative burst following 405-nm light exposure
produces ROS which pervade bacteria and induce damage to various targets in a way that is not
conducive to bacterial survival or resistance development (Maclean ef al., 2014). As such, successful
inactivation of MDR bacteria, including MRSA, A. baumannii, K. pneumoniae and B-lactam resistant

E. coli, has been demonstrated (Maclean et al., 2009; Barneck et al., 2016; Halstead ef al., 2016).

The efficacy of 405-nm light inactivation is thought to be dependent on species-specific differences in
the distribution and quantity of porphyrins produced by bacteria (Nitzan et al., 2004; Maclean et al.,
2009; Kumar et al., 2015). Coproporphyrin 111, protoporphyrin IX and uroporphyrin 111 are considered
primarily responsible for inactivation (Ashkenazi et al., 2003; Feuerstein et al., 2005; Maclean et al.,
2008a, 2008b; Dai et al., 2013b); with coproporphyrin most significant as it produces the majority of
free radicals. Whilst examining inactivation of bacteria pre-treated with 6-aminolaevulinic acid (8-
ALA) — a naturally occurring metabolite which increases uroporphyrin, coproporphyrin and
protoporphyrin production through the heme synthesis pathway (Kennedy and Pottier, 1992) — and
exposed to 407-420 nm light, Nitzan et al. (2004) found, although total porphyrin content was higher
in Gram-negative bacteria than the staphylococcal strains investigated, the coproporphyrin content of
staphylococcal strains was approximately 3 orders of magnitude greater, and exposure to 100 J cm
decreased cell viability by approximately 5 orders of magnitude greater, than that of the Gram-negative
bacteria. More recently, Kumar et al. (2015) found coproporphyrin to be approximately 3 orders of
magnitude higher in Gram-positive species compared to Gram-negative species examined; and
exposure to 360 J cm achieved 1.9-4 logye reductions in Gram-positive species, compared to 0-0.6
logie reductions in Gram-negative species. However, no correlation was found between coproporphyrin
content and inactivation efficacy within bacterial classes: for Gram-positive, coproporphyrin was
significantly higher in B. cereus compared to S. aureus, yet S. aureus inactivation was higher; for Gram-

negative, coproporphyrin was significantly lower in E. coli than in S. typhimurium, yet E. coli
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demonstrated higher inactivation (Kumar et al., 2015); suggesting other cellular factors are also likely
to be influential. Certain species-specific structural differences in the cell envelope, for example, have
shown to protect against light penetration (Murdoch et al., 2012). Further, bacterial endospores,
although successfully inactivated by 405-nm light, require higher doses than their vegetative equivalent,
which is proposed to potentially be due to reduced levels of heme proteins — which are members of the

porphyrin family — in the former (Abad-Lozano and Rodriguez-Valera, 1984; Maclean et al., 2013b).
Viral Inactivation

Given their lack of endogenous porphyrins, the mechanism of 405-nm light viral inactivation is yet to
be fully understood; however, recent studies have indicated that viral inactivation by 405-nm light is
still possible in the absence of external photosensitisers. Proof of concept results demonstrated the
ability of 405-nm light to inactivate Streptomyces bacteriophage $C31, as a surrogate for non-enveloped
double-stranded DNA viruses (Tomb et al., 2014), and feline calicivirus (FCV), as a model for norovirus
(Tomb et al., 2017b). In both cases, enhanced susceptibility to light treatment (88-89% less dose
required for 1 logio reductions) was demonstrated when microbes were exposed in nutrient-
rich/biologically-relevant media as opposed to minimal suspensions; likely owing to the fact that the
latter typically contains constituents predisposed to 405-nm light photosensitisation, such as mucins
present within saliva, and thus can aid in the inactivation effect by impacting local oxidative damage to

fundamental structures in the bacteriophage or virus (Tomb etz al., 2014, 2017b).

The lower susceptibility of $C31 and FCV in minimal media was therefore likely due to the absence of
photosensitisers within viral structures; however, viral reductions were still observed, suggesting
inactivation in these cases was likely due to a differing mechanism (Tomb et al., 2014, 2017b).
Inactivation may be due to the low-level UV-A exposure at the tail end of the 405-nm LED emission
spectrum (Tomb et al., 2014, 2017b), which, over extended periods, will likely cause an extent of
oxidative damage to viral/phage proteins (Girard et al., 2011); or due to the small portion of 420-430
nm light exposure in the 405-nm LED emission spectrum, which has previously shown to induce
damage to the virion-associated reverse transcription complex of murine leukaemia virus upon extended

exposure (Richardson and Porter, 2005).
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As expected, viruses and bacteriophages are less susceptible to 405-nm light inactivation than vegetative
bacteria, with a recent review article highlighting that, from data analysed from 79 sources, the mean
dose of 380-420 nm light required for a 1 log;o reduction is in the region of 100 J cm for bacteria; with
up to 1 kJ cm? required for viruses and bacteriophage (Tomb et al., 2018). Despite this, inactivation of
various HAl-relevant viruses, such as HIV, adenovirus and norovirus, upon violet-blue light exposure
has since been demonstrated (Kingsley et al., 2017; Terrosi et al., 2021; Ragupathy et al., 2022).
Further, given the relevance of the COVID-19 pandemic, there has been a recent upsurge in research
which has demonstrated its ability to inactivate SARS-CoV-2 or appropriate surrogates (Biasin et al.,
2021; Enwemeka ef al., 2021; Gardner et al., 2021; Lau ef al., 2021; Rathnasinghe ef al., 2021; Vatter
et al., 2021; Singh et al., 2023). Recent studies have additionally indicated an enhanced susceptibility
of enveloped versus non-enveloped viruses to 405-nm light inactivation; suggesting the lipid envelope

may be capable of instigating damage (Rathnasinghe et al., 2021).
2.4.4  Benefits of the 405-nm light EDS

The 405-nm light EDS offers an effective and safe alternative to clinical environment decontamination

due to various unique attributes.
Safety Profile

The wavelengths employed are antimicrobial against towards various HAI-inducing pathogens
(Maclean et al., 2008a, 2009, 2013b; Murdoch et al., 2012; Halstead et al., 2016; Moorhead et al.,
2016a; Tomb et al., 2017b), without chemical additives. Furthermore, recent studies have indicated a
higher sensitivity of bacterial cells to 405-nm light inactivation than mammalian cells, meaning 405-
nm light can be employed at bactericidal levels without harming human tissue (McDonald et al., 2011;
Dai et al., 2013a, 2013b; Ramakrishnan et al., 2014). This is particularly advantageous over gaseous
technologies previously discussed, which are often limited by the release of harmful gas/vapours.
Further, compared to UV light, 405-nm light is of much lower photon energy and, although less
germicidal — requiring doses in the order of joules compared to millijoules to achieve inactivation — it
is not associated with detrimental effects affiliated with UV exposure, which include long-term material
degradation and radiative effects to the human eye/skin (Van Kuijk, 1991; Matsumura and

Ananthaswamy, 2004; Andrady et al., 2023). Violet-blue light is intrinsically safe for human exposure,
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with irradiances using in the EDS selected in harmonisation with relevant international safety guidelines
(Anderson et al., 2008; ICNIRP, 2013). The light levels employed render negligible superficial effects
on commensal skin microflora, as they are unable to penetrate to the depth of the sebaceous glands and
hair follicles where these microbes reside (Maclean et al., 2013a); and are considerably lower than blue
light wavelengths known to negatively impact human health, which is typically around 440-nm (photo

retinitis) and 460-480-nm (mood and circadian rhythm) (Lockley et al., 2003; Maclean et al., 2014).
Continuous Decontamination Effect

The ability to induce microbial inactivation at levels inherently safe for human exposure enables the
system to advantageously be used continuously in the presence of room occupants. The 405-nm light
EDS can safely, automatically and unobtrusively provide a unique continuous decontamination effect
on the air and exposed surfaces in the presence of hospital staff, patients and visitors (Maclean et al.,
2010). Rooms do not require vacation prior to cleaning, which is both time/expenses saving and limits
interruption to regular hospital activities or patient care. Further, the shedding of organisms suspended
in the air and precipitated on surfaces can be addressed in real-time and between manual cleaning, which
is particularly useful during periods of intense room activity, such as bed/ dressing changes and visiting
times, which are associated with high bacterial transmission (Maclean et al., 2013a; Dougall et al.,
2019). This combination of attributes enables the technology to uniquely and safely lower levels of

microbial contamination within healthcare settings in efforts to minimise the risk of HAI acquisition.
Unlikelihood of Pathogen Tolerance

The misuse and overuse of antibiotics is a key driver in the emergence of MDR strains and, given the
limited pipeline of antibiotic production, it is essential that novel antimicrobials with a limited likelihood
of tolerance development are established (WHO, 2021a). Conventional antibiotic treatments act
specifically on one distinct subcellular target through the ‘key-hole’ principle and bacteria have thus
developed mechanisms to resist these specific damage approaches (Maisch, 2009; Reygaert, 2018). By
contrast, violet-blue light employs a non-selective and multi-targeted damage approach in which no
specific porphyrin-receptor interactions are necessary and no specific target structures are the focus of

the oxidative burst (Maisch, 2015). Light-induced ROS instead pervade the pathogen and incite damage
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upon various cellular structures (Maclean et al., 2014), thus making it more difficult for resistance to

develop.

Several studies have demonstrated an unlikelihood for bacteria to develop resistance towards 405-nm
light exposure, primarily by exposing bacteria to repeated sub-lethal light treatments and reporting no
change in the subsequent susceptibility of bacteria to inactivation (Zhang et al., 2014; Amin et al., 2016;
Tomb et al., 2017a; Leanse et al., 2018; Wang et al., 2019). Following 10 cycles of sub-lethal blue light
exposure (14.6-20 mW cm?) and culture, Zhang et al. (2014) demonstrated an increase in susceptibility
of MDR A. baumannii to treatment and Amin et al. (2016) demonstrated no change in susceptibility of
MDR P. aeruginosa to treatment. Tomb ef al. (2017a) exposed MSSA and MRSA to 15 cycles of sub-
lethal 405-nm light (180 J cm™; 60 mW cm) and found no significant difference (P>0.05) between
reductions achieved before (1.3 logo) and after cycles (1.2-1.4 logio), and minimal impact on antibiotic

susceptibility.

There have, however, additionally been reports of the potential for bacteria to develop tolerance towards
violet-blue light, with evidence of decreased efficacy following repeated sub-lethal exposures (Guffey
etal.,2013; Rapacka-Zdonczyk et al., 2019, 2021; Kruszewska-Naczk et al., 2023). Bacterial cells have
developed several mechanisms to overcome oxidative stress within their immediate environment (Casas
et al., 2011). ROS production is antagonised by various cellular antioxidant defence mechanisms,
including the glutathione system, SOD, catalase, peroxidase and lipoamide dehydrogenase, which are
up-regulated in response to oxidative stress to detoxify ROS (Maisch, 2015). Also upregulated are
antioxidant enzymes, such as tryptophan and cysteamine, which aid in ROS quenching and
detoxification (Henderson and Miller, 1986; Wang et al., 2001); RpoH sigma factor, which stimulates
expression of defence factor proteins involved in ROS quenching and detoxification (Braatsch et al.,
2004); and heat shock proteins, which are responsible for various cytoprotective mechanisms including
acting as intra-cellular chaperones for other proteins, folding and assisting in protein conformation,
preventing unwanted protein aggregation and helping to stabilise partially unfolded proteins (Rodriguez
et al., 2016). Useful at low oxidative stress levels, these cellular responses are often limited as oxidative
stress increases to levels beyond their capacity for recovery (Kessel and Oleinick, 2009). Further, it
typically takes 5-10 min for such cellular responses to commence (Wolf et al., 2008), and so often

irreversible cellular damage will have already occurred within this time. When ROS generation is
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sufficiently high, fundamental defence protein levels will be insufficient to scavenge ROS and bacteria
are unlikely to survive. These mechanisms suggest an unlikelihood that bacteria will develop resistance
to 405-nm light induced ROS production. Although studies have indicated tolerance formation is
possible, it is important to note that resistance formation to violet-blue light has yet to be described. It
should, however, be considered that a balance likely exists between 405-nm light inactivation and ROS-

mediated responses, and thus further work in this area is essential to fully understand the mechanism.

2,5 Overall Summary and Research Aims

This literature review has comprehensively examined issues associated with contamination of clinical
environments, the subsequent spread of nosocomial infections, current methods of environmental
decontamination, the novel 405-nm light EDS, and key fundamental concepts associated with
antimicrobial 405-nm light exposure. The antimicrobial nature of 405-nm light is still a relatively recent
scientific discovery and there are still various aspects which require further research. This thesis aims
to generate important novel information on 405-nm light technology, with specific regard to its use at
low irradiance levels for environmental decontamination applications, by investigating aspects of its
fundamental photochemical inactivation mechanism. To achieve this, the following chapters will
investigate low irradiance 405-nm light at levels analogous to that employed for environmental

decontamination in terms of’

(1) broad-spectrum antibacterial efficacy;

(2) key operational considerations associated with practical clinical implementation;

(3) germicidal efficacy and mechanisms of inactivation, in comparison to that of higher irradiance
exposures on a per-unit-dose basis; and,

(4) antiviral efficacy against a SARS-CoV-2 surrogate.

Collectively, these studies seek to advance current knowledge of this emerging technology and further
its development for environmental decontamination applications, and the motivations for each are

discussed in the relevant chapters.
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CHAPTER 3

General Methodology

3.0 Overview

This chapter provides detail of the general methodologies required for the experimental work conducted
throughout this thesis. This includes details of the microbiological cultivation and handling techniques,
the optical light sources employed, and the data and statistical analysis techniques. Specific detailed

protocols used for experiments are provided in subsequent chapters.

3.1 Bacterial Methodology

This section provides details of the methods required to cultivate, maintain, prepare and enumerate
bacteria used for light exposure experiments.

3.1.1  Bacterial Strains

The bacterial strains employed for experimental testing throughout this thesis and their optimal growth

conditions are presented in Table 3.1.

Table 3.1 Bacterial strains employed in this thesis and their associated culture requirements. [TSB: Tryptone
Soya Broth; TSA: Tryptone Soya Agar; NB: Nutrient Broth; NA: Nutrient Agar. Sourced from Oxoid Ltd., UK]

Bacterial Strain Collection No. Culture Medium Culture Temp. (°C)
Enterococcus faecium LMG 11423 TSB/TSA 37
Staphylococcus aureus NCTC 4135 NB/NA 37
Klebsiella pneumoniae NCTC 9633 NB/NA 37
Acinetobacter baumannii NCTC 12156 NB/NA 37
Pseudomonas aeruginosa LMG 9009 NB/NA 37
Enterobacter cloacae LMG 2783 NB/NA 37
Escherichia coli NCTC 9001 NB/NA 37
Yersinia entercolitica LMG 7899 NB/NA 37
TSB / Enriched TSA (TSA
Pseudomonas syringae DSM 21482 + 5 mM MgSO4 and 25
5 mM CaCl,)
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3.1.2  Cultivation and Maintenance of Bacterial Stock Populations

Where necessary, bacterial strains were purchased from the relevant culture collection as freeze-dried
cultures in glass ampoules. Upon receipt, ampoules were opened and bacterial samples rehydrated by
inoculation into the appropriate media as per the relevant culture collection instructions (BCCM, 2015;
DSMZ, 2014; NCTC, 2019). Once reconstituted, bacterial cultures were held for long-term storage on

Microbank™ beads (Pro-Lab Diagnostics Inc., UK) at -20 °C.

To provide a source of inoculum for experimental testing, stock cultures of each bacterium were
prepared at the outset of investigations for short-term storage onto agar plates and slopes. To do this, an
inoculated Microbank™ bead was first streaked onto an agar plate of the appropriate growth medium
and incubated (IP 250 Incubator; LTE Scientific, UK) at the required temperature for growth of that
particular bacterial species for 18-24 h (Table 3.1). Once cultured, bacteria were streak plated and
incubated at the required temperature for 18-24 h to obtain single colonies (Figure 3.1). A colony of this
pure culture was then sub-cultured onto agar slopes and incubated at the required temperature for 18-
24 h, before storing at 4°C. These slopes were then used as the regular source of inoculum for daily
experimental testing. All bacterial strains cultured on agar slopes were re-streaked every 4-6 weeks and

purity was checked by Gram staining.

Figure 3.1 Streak-plate method used to obtain single colonies of bacteria.

To culture a bacterial species for experimental use, a loop of the required bacterium was aseptically
inoculated into 100 mL of the required culture media for bacterial growth (Table 3.1). The inoculated
culture media was then incubated under rotary conditions (120 rpm; C24 Incubator Shaker, New
Brunswick Scientific, USA) at the appropriate temperature (Table 3.1) for 18-24 h to obtain a bacterial

cell density of approximately 10° CFU mL™.
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3.1.3  Re-Suspension and Serial Dilutions

Following bacterial cultivation, suspensions were centrifuged at 3939 x g for 10 min (Heraeus
Labofuge 400R Centrifuge; Kendro Laboratory Products, UK). For experimental use, the supernatant
was discarded and the bacterial pellet was re-suspended in 100 mL phosphate buffered saline (PBS;
Oxoid Ltd, UK), providing a stock suspension of 10° CFU mL-! which was then serially diluted (Figure

3.2), if required, to obtain the desired population density for experimental testing.

1 mL

into .
9 mi. PES 1 mL 1 mL mL 1 mL 1 mL
- into nto inta into in lc
9 mlL PBS 9mlL PBS 9 mL PBS o ml PES ’}ml PES

"FERERE

100 mL
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Figure 3.2 Serial dilution of a neat bacterial sample to obtain the required bacterial cell density for experimental

use. Image created with BioRender.com.
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3.1.4  Plating and Enumeration

To accurately determine bacterial populations before and after experimental treatments, samples were

plated onto the appropriate agar medium and incubated to enable growth and enumeration.

For experiments which involved light treatment of agar-seeded bacterial samples, bacterial suspensions
were spread plated onto agar plates. To do this, 100 puL samples were pipetted onto the agar plate, and

manually spread using an L-shaped spreader to evenly distribute the sample across the plate surface.

For experiments which involved exposure of bacterial suspensions, following light-treatments, samples
were plated using either the spread plate method (described above) or the drop plate method. If samples
were estimated to be too numerous to count, they were serially diluted prior to plating. The drop plate
technique was used in instances where multiple dilutions were required to be plated in order to determine

bacterial populations. To do this, 10 pL droplets of bacterial sample were pipetted onto an agar plate,
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and left to dry before incubating. Using this method, up to eight bacterial samples were plated onto a

single agar plate, an example of which is shown in Figure 3.3.

Sample plates were incubated for 18-24 h at the appropriate growth temperature. Following incubation,
bacterial colonies were enumerated using a colony counter (ThermoFisher Scientific, UK), with counts
expressed as colony-forming units per millilitre (CFU mL") for exposures conducted in liquid

suspension, and CFU per plate (CFU plate!) or CFU per coupon for exposures on surfaces.

CFUmL": CFUmL"

® &

Figure 3.3 Drop plate technique for bacterial enumeration: 10 pL droplets of bacteria were pipetted onto an agar
plate, left to dry and then incubated before subsequent enumeration. Image created with BioRender.com.

3.2 Bacteriophage Methodology

The bacteriophage studies conducted in Chapter 8 of this thesis utilised the bacteriophage phi6 and host
bacterium Pseudomonas syringae. This section provides details of the methodology required for the
cultivation and maintenance of both species, in addition to the methodology required for the preparation

and enumeration of phi6 samples employed for experimental testing.
3.2.1  Cultivation and Maintenance of Host Bacterium Stock Populations

The host bacterium P. syringae (DSM 21482) was stored as detailed in Section 3.1.2. For experimental
use, P. syringae was inoculated in 100 mL TSB and cultured at 25°C under rotary conditions (120 rpm)

for 18-24 h, giving a bacterial cell density of approximately 1 x 10° CFU mL"'.
3.2.2  Propagation and Maintenance of Bacteriophage Stock Populations

Bacteriophage phi6 (DSM 21518) was purchased as a 1 mL liquid suspension of bacteria-free lysates

in the host’s growth medium. Upon arrival, all bacterial cells and debris were eliminated from the liquid
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suspension after lysis, by centrifugation and subsequent filtration through a single-use cellulose acetate
membrane with a 0.2 um pore size (Biomed Scientific). This size of filter was chosen to specifically

allow passage of the bacteriophage and SM buffer whilst removing bacterial and cell debris.

The bacteriophage liquid suspension was propagated, and a high-titre phage stock solution was
established through plate lysis and elution. For propagation, the bacteriophage liquid suspension was
serially diluted in SM buffer (1:10 dilutions; 0.1 mL into 0.9 mL) and a 100 pL volume of each dilution
was mixed with 100 pL of a P. syringae culture, which had been inoculated into TSB and incubated at
25°C for the 18-24 h prior. The bacteriophage-host bacterium solution was then incubated at 25°C for
10 min to allow bacteriophage attachment to bacterial cells. Following incubation, the solutions were
mixed with 3 mL of enriched soft TSA and poured onto the centre of an enriched TSA plate. The plates
were swirled to ensure even distribution across the surface and once solidified, were incubated for 18-
24 h at 25°C. Post-incubation, 5 mL SM buffer was added to the plates which demonstrated confluent
lysis and complete bacterial clearance, and these were then stored on a platform shaker for 40 min with
slow agitation to allow elution to occur. Following this, the 5 mL liquid was transferred to a sterile tube
and was filtered through a single-use 0.2 um cellulose acetate membrane. This phage stock was then

stored at 4°C for future experiments.
3.2.3  Assessment of Bacteriophage Stock Populations

Prior to commencing experimental work, the titre of the phage stock was regularly determined. To
correctly determine population, the phage stock solution was first serially diluted in SM buffer (1:10
dilutions; 0.1 mL into 0.9 mL). A 100 pL volume of each dilution was then mixed with 100 pL of a P.
syringae culture, which had been inoculated into TSB and incubated at 25°C for the 18-24 h prior. The
bacteriophage-host bacterium solution was then incubated at 25°C for 10 min to allow attachment of
the bacteriophage to the bacterial cells. Following incubation, the solutions were mixed with 4 mL
molten enriched agar and poured onto the centre of an enriched TSB agar plate. The plates were swirled
to ensure even distribution across the surface and once solidified, were incubated at 25°C for 18-24 h.
Following incubation, the number of plaques formed in bacterial lawns were enumerated and, using the
dilution factor associated with that given plate, the bacteriophage infectivity titre was calculated (Figure

3.4). This provided a bacteriophage concentration in plaque forming units per millilitre (PFU mL").
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Figure 3.4 Appearance of phi6 plaques in Pseudomonas syringae lawns from serial dilutions (1:10) of the
bacteriophage stock in SM buffer. [TNTC: too numerous to count; TFTC: too few to count].

3.24  Co-Incubation and Enumeration

The number of active bacteriophage in a given population post-exposure was determined via co-
incubation with P. syringae through a double agar overlay plaque assay method, as shown in Figure
3.5. Briefly, a 100 pL bacteriophage sample (sequentially diluted in SM buffer if necessary) was added
to 100 pL of an overnight P. syringae TSB culture and 3 mL enriched soft TSA. The solution was mixed
and poured over the centre of a 90-mm enriched TSA plate, which was then swirled and left to dry. The
plates were then co-incubated at 25°C for 18-24 h. Post-incubation, surviving bacteriophage populations
were calculated through enumeration of plaques in the bacterial lawns and surviving phage load was

expressed as PFU mLL,

100 pL
bacteriophage
sample =

ix oy

&37°C

100 pL P
syringae

overnight
culture

3 mL molten
enriched soft
agar

Figure 3.5 Double agar overlay plaque assay method for enumeration of phi6 bacteriophage populations in
Pseudomonas syringae bacterial lawns. Image created on BioRender.com.
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3.3 Media

This section details the specific culture and suspending media required throughout experimental testing.

The various media required for microbiological culture are detailed in Table 3.2. All media was prepared
using distilled water in accordance with the manufacturer’s instructions and was sterilised by

autoclaving (Dixons, ST 2228) at 121°C for 15 min prior to use.

For some experiments in this thesis, bacteria/phage were light-exposed whilst suspended in different
media. These suspension media are detailed in Table 3.3. PBS and SM buffer were employed as minimal
suspension mediums for bacteria and bacteriophage populations, respectively. PBS was prepared using
distilled water in accordance with the manufacturer’s instructions. Both PBS and SM buffer were

sterilised by autoclaving (Dixons, ST 2228) at 121°C for 15 min prior to use.

For experiments using organisms suspended in biologically-relevant media, artificial human saliva,

defibrinated whole blood and artificial faeces were employed.

o Artificial human saliva was prepared based on the methodology used by Tomb (2017), which
was a modified version of that used by Margomenou et al. (2000). Given the heat-sensitivity of
various components within artificial human saliva, distilled water was sterilised prior to the aseptic
addition of constituents. An artificial saliva-only control was prepared on each day of experiments
to check for contamination. Once prepared, the artificial saliva media was adjusted to pH 7 (pH210
Microprocessor-based Bench pH/mV/°C meter, Hanna Instruments, UK) to replicate the typical
conditions of human saliva. This media was prepared immediately prior to experimental use and
was stored at 4°C between uses on the same day.

o Defibrinated ovine whole blood with 30% packed cell volume was obtained from E&O
Laboratories Ltd, UK, and was stored at 4°C until required.

o Artificial faecal samples were prepared following the methodology used by Colén et al. (2015).
To simulate real human faeces, inactivated Saccharomyces cerevisiae was used to represent
bacterial debris, psyllium powder was used to represent carbohydrates, cellulose and oleic acid
were used for fats, and miso paste was used to adjust nitrogen content (Colon et al., 2015). Once

prepared, artificial faeces samples were sterilised by autoclaving prior to use.
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Table 3.2 Growth media and their constituents required for microbial cultivation.

. . Quantity Product
Media Constituents Used Manufacturer Code
Nutrient Broth N/A 13 g/L Oxoid Ltd, UK CMO0001
Tryptone Soya | 30g/L | Oxoid Ltd, UK CMO0876
Broth
Nutrient Agar Nutrient Broth 13 g/L Oxoid Ltd, UK CMO0001

g Agar Bacteriological 15 g/L Oxoid Ltd, UK LP0O011
Tryptone Soya Tryptone Soya Broth 30 g/L Oxoid Ltd, UK CMO0876
Agar Agar Bacteriological 15 g/L Oxoid Ltd, UK LPO011
Tryptone Soya Broth 30 g/L Oxoid Ltd, UK CMO0876
Enriched Agar Bacteriological 15 g/L Oxoid Ltd, UK LP0O011
Tryptone Soya 5 mM Magnesium Sulfate .
Agar (MgSO) 0.6 g/L Acros Organics, UK 413485000
5 mM Calcium Chloride (CaClz) | 0.56 g/ | Thermo Scientific, UK | 10515671
Tryptone Soya Broth 30 g/L Oxoid Ltd, UK CMO0876
Enriched Soft Agar Bacteriological 6 g/L Oxoid Ltd, UK LP0O011
Tryptone Soya 5 mM Magnesium Sulfate .
Agar (MgSO4) 0.6 g/L Acros Organics, UK 413485000
5 mM Calcium Chloride (CaClz2) | 0.56 g/L | Thermo Scientific, UK | 10515671
Table 3.3 Suspending media, and their constituents, used for experimental testing.
Suspension Media | Constituents Quantity Manufacturer/ Source Product Code
PBS N/A 10 tablet/L Oxoid Ltd, UK BR0014G
SM Buffer N/A N/A G-Biosciences, USA 786-492
NAHCOs3 529 g/L Acros Organics, UK AC217125000
NaCl 0.88 g/L VWR Chemicals, UK 27800.291
K2HPO4 1.36 g/lL BDH Chemicals Ltd, UK 9266
Artificial Human
Sali KCl 0.48 g/L Sigma Aldrich, UK 208000
aliva
o-Amylase 2000 TU Sigma Aldrich, UK A3176
Mucin from Porcine
2 ¢g/L Sigma Aldrich, UK M1778
Stomach
Defibrinated Ovine
N/A N/A E&O Laboratories Ltd, UK DSC050
Whole Blood
Distilled H2O 800 g/L N/A N/A
Dried Inactivated )
60 g/L Marigold, UK N/A
Yeast (S. cerevisiae)
Psyllium Husk
20 g/L Whole Foods, UK N/A
Powder
Artificial Faeces Miso Paste 35¢g/L Yutaka, UK YK70111A
Cellulose 35¢g/L Sigma Aldrich, UK 435236
Oleic Acid 40 g/L Sigma Aldrich, UK 75096
NaCl 4 ¢g/L Thermo Fisher Scientific, UK | 10428420
KCl1 4 g/L Sigma Aldrich, UK 208000
CaClz 2 g/L Sigma Aldrich, UK 746495
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3.4 405-nm Light Exposure Systems

Three 405-nm light systems were employed to expose microbial samples throughout this thesis:

e aceiling mounted 405-nm light EDS prototype system;
e aminiaturised 405-nm light EDS prototype system (for low irradiance bench-top testing); and,

e an ENFIS PhotonStar Innovate UNO 24 LED array (for high irradiance bench-top testing)

An overview of the light systems is provided in the following sections, with each system based on LED
array(s) which emitted violet-blue light with a peak output at approximately 405-nm with bandwidths
of 16-23 nm at full-width half-maximum (FWHM). Emission spectra data were captured using an
HR4000 spectrometer (Ocean Optics, Germany) and Spectra Suite software version 2.0.151. The light
source selected for experimental testing was based upon the irradiances required for microbial exposure
and individual experimental demands. All irradiance readings were measured using a radiant power
meter (Model 70260; L.O.T. Oriel Instruments Ltd, USA) and photodiode detector (Model 1202413,

L.O.T. Oriel Instruments Ltd, USA), and recorded in milliwatts per centimetre squared (mW cm).
3.4.1  405-nm light EDS

The 405-nm light EDS is a prototype lighting unit developed at the University of Strathclyde (device
patent numbers: EP2211914B1 (Europe) and US8398264B2 (USA)). These systems are designed to be
retrofitted in place of a ceiling tile and emit low irradiance violet-blue light (typically <1 mW cm) in

order to provide continuous decontamination of the air and surfaces in the illuminated environment.

Two prototype devices with slightly differing light configurations were employed throughout this thesis:
the first, which was used for optical characterisation experiments in Chapter 4, comprised four light
apertures (configuration 1; Figure 3.7A) and the second, which was used for antimicrobial exposures to
405-nm light at irradiances of 0.021 - 1 mW c¢cm™ in Chapters 4-7, comprised three light apertures
(configuration 2; Figure 3.7B). Despite the slightly different configurations, the systems were designed
to provide the same optical output of approximately 0.5 mW cm at a distance of 1.5 m from the source,

providing comparable antimicrobial effects to that achieved within a typical room setting.

For operation, the 405-nm light EDS prototypes were driven by a low-voltage 270 W power supply

(15 V at 18 A). The LED matrices of each aperture were covered by an optical lens system (Figure 3.6)
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comprising a Fresnel lens and diffuser, which were positioned to aid in light distribution and scatter,
respectively (Anderson et al., 2008; Endarko, 2011); and a heat sink and fan for thermal management.
Both prototypes were encased in a 59.2 x 59.2 cm square housing unit such that the systems could be

retrofitted in place of a conventional ceiling tile.

4———————— Heat sink and fan

I < LED marix

4—— Fresnel lens
<+—  Diffuser

Tlluminated area (~10m?)

Figure 3.6 Design configuration of the 405-nm light EDS.

For clinical/commercial use as an overhead light source, the 405-nm light EDS includes both 405-nm
LED arrays, for antimicrobial activity, and also white LEDs which produce illuminance of at least three
times that of the 405-nm LEDs, for light blending. This results in a combined illumination output which
is sufficient to inactivate microbial species, yet is predominantly white so to ensure blending with
standard room lighting and ensure no visual disturbance to room occupants. As this thesis focused on
antibacterial efficacy, all experimental testing was conducted with the systems operating in ‘blue-only’

mode: using only the 405-nm LEDs with the white LEDs disconnected (Figure 3.7C).
3.4.2  Miniaturised Bench-top 405-nm light EDS

The miniaturised 405-nm light EDS (Figure 3.8A) is a prototype lighting system designed, developed
and built at the University of Strathclyde (Bradley, 2022). This light source was designed to miniaturise
the original 405-nm light EDS prototype such that laboratory testing at the irradiance levels ordinarily
produced by the original system within a typical 4 x 4 x 2 m room could be conducted on a smaller,
bench-top scale. This light source, which was employed for antimicrobial exposures to irradiances <0.1
mW c¢m? in Chapter 5, was mounted on polyvinyl chloride (PVC) housing which held the array via a

connecting metal pole above a base plate on which microbial samples were positioned (Figure 3.8B).
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The light source delivered light to samples at a peak output of approximately 405 nm (21 nm FWHM

(Figure 3.8C)). The design, build and optical profiling of this system is described in Chapter 6.
3.4.3 ENFIS PhotonStar Innovate UNO 24-LED array

The ENFIS PhotonStar Innovate UNO 24-LED array (PhotonStar Technologies, UK; Figure 3.9A) was
employed in Chapters 6 and 7 for exposure of bacterial and bacteriophage samples, respectively, to
irradiances in the range of 5 - 150 mW cm. This single light array consisted of 24 violet-blue LEDs
powered by a 62 V LED driver (Philips, Netherlands), which were connected to a heat sink and fan for
thermal management. The system was mounted on a PVC housing which held the array via a connecting
metal pole above a base plate on which microbial samples were positioned (Figure 3.9B). To fix the
irradiance level for sample exposure, the distance between the array and the sample was adjusted, and
the irradiance was measured. The light source delivered light to samples at a peak output of

approximately 405 nm (16-nm FWHM, Figure 3.9C).

In all instances, the proportion of light in the optical emission spectrum of each light source recorded in
the ranges of 440 nm and 460-480 nm, which, as discussed in Chapter 2, are known to negatively impact
human health, were between 0-0.66% and 0-3.15%, respectively, and so can be considered to have
negligible effects throughout the experiments performed in this thesis. Further, the proportion of light
in the optical emission spectrum of each light source in the range of 420-430 nm, which is known to

induce damage to viral structures (Richardson and Porter, 2005), was found to be 5.49-9.94% of all light

output.
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Figure 3.7 405-nm light EDS prototypes. Illustrating: (A) configuration 1 and (B) configuration 2 retrofitted in
place of a ceiling tile for the purposes of environmental decontamination; and (C) the optical emission spectrum
of each source measured in ‘blue-only’ mode, captured using an HR4000 spectrometer (Ocean Optics, Germany)

and Spectra Suite software version 2.0.151.
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Figure 3.8 Miniaturised 405-nm light EDS. Illustrating: (A) LED arrays, (B) light source mounted on PVC housing
at a variable height above a base plate for microbial positioning, and (C) optimal emission spectrum, captured using
an HR400 spectrophotometer (Ocean Optics, Germany) and Spectra Suite software version 2.0.151.
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Figure 3.9 ENFIS PhotonStar Innovate UNO 24-LED array. Illustrating: (A) 24-LED array, (B) light source
mounted on PVC housing at a variable height above a base plate for microbial positioning, and (C) optimal emission
spectrum, captured using an HR400 spectrophotometer (Ocean Optics, Germany) and Spectra Suite software
version 2.0.151.

3.5 Microbial Inactivation Data Analysis

3.5.1 Light Treatment Analysis

Throughout this thesis, microbial samples were exposed to 405-nm light at varying irradiances and
exposure times. The applied dose of 405-nm light received by each sample was calculated using

Equation (3.1):

Dose (] cm™2) = Irradiance (Wcm™?%) x Exposure Time (seconds) (3.1

Quantitative bacterial inactivation data is typically presented as either bacterial counts, the percentage
surviving bacterial population in comparison to non-exposed equivalent control populations or

reductions in logio CFU mL™!' or CFU mL", or as germicidal efficiency (GE) values. The presentation
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of data as percentage surviving bacterial population in comparison to non-exposed equivalent control
populations or as GE values was performed as a means to normalise datasets and enable more accurate

comparisons to be made, as described in the relevant chapters.

GE is defined as the logo reduction of a bacterial population by inactivation per unit dose in J cm™
(Maclean et al., 2009) and was calculated by logio(N/No), where No and N represent bacterial
populations pre and post exposure, respectively, divided by the applied dose, in J cm™, required to

achieve >95% inactivation, as presented in Equation (3.2):

N
10910(1\,—0)

Germicidal Ef ficiency = 3.2)

-2 .
Dose (J cm™%)>959 reduction

For analysis of low-density microbial populations exposed on surfaces (10> CFU plate™!) and in liquid
suspension (10° CFU mL™"), complete/near-complete inactivation was considered as >95% reductions

in 405-nm light exposed populations in comparison to non-exposed equivalent control populations.

In certain instances, enumerated bacterial samples were below the limit of detection (10 CFU mL™);
however, this data has been included to demonstrate the complete or near-complete inactivation effect

achieved.
3.5.2  Statistical Analysis

Experimental data points represent the mean values * standard deviation (SD) of replicate independent

experimental results, with the exact details for each experiment provided in the specific chapters.

All data storage, handling and calculations were performed using Microsoft Excel version 2021. All
graphical data is presented using Origin 2022, with the exception of the 3D irradiance profile data

included in Chapter 4 which was presented using MATLAB R2022b.

All statistical analysis was conducted using MINITAB Release 19. Significant differences (P<0.05)
between datasets were calculated at the 95% confidence level using either two sample t-tests or one-
way ANOVA with Tukey post-hoc test, depending on the data being analysed. These significant

differences are highlighted using an asterisk (*) in figures.
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CHAPTER 4

Antibacterial Efficacy of the 405-nm light EDS

40 Overview

As discussed in Section 2.4.2, there are a number of publications demonstrating clinical efficacy of the
405 nm light EDS for decontamination of clinical environments (Maclean et al., 2010, 2013a; Bache et
al., 2012a, 2018a; Murrell et al., 2019), however it is important to build an understanding of the
fundamental antimicrobial efficacy of the low irradiance light levels used in the system. This chapter
aimed to demonstrate the broad-spectrum antibacterial efficacy of the 405-nm light EDS at heights
typical of high-touch surfaces within occupied settings for a panel of key nosocomial bacteria.
Additionally, antibacterial efficacy at various distances below the light source, and thus illumination
levels, was evaluated. Findings provide fundamental evidence of the efficacy of low irradiance 405-nm

light for bacterial inactivation, within a controlled laboratory setting.

4.1 Introduction

For use in occupied indoor environments, it is essential that the violet-blue light wavelengths employed
by the 405-nm light EDS are delivered at sufficiently low irradiance (<1 mW cm) such that they are
within levels considered safe for continuous human exposure (ICNIRP, 2013). Much of the literature
investigating the fundamental antimicrobial properties of violet-blue light have typically used
considerably higher irradiance levels than that employed by the 405-nm light EDS (up to approximately
200 mW c¢m) to achieve a rapid inactivation effect (Hamblin et al., 2005; Guffey and Wilborn, 2006;
Murdoch et al., 2012; McKenzie et al., 2014; Tomb et al., 2014; Moorhead et al., 2016b). Further,
although clinical studies evaluating the performance of the 405-nm light EDS — as previously described
in Section 2.4.2 (Maclean ef al., 2010, 2013a; Bache et al., 2012a, 2018a; Murrell et al., 2019) —
established general reductions in bacterial contamination levels, it is difficult to accurately determine

inactivation kinetics of individual bacterial species given the continuous generation of contamination
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within dynamic healthcare environments, in addition to the variation in irradiance levels from the EDS
at different positions in the room. The efficacy of such irradiances for the inactivation of individual

bacterial pathogens is thus yet to be fully assessed.

Accordingly, the focus of the present chapter was to characterise the optical irradiance output profile of
low irradiance 405-nm light systems within a typical room setting, and quantify, for the first time, the
bactericidal effect of 405-nm light at these irradiances for the inactivation of low-density populations
of surface-seeded nosocomial bacteria, comparable with typical contamination levels found on
environmental surfaces, under controlled laboratory conditions. Differences in inactivation kinetics, and
how bactericidal efficacy is affected spatially by varying irradiance exposures, was investigated, with
particular focus on S. aureus and P. aeruginosa, selected due to their significance as causative agents
of HAI, and to serve as a Gram-positive and Gram-negative bacterial representative, respectively. The
findings of this chapter provide a comprehensive laboratory evaluation of 405-nm light systems for
environmental decontamination and present evidence of its broad-spectrum antibacterial efficacy at the
low irradiance levels which must be employed by 405-nm light EDS units in order for it to comply with
exposure safety guidelines, such to build a better understanding of the exposure times required for
inactivation of these bacterial pathogens when found contaminating healthcare environment, which will

be essential in facilitating clinical translatability of the technology.

4.2 Optical Characterisation of the 405nm Light EDS

The aim of this section was to determine the typical irradiance levels produced by a 405-nm light EDS
within an illuminated whole-room environment, such that the inactivation efficacy of these irradiance

levels could be subsequently examined.
4.2.1  Methodology for the Optical Characterisation of the EDS

The EDS prototype used for the optical characterisation is detailed in Section 3.4.1 (configuration 1;
Figure 3.7A). The irradiance output of each individual light aperture of the system was firstly
established to ensure that an equal distribution of 405-nm light was produced from each. The 405-nm

light EDS was switched on in ‘blue-only’ mode and, taking each aperture in turn, irradiance
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measurements were taken from 0.2 m directly below the aperture, in approximately 0.1 m intervals, up

to 1 m directly below the aperture, whilst the remaining three arrays were completely covered.

The 3D optical irradiance output profile of the full 405-nm light EDS was measured withina4 x 4 x 2 m
area in a vacant room in the Royal College Building of the University of Strathclyde, Glasgow, UK.
The light source was retro-fitted in place of a ceiling tile in the centre of this room and an area of 16 m?
(4 x 4 m) was measured on the floor, using the position directly underneath the 405-nm light EDS as a
centre point, with markings in both X and Y directions placed at approximately 0.5 m intervals (Figure
4.1). Following this, approximate 0.5 m markings were placed vertically (in the Z direction), by
attaching thin wire between the markings on the ground and the ceiling, and starting measurements from
the ceiling and extending 2 m downwards. This provided a total area of 32 m* (4 x 4 x 2 m) for taking

measurements (Figure 4.2A).

Irradiance measurements were taken at approximately 0.5 m intervals in X, Y and Z directions, with the
light source used in ‘blue-only’ mode (Figure 4.2B) to ensure that the inactivation data gathered was
accounted for solely by inactivation due to the antimicrobial blue lighting component only.
Measurements were taken with the photodiode detector held parallel to the ceiling to represent the
irradiance levels likely to illuminate surfaces at each particular measured area. These measurements
were additionally repeated with the photodiode detector held angled towards the 405-nm light EDS to
examine the irradiance levels likely to illuminate aerosolised matter in each particular area, with this

additional data provided in Appendix A.

For further analysis of irradiance distribution, measured irradiance values were plotted as a function of
both linear and angular displacement from the light source. The linear displacement (As; Figure 4.2B)
of each measured point from the source was calculated by applying Pythagoras theorem, shown in

Equation (4.1):

As = /(distance € X)? + (distance € Y)? + (distance € Z)? 4.1

The angular displacement (AO; Figure 4.2B) of each measured point in X and Y directions from the

light source was then calculated using the tangent trigonometric function given in Equation (4.2):

distance€X or Y

AQ = tan™1( ) 4.2)

distance€Z
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Figure 4.1 Floor markings placed in X and Y directions for irradiance profiling of 405-nm light EDS: (A)
photograph and (B) diagrammatic representation.
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Figure 4.2 3D optical characterisation of the 405-nm light EDS: (A) the light source retrofitted in place of a
ceiling tile in the centre of a 4 X 4 x 2 m sized room and (B) the light source operating in ‘blue-only’ mode with
standard room lighting switched off for irradiance measurement. The associated parameters required to measure

the linear (As) and angular (A©O) displacement of a point of interest (indicated by the red circle) from the light
source are indicated.

4.2.2  Results of the Optical Characterisation of the EDS

The irradiance output of each individual light array of the 405-nm light EDS is presented in Figure 4.3.
Results indicate similar light levels produced by each individual array, with recorded irradiances of
3.04-3.24 mW cm at a distance of 0.2 m from the source to 0.234-0.285 mW cm™ at a distance of 1 m

from the source. No significant difference between the levels of irradiance produced by each light array
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was demonstrated (P=0.98), suggesting that an even distribution of light would be produced within the

illuminated environment.
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Figure 4.3 Irradiance output of each individual light array of the 405-nm light EDS.

The optical characterisation of the ceiling-mounted 405-nm light EDS within a vacant 4 x 4 x 2 m area
produced a total of 324 readings. Irradiance measurements were modelled comprehensively using
MATLAB R2022b (Figure 4.4) and on Origin as 2D slices at each distance measured in the Z direction
(Figure 4.5). The 405-nm light EDS emitted irradiance values across the area ranging from 0.001-
2.066 mW cm. The highest irradiance values were collected at the closest measurements taken to the
405-nm light EDS (directly under the light source at a distance of 0.5 m) and the lowest irradiance
values were generally collected at maximum distances in X and Y directions from the light source. The
range of irradiance values collected was found to decrease as distance from the light source increased
in the Z direction; highlighting, as expected, the uniformity of light distribution increases as distance
from the light source increases. At a distance of 0.5 m from the light source in the Z direction, the range
was found to be 2.066 mW cm. This decreased to 0.899 mW cm at a distance of 1 m, 0.454 mW cm"

2 at a distance of 1.5 m and 0.258 mW cm™ at a distance of 2 m. Interestingly, despite variations in light
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distribution, there was no significant difference found (P=0.998) between the mean irradiance values at

each distance in the Z direction (varied between 0.045-0.049 mW cm™).

For further analysis of irradiance distribution, the relationship between irradiance and both linear and
angular displacement from the light source was determined and is presented in Figures 4.6A and B,
respectively. Results in Figure 4.6A demonstrate a weak, yet significant (P<0.0001), negative linear
relationship between irradiance levels and distance from the light source, confirmed by linear regression
analysis indicating a Pearson’s r value of -0.41285. General trends in Figure 4.6B indicate that the
highest irradiance levels produced by the 405-nm light EDS were recorded when angular displacement
from the light source in X and Y directions was minimal, with irradiance levels decreasing as angular
displacement from the light source increased. No significant difference was found between the

irradiance values measured at each angular displacement value for X and Y planes (P>0.05).
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Figure 4.4 3D irradiance output profile of the ceiling-mounted 405-nm light EDS modelled on MATLAB
R2022b. The ceiling-mounted 405-nm light EDS was installed at position (0,0,0), with X, Y and Z axes

consistent with those outlined in Figure 4.2.
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instances, X, Y and Z axes are consistent with those outlined in Figure 4.2.

4.3 Inactivation Kinetics of Bacteria Exposed to 405-nm Light EDS

Based on the optical characterisation profile established, the next aim was to demonstrate the broad-
spectrum bactericidal efficacy of the 405-nm light EDS at heights, and thus irradiance levels, typical of

high-touch surfaces within occupied settings.

66



4.3.1  Methodology for Bacterial Exposures to the EDS

Antimicrobial testing was conducted using the EDS prototype described in Section 3.4.1 (configuration
2; Figure 3.7B). As previously described in Section 3.4.1, although two EDS prototypes with differing
configurations were used in this thesis, both were designed to produce the same optical output. Bacterial
suspensions of 4. baumannii, E. cloacae, E. coli, E. faecium, K. pneumoniae, P. aeruginosa, S. aureus
and Y. enterocolitica were prepared as described in Sections 3.1.2 and then serially diluted in PBS, as
described in Section 3.1.3, to provide populations of 10> CFU mL! for experimental use. From these
suspensions, 100 pL volumes were aseptically spread onto the surface of 90 mm diameter NA plates
(or TSA plates in the case of E. faecium) to provide a starting population of approximately 100-300
CFU plate! (1.6-4.7 CFU cm™) for each microorganism. Sample plates (with the lids removed) were
exposed to increasing doses of 405-nm light for up to 16 h on a surface approximately 1.5 m directly
below the light source; selected to represent the typical heights of high-touch surfaces within clinical
and public areas (Figure 4.7). The irradiance produced at this distance was found to be 0.5

+0.02 mW cm?.

Figure 4.7 405-nm light EDS exposure of surface-seeded pathogens in ‘blue-only’ mode at a distance of ~1.5

metres from the light source, providing an irradiance at the sample surface of 0.5 mW cm?.

Control bacterial samples were prepared in an identical manner with the exception that they were

exposed to standard laboratory lighting for equivalent durations. Post-exposure, the lids were replaced
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and the seeded agar plates were incubated at 37°C for 18 h, before enumerating the viable bacterial
CFU plate. Results represent the mean values + SD of triplicate replicates (n=3), and are reported as

the percentage of surviving bacteria as compared to the equivalent non-exposed control samples.
4.3.2  Results for Bacterial Exposures to the EDS

Figure 4.8 displays the inactivation kinetics of eight nosocomial bacterial species each seeded onto agar
surfaces at an initial population density of 10> CFU plate™ and exposed to low irradiance 405-nm light
at approximately 0.5 mW cm. Results demonstrate >93.28% inactivation of all species, with general
trends indicating that greater levels of inactivation were observed as exposure time increased. All
bacteria collectively demonstrated broadly linear, and somewhat sigmoidal, inactivation curves with

tailing observed.

Of the Gram-positive species investigated, S. aureus (Figure 4.8G) was found to be the most
susceptible. The organism displayed exponentially decreasing inactivation kinetics with a significant
79.3% mean reduction (P=0.001) observed after 1 h/1.8 J cm™ exposure, and near-complete inactivation
(99.3%) achieved after 2 h/3.6 J cm™ exposure. Results indicate E. faecium (Figure 4.8C) was the least
susceptible Gram-positive species, requiring 16 h/28.8 J cm? to achieve similar levels of reduction

(93.3%).

Collectively, the Gram-negative species, demonstrated similar patterns of inactivation. 4. baumannii
(Figure 4.9A) and P. aeruginosa (Figure 4.8F) were found to be the most susceptible, each requiring
2 h/3.6 J cm? exposure to achieve significant (P<0.0001) reductions of 86.5% and 93.4%, respectively.
In contrast, K. pneumoniae (Figure 4.8E) was shown to be the least susceptible Gram-negative species,
requiring 8 h/14.4 J cm? exposure to achieve a significant (P=0.004) 21.1% reduction, and

16 h/28.8 J cm™ to achieve near-complete inactivation (97.4%).

In all cases, bacterial contamination in non-exposed control populations displayed no significant decay

throughout the treatment duration (P>0.05).
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Figure 4.8 Inactivation of a range of bacterial pathogens associated with HAIs: (A) Acinetobacter baumannii, (B)
Enterobacter cloacae, (C) Enterococcus faecium, (D) Escherichia coli, (E) Klebsiella pneumoniae, (F)
Pseudomonas aeruginosa, (G) Staphylococcus aureus and (H) Yersinia entercolitica. Bacterial species were
seeded onto agar surfaces and exposed to ~0.5 mWcm2 405 nm light. Experiments were run in triplicate (e run 1;
m run 2; A run 3). Asterisks (*) represents points where the triplicate CFU plate™? counts were significantly

different between test and control samples (P<0.05).
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4.4  Effect of Irradiance and Exposure Distance on Inactivation Efficacy

In addition to its broad-spectrum efficacy at heights comparable with high-touch surfaces directly below
the light source, it is also important to consider the efficacy of the 405-nm light EDS for the inactivation
of bacterial contamination present at varying areas within the illuminated region. Using irradiance levels
within the range gathered during the optical characterisation of the 405-nm light EDS, the aim of this

section was to determine how irradiance and distance from the source affects bactericidal efficacy.

4.4.1 Methods for Assessing Effect of Irradiance and Exposure Distance on Inactivation

Efficacy

To determine the effect of irradiance output of the 405-nm light EDS on bactericidal efficacy,
inactivation kinetics of S. aureus and P. aeruginosa were established using irradiance levels ranging
from 0.05-1 mW cm?. Seeded plates (with the lids removed) were prepared as described in Section
4.3.1, and positioned directly under the EDS light source and exposed to increasing doses of 405-nm

light at approximate irradiances of 0.05, 0.15, 0.25, 0.5 and 1 mW cm for up to 24 h.

To determine the effect of distance on bactericidal efficacy, inactivation kinetics of S. aureus and
P. aeruginosa were established for exposures to the 405-nm light EDS across a radius of 2 m measured
from the centre of the light source in the X direction. As shown in Figure 4.9, seeded plates (with the
lids removed) were positioned approximately 1.6 m below the light source, and were situated in 0.1 m
intervals from directly under the light source (As = 1.6 m; A © =0) up to a distance of 2 m radially
(As=2.56 m; A ©=51.3), with irradiance measured at each fixed position. For each independent

experiment, samples were exposed to the 405-nm light EDS for durations of 4, 8 and 24 h.

For both experiments, control bacterial samples were prepared in an identical manner with the exception
that they were exposed to standard laboratory lighting for equivalent durations. Post-exposure, the lids
were replaced and the seeded agar plates were incubated at 37°C for 18 h, before enumerating the viable
bacterial CFU plate®. Results represent the mean values + SD of triplicate replicates (n=3), and are
reported as the percentage of surviving or reduced bacteria as compared to the equivalent non-exposed

control samples.
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Ceiling-mounted 405-
nm light source

As

2 ) Sample plates

Figure 4.9 Experimental set-up to determine effect of distance from the source on bactericidal efficacy: (A)

diagrammatic representation and (B) photograph.

4.4.2 Results for Assessing Effect of Irradiance and Exposure Distance on Inactivation

Efficacy

Results in Figure 4.10A and B present the inactivation kinetics of S. aureus and P. aeruginosa,
respectively, exposed on agar surfaces to the 405-nm light EDS at varying irradiances (0.05-1 mW cm’
2). Data presented for the inactivation of S. aureus (Figure 4.10A) was collected and provided by Laura
Dougall (PhD student) for analysis. In all cases, a significant downward trend in the surviving bacterial
populations was demonstrated as the exposure time increased, and non-exposed control samples showed
no significant change throughout treatment (P>0.05). The only exception to this was that of the 5 h
exposure of P. aeruginosa to 0.25 mW c¢m, where controls were shown to be significantly lower than
that of starting populations (P=0.004). This was thought to be the result of bacterial variability, and,
given that no significant change was demonstrated following 6 and 18 h exposures to the same irradiance
(P=0.144 and 0.322, respectively), and that the controls were still significantly higher than exposed
values (P<0.005), this was considered negligible. Furthermore, general trends indicate that, to achieve
significant levels of bacterial reduction, considerably shorter exposure times were required when
exposed at higher irradiances; however, in some instances, less energy was required on a per unit dose

basis when exposed at lower irradiances.

Considering the inactivation kinetics gathered for S. aureus (Figure 4.10A), exposure to the highest

irradiance of 1 mW cm for 1 h (3.6 J cm™) resulted in a significant 78.53% reduction in comparison
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to non-exposed control populations (P=0.002). In contrast, when exposed at half this irradiance
(0.5 mW cm), double this exposure time (2 h; 3.6 J cm?) was required to achieve a significant
reduction of 70.3% (P=0.008). Likewise, when exposed at the lowest irradiances of 0.15 and
0.05 mW cm, greater exposure times of 4 h (2.16 J cm?) and 6 h (1.08 J cm™) were required to achieve
significant reductions of 30.1% (P=0.025) and 15.2% (P=0.019), respectively. Furthermore, the
exposure times required to achieve near-complete inactivation were shown to be significantly shorter
when higher irradiance light sources were used (P<0.05): 2 h (7.2 J cm?) was required to achieve a
99.0% reduction at the highest irradiance of 1 mW cm?; 4h (7.2 Jcm?) and 6 h (5.4 J cm™) were
required to achieve similar reductions at irradiances of 0.5 and 0.25 mW cm™, respectively, and up to
18 h was required to achieve similar levels of reduction at the two lowest irradiances (0.15 and

0.05 mW cm%; equivalent to doses of 9.72 J cm? and 3.24 J cm?, respectively).

For P. aeruginosa (Figure 4.10B), inactivation kinetics demonstrate that, similar to S. aureus, 1 h
exposure to the highest irradiance resulted in a significant 89.5% reduction compared to non-exposed
control populations (P<0.005). When exposed at lower irradiances of 0.5 and 0.25 mW c¢m, double
this exposure time was required to achieve significant reductions of 93.7% (P<0.005) and 75.6%
(P=0.03), respectively. Using the lowest irradiance of 0.05 mW cm?, a 24 h exposure was required to
achieve a statistically significant 15% reduction in P. aeruginosa (P=0.022). Similar to S. aureus, the
exposure times required to achieve complete/ near-complete (=95%) inactivation of P. aeruginosa were
shown to be significantly shorter when higher irradiance light sources were used (P<0.05): 2 h (7.2 J cm’
2) was required to achieve a 99.7% reduction at the highest irradiance of 1 mW c¢cm; 3 h (5.4 J cm™?)
achieved similar reductions (97.5%) using 0.5 mW c¢m%; complete reductions were achieved between 6
and 18 h following exposures to 0.25 mW c¢cm2 (5.4-16.2 J cm™) and 0.15 mW cm (3.24-9.72 J cm™);
and complete reduction was not achieved using 0.05 mW cm? within the exposure times of this study

(maximum reduction of 15% demonstrated following 24 h).

Table 4.1 presents a comparison of the doses required to achieve significant levels of reduction (P<0.05)
and complete/near-complete (>95%) inactivation of both S. aureus and P. aeruginosa upon exposure to

each irradiance application.
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Figure 4.10 Inactivation kinetics of (A) Staphylococcus aureus and (B) Pseudomonas aeruginosa seeded on agar
surfaces and exposed to 405-nm light at irradiances of 0.05, 0.15, 0.25, 0.5 and 1 mW cm-2. Each data point

represents the mean value + SD (n = 3). Asterisks (*) represents points where the triplicate CFU plate counts

were significantly different between test and control samples (P<0.05).

Table 4.1 Doses required to achieve significant reductions (P<0.05) and complete/near-complete (>95%)
inactivation of Staphylococcus aureus and Pseudomonas aeruginosa upon exposure to each irradiance.

Irradiance | S. aureus P. aeruginosa
(mW cm?)
Significant (P<0.05) | Complete (=95%) Significant (P<0.05) | Complete (>95%)
inactivation inactivation inactivation inactivation
0.05 6h/1.08Jcm? 18h/19.4J cm? 18h/19.4J cm? N/A
0.15 4h/2.16J cm? 18 h/9.72 J cm? 1h/0.54J cm? 18 h/9.72 J cm?
0.25 1h/09]Jcm? 6h/547Jcm? 2h/1.8Jcm? 18 h/16.2J cm?
0.5 2h/3.6Jcm? 4h/7.217Jcm? 2h/3.6Jcm? 3h/5.4Jcm?
1 1h/3.6Jcm? 1h/3.6Jcm? 1h/3.6Jcm? 2h/7.27Jcm?
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Figures 4.11A and B present the inactivation kinetics of S. aureus and P. aeruginosa, respectively, on
agar surfaces upon exposure to the 405-nm light EDS at varying radial distances (As = 1.6-2.56 m;
A© = 0-51.3) for durations of 4, 8 or 24 h. Results comprehensively demonstrate that as the distance
from the light source is increased, irradiance decreases, which in turn results in a decrease in the level
of inactivation achieved. However, results also demonstrate that significantly greater bacterial

reductions occurred as the exposure time to a particular irradiance increased (P<0.05).

‘——I—— 4 hr --@--8hr --A-- 24 hr --{>- Irradiance (mW cm’z)‘
— T T T T T T 17— 71— 71035
ST ) N - O O O O O O O S O i1 Al
c Sanesy A
IS P oY kX - 0.30
g 80 | * % %? a % ]
— PO .3
o - N * —
] -4 0.25
& | § ?\\\\* % § (}‘E
< ? % * T (8]
2 60 ‘g e = an Jo20 2
Q 3 ®-8hr [
e ! & | X A 24hr >
M * <&~ Irradiance (MW cm?)
o 40t Q\\ B ‘\ . 4 0.15 %
=2 . S
g [ ; + 5 . g
S . % -t et e, {o10 €
B oafapttel, Sliie
[ %Ei e x i§
a h ? e %% 005
8 0k E RN U T
= L 1 1 1 1 1 1 1+ 1 40.00
0.0 0.2 04 06 08 10 12 14 16 1.8 20
Distance (m)
= — T T T~ 1~ 1 T — 1 71 71035
S 100 b B
s S0 x J0.30
3 e 4025 &
o i % N S
© % % * ] ©
‘= 60 RN -84 hr 40.20 ;
Q & --@- 8 hr ’ c
% L A 24 hr =2
m \\\‘* --O- Irradiance (MW cm?) do1s 8
Q S * %
g e« 35
c i AR L 00l 8.« T T H010 £
o B Ao A AT, LAl O R
o S 4005
3] RN p
(]
= L.y oy w1 4000

00 02 04 06 08 1.0 1.2 14 16 18 20
Distance (m)

Figure 4.11 Inactivation kinetics of (A) Staphylococcus aureus and (B) Pseudomonas aeruginosa seeded on agar
surfaces and exposed to a low irradiance 405-nm light source at distances ranging from directly below the light
source (0 m) up to 2 m. Each data point represents the mean value + SD (n = 6). Asterisks (*) represents points

where the triplicate CFU plate™! counts were significantly different between test and control samples (P<0.05).
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When S. aureus samples (Figure 4.11A) were positioned directly below the light source (providing an
approximate irradiance of 0.311 mW c¢m?), reductions of 19.6, 74.7 and 100% were achieved after
exposure to the light source for 4, 8 and 24 h, respectively. In contrast, when the samples were
positioned at this same distance of 1.6 m below the light source, but at 2 m off centre (providing an
approximate irradiance of 0.021 mW cm), reductions of 0.37, 10.79 and 71.51% were achieved after
exposure to the light source for 4, 8 and 24 h, respectively. Following a 4 h exposure, results
demonstrate that significant levels of inactivation (reductions ranging from 12.7-23.1%; P<0.05) were
observed at distances ranging from directly below the light source to 0.7 m off centre, where samples
were illuminated at irradiances ranging from 0.17-0.31 mW c¢cm™. Exceeding this distance, where
irradiances illuminating the samples were <0.15 mW c¢cm?, no significant reductions in S. aureus
populations were observed, with the exception of exposures at distances of 1.3, 1.6 and 1.8 m, where it
is assumed that significant differences (P=0.021, 0.003 and 0.023, respectively) were obtained due to
sample variability. When the exposure time was increased to 8 h, significant levels of inactivation
(reductions ranging from 8.6-79.6%; P<0.05) were observed at all distances up to 1.7 m from the light
source, whereby irradiances illuminating samples was as low as 0.03 mW cm™. Exposures at a distance
of 1.8 and 1.9 m resulted in reductions of 10.52% (P=0.085) and 8.03% (P=0.223), respectively;
however, exposure at a distance of 2 m resulted in a reduction of 10.8% which was found to be
significantly different from the non-exposed control populations (P=0.026). Following the longest
exposure time of 24 h, significant S. aureus reductions (71.5-100%; P<0.0001) were observed at all

distances from the light source in comparison to non-exposed equivalent control populations.

The inactivation kinetics for P. aeruginosa (Figure 4.11A) demonstrated that when positioned directly
below the light source (~0.311 mW cm), reductions of 27, 19.8 and 71.1% were achieved following
4, 8 and 24 h exposure, respectively. In contrast, when the samples were positioned at this same distance
of 1.6 m below the light source, but at 2 m off centre (~0.021 mW cm?), reductions of 11.9, 19.4 and
1.9% were achieved after exposure for 4, 8 and 24 h, respectively. Following a 4 h exposure, results
demonstrate that significant levels of inactivation (reductions ranging from 22.4-30.5%; P<0.05) were
observed at distances ranging from directly below the light source to 0.4 m off-centre, where samples
were illuminated at irradiances ranging from 0.25-0.31 mW cm2. Exceeding this distance, where

irradiances illuminating the samples were <0.23 mW cm, no significant reductions were observed
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(P>0.05). When exposed for a greater time of 8 h, significant reductions (18.6-27.9%; P<0.05) were
observed at all distances from directly underneath to 2 m off centre from the light source. Exposed for
the longest time of 24 h, significant levels of bacterial reduction (16.2-80.5%; P<0.05) were observed
up to a distance of 1.7 m from the light source; beyond this distance, no significant reductions were

observed (P=0.158-0.621).

45 Discussion

The experiments performed in this chapter were designed to provide a characterisation of the optical
output profile of a ceiling-mounted low irradiance 405-nm light EDS within a typical room setting and
demonstrate the broad-spectrum efficacy of 405-nm light employed at these low irradiance levels
against a range of significant HAl-causing bacteria, at populations comparable with typical

contamination levels found on indoor environmental surfaces.

It is widely acknowledged that bacterial contamination of environmental surfaces plays a significant
role in the indirect transmission of infection within healthcare facilities (Kramer and Assadian, 2014).
Physical cleaning within these environments is imperative, however, due to routine working practice,
there is continual generation of environmental contamination in the air and on surfaces between cleans
which can be further exacerbated by activities such as bed/dressing changes (Dougall et al., 2019). As
such, the ability to implement an infection control technology which addresses bacterial generation and
dispersal in real-time is of significant interest. As discussed, recent publications have established the
efficacy of 405-nm light EDS units to reduce bacterial contamination levels within clinical settings
(Maclean et al., 2010, 2013a; Bache et al., 2012a, 2018a; Murrell et al., 2019). These studies have
successfully highlighted the practical efficacy of these systems within dynamic ward environments,
where contamination levels are likely to vary with room activity (Dougall et al., 2019) and the
pathogenic potential of environmental bacteria is largely unknown. Full knowledge of the inactivation
efficacy of the low irradiance 405-nm light ranges produced by these systems in whole-room
environments, for the inactivation of key infection-inducing bacteria, however, is required.
Accordingly, this chapter aimed to address this, using surface-seeded bacterial pathogens in a controlled

laboratory setting.
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The optical output profile of a 405-nm light EDS unit was initially characterised to enhance knowledge
of the typical irradiance levels likely to illuminate surfaces and the air in the exposed environment. The
dimensions of the profiled area were selected in accordance with Health Building Note 00-03, which
advises that single-bed rooms, and each bed space in multi-bed rooms, within general NHS clinical
spaces should be between 3-4 m in both length and diameter to enable adequate space for appropriate
facilities and necessary room activities (Department of Health, 2013). Of the irradiance levels produced
within this area (0.001-2.016 mW cm?), 88.2% of measurements were found to be <0.1 mW cm, 4.6%
were 0.1-0.2 mW cm?, 4.0% were 0.2-0.3 mW cm2, 2.2% were 0.3-0.4 mW cm? and 2.2% were >0.4
mW cm (Figure 4.6). In all cases, irradiance levels were found to be highest in the areas directly

underneath the light source, and lowest at the outermost points measured.

For further analysis, the relationship between irradiance and both linear and angular displacement from
the light source was determined (Figures 4.6A and B, respectively). Results in Figure 4.6A indicate that
irradiance output decreased linearly as linear displacement from the EDS increased. As demonstrated
in Figure 4.6B, light irradiance distribution patterns are strongly influenced by angular displacement
from the 405-nm light EDS, with general trends indicating a decrease in irradiance output as angular
displacement from the unit increases in both X and Y directions. As previously mentioned, the LED
matrices within 405-nm light EDS units are covered by an optical lens system, comprising a Fresnel
lens and diffuser to aid in light distribution and scatter, respectively, which are designed to be a
sufficient size to uniformly treat a surface area of approximately 10 m? at a distance of 2 m from the
unit (Anderson et al., 2008; Endarko, 2011). It may be the case that numerous light sources are required
to achieve sufficient levels of decontamination across larger areas, however previous studies have
reported comparable levels of reduction when using either one or two light sources, suggesting one 405-
nm light EDS may be just as effective as two if used for a sufficient length of time (Maclean ef al.,
2010; Bache et al., 2012a, 2018a). It is important to consider the influence of both linear and angular
displacement from the light source, however, as the relative decrease in bacterial bioburden has shown
to be greater in areas closer to the light source (Maclean et al., 2013a). In addition, only surfaces which
are directly or reflectively illuminated by the 405-nm light EDS will be treated, and thus it is important
to emphasise that this technology should be utilised as a complementary approach in conjunction with

established cleaning procedures. Nevertheless, these findings provide an indication of the typical
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irradiance levels produced spatially by these systems, and thus a greater understanding of the

illumination that can be expected to expose pathogens within the environment.

To investigate the broad-spectrum bactericidal efficacy of the 405-nm light EDS, bacteria were exposed
at a distance of approximately 1.5 m from the light source, which corresponded to an irradiance of
0.5 mW cm. This was selected to represent the approximate distance between the room ceiling and
frequently-touched, thus likely to be contaminated, surfaces within a typical room environment.
Bacteria were exposed whilst seeded onto surfaces, rather than in liquid suspension, to mimic surface
contamination within occupied environments. The ability of 405-nm light to successfully inactivate high
microbial population densities in liquid suspension has previously been indicated in studies by Maclean
et al. (2009), which showed a 9-log;o reduction of S. aureus, and Dai et al. (2013), which demonstrated
an approximate 8-logo reduction of P. aeruginosa; however, this study focussed on the inactivation of
low-density bacterial populations (10?> CFU plate’!/2-5 CFU cm™) to replicate the typical levels of
bacterial contamination likely to be found on environmental surfaces (Maclean et al., 2013a). In
addition, the current study employed low irradiance levels and long exposure times to reflect those used
by 405-nm light EDS units within occupied settings to achieve a disinfection effect. As previously
mentioned, 405-nm light EDS units are designed specifically for continuous use in the presence of
people, and thus require low irradiance levels, in the region of those used in the present study, to be
safely employed. A more rapid inactivation effect can be achieved with use of higher irradiances, as
detailed in previous studies which use irradiances in the region of 10’s — 100’s mW cm for bacterial
inactivation (Hamblin et al., 2005; Enwemeka et al., 2008; Maclean ef al., 2009; Murdoch et al., 2012;
Wasson et al., 2012). However, this study aimed to elucidate the efficacy of low irradiance (<1 mW cm’

2) 405-nm light under conditions representative of those used for whole-room decontamination.

Exposure conditions play a significant role in microbial susceptibility to 405-nm light treatment, with
studies demonstrating an enhanced effect observed when exposed on inert surfaces, including PVC and
acrylic, as opposed to nutritious agar surfaces (Murdoch et al., 2012), and when exposed in biological
media, including saliva, blood plasma and faeces, as opposed to minimal media (Tomb et al., 2014,
2017b). The exposure conditions on indoor environmental surfaces are extremely variable, ranging from
being completely clean to being contaminated with variable levels of organic and inorganic residues,

and so this study utilised general purpose nutrient agar to establish a highly reproducible baseline of the
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bacterial inactivation which can be achieved using the 405-nm light EDS. Although this media may
contain photosensitive material which could augment the 405-nm light inactivation process, it also
provides a more nutritious environment which supports the growth of a broad-spectrum of bacteria and
so is likely to provide greater protection from oxidative stress than that of inert surfaces. Accordingly,
it is expected that bacterial contamination, when present either on clean inert surfaces or in biological
residues e.g. bacterial cells in saliva droplets, will demonstrate even greater susceptibility than that
shown here, and so future work to assess this will be important to fully evaluate the efficacy of this

technology.

Results in Figure 4.8 demonstrate that exposure to 405-nm light at an irradiance of ~0.5 mW cm™
successfully inactivated all bacteria contaminated on agar surfaces, with ~2 logo reductions (>93.28%
inactivation) achieved following delivered doses of 3.6-28.8 J cm™. The organisms selected in this study
represent five of the twelve global WHO priority pathogens, including all of those appointed critical
status, which together pose the greatest threat to human health and urgently require novel therapeutics
(WHO, 2017). The findings of this study provide evidence to demonstrate the susceptibility of these
key bacterial pathogens to inactivation by the 405-nm light EDS within practical exposure periods. The
demonstration that low irradiance 405-nm light has wide antimicrobial activity against all tested
organisms within a typical day of use indicates that, in addition to being applicable for environmental
disinfection of clinical environments as shown previously (Maclean et al., 2010, 2013a; Bache ef al.,
2012a, 2018a; Murrell et al., 2019), 405-nm light could also be employed for more widespread
disinfection applications associated with environmental cleaning and public health (Kenall

Manufacturing, 2017; Hubbell Lighting, 2020).

Comparatively, the Gram-positive and Gram-negative species investigated demonstrated relatively
similar patterns of inactivation: for the Gram-positive bacteria, S. aureus required 2 h exposure for near-
complete reductions (99.2%), whilst E. faecium required 16 h exposure for a 93.3% reduction; and the
Gram-negative bacteria required 3-9 h to achieve near-complete reductions (=96.1%), with the
exception of K. pneumoniae which required 16 to achieve a similar reduction (97.5%). Interestingly,
this contrasts with previous studies investigating 405-nm light susceptibility of high population bacterial
densities (>10° CFU ml") in liquid suspension, which reported an increase in the susceptibility of Gram-

positive versus Gram-negative organisms (Maclean ef al., 2009; Murdoch et al., 2012; McDonald et al.,
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2013). However, in these previous studies bacteria were exposed at high irradiance levels in non-
nutritious diluents for usually short exposure periods (min rather than h) whereas in the present study,
low irradiances were used to inactivate low density populations, seeded onto nutritious surfaces and
exposed over longer periods (up to 16 h in some cases). It is highly likely that such major differences
in exposure conditions will have had metabolic and physiological effects on exposed bacteria and such

factors might have affected the bacterial susceptibility to 405-nm light.

Differences in the inactivation achieved between species exposed under similar conditions is
hypothesised to be due to variations in both the distribution and quantity of endogenous porphyrins
produced by bacterial cells (Nitzan et al., 2004). Coproporphyrin is believed to produce the majority of
free radicals to actuate inactivation and S. aureus has previously been shown to produce coproporphyrin
at 2-3 times the rate of E. coli (Nitzan et al., 2004), which suggests that S. aureus may be more
susceptible than E. coli to 405-nm light inactivation. Maclean et al. (2016) reported that the dose
required to inactivate E. coli was 4 times greater than that of S. aureus, which is in agreement with
findings in this study which demonstrated that 4.5 times less dose was required by S. aureus in
comparison to E. coli to achieve near-complete reductions (>96.1%). It should be noted, however, that
other cellular factors, such as metallic bioburden, the presence and/or addition of a cell envelope and
bacterial response to free radicals, are also likely to be effectual in the rate of bacterial inactivation

(Murdoch et al., 2012; Kumar et al., 2015).

General trends indicate that A. baumannii, S. aureus and P. aeruginosa were the most susceptible to
inactivation, each requiring 2-3 h exposure for a 1 logjo reduction, whilst E. faecium and K. pneumoniae
were the least susceptible, each requiring longer 16 h exposures for similar reductions. These findings
can be considered consistent with previous 405-nm light inactivation studies. Maclean et al. (2009)
investigated the susceptibility of a range of medically important bacteria and found S. aureus the most
susceptible to inactivation, with K. pneumoniae, E. coli and E. faecalis requiring higher doses for a
1 logio reduction. Interestingly, in this previous study, P. aeruginosa was found to be one of the more
resilient species to inactivation, but this was not the case in this present study, possibly due to differences
in the exposure conditions. Interestingly, a more recent study by Hoenes et al. (2021) investigated the
susceptibility of the ESKAPE pathogens in liquid suspension (107-108 CFU mL") and found, similar to

this present study, that A. baumannii, S. aureus and P. aeruginosa required the lowest doses to achieve
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a 1logio reduction. Also, similar to the present study, the authors noted that E.faecium and
K. pneumoniae were the least susceptible to treatment, and that E. coli was less susceptible than other

strains (Hoenes et al., 2021).

The aforementioned studies utilised higher irradiances than that employed here (10-71 mW cm™
compared to 0.5 mW cm), suggesting the comparative susceptibility of each species to light treatment
is independent of light irradiance application. In addition to this, these studies required substantially
higher doses than those utilised in the present study to achieve similar reductions. In this study, ~2 logio
reductions were achieved with doses as little as 3.6 J cm™ (2 h exposure to 0.5 mW cm™). In contrast,
Murdoch et al. (2012), who employed an irradiance of 71 mW ¢cm™ for low density surface-seeded
populations, required doses in the region of 180-270 J cm™ to achieve similar reductions. Although
direct comparisons cannot be made between the results of this study and those of high-density liquid-
suspended populations, it is worth noting that Maclean et al. (2009) required 27 J cm™ for a 2 logio
reduction of S. aureus, whilst just 3.6 J cm™ was required here, and Hoenes et al. (2021) required
525 J cm™ for a 1 logyo reduction of E. faecium, whilst just 28.8 J cm was required here; with both

studies utilising 10 mW c¢m for exposures compared to just 0.5 mW cm™ used here.

Given that the irradiances produced across a standard room setting were shown to vary between 0.001-
2.066 mW cm (Figure 4.6), five light irradiances (0.05, 0.25, 0.5, 0.75 and 1 mW cm™) within this
range were selected for exposure to determine the effects of varying low levels of irradiance on bacterial
inactivation (Figure 4.10; Table 4.1). S. aureus and P. aeruginosa were again chosen as model
organisms for this study due their frequency as surface contaminants in hospitals (Dancer, 2008;
Sukhum et al., 2022). Results demonstrate reductions of both species in all cases, with greater levels
achieved as light dose was increased. Results for S. aureus (Figure 4.10A; Table 4.1) highlight that
considerably shorter treatment times were required to achieve significant levels of bacterial reduction
when exposed at higher irradiances: an initial significant degree of reduction and near-complete
reduction took approximately 6 and 18 times longer, respectively, when exposed at the lowest irradiance
(0.05 mW cm2) compared to the highest irradiance (1 mW c¢m™). Similarly, for P. aeruginosa (Figure
4.10B; Table 4.1), results also indicate that considerably shorter exposure times were required to achieve
significant bacterial reductions when exposed at higher irradiances. In this case, approximately 18 times

longer exposures were required to achieve an initial significant degree of reduction when exposed at the
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lowest irradiance (0.05 mW c¢cm™) compared to the highest irradiance (1 mW cm2). Complete/near-
complete reductions took up to 9 times longer when exposed at 0.15 mW cm™ compared to the highest
irradiance (1 mW c¢m?), with complete/near-complete reductions not achieved within the 24 h sampling
period when exposed at the lowest irradiance level (0.05 mW cm™; maximum reduction of 15%
recorded). Interestingly, however, results in Figure 4.10 and Table 4.1 also demonstrate in some cases,
per-unit-dose, an increased efficacy of inactivation when exposed at lower irradiances. For S. aureus,
approximately 3.3 times lower dose (1.08 versus 3.6 J cm%) was required to achieve significant levels
of reduction (P<0.05) when exposed at the lowest irradiance (0.05 mW c¢cm) compared to the highest
irradiance (1 mW cm), respectively. Similar patterns were observed for P. aeruginosa, whereby,
comparing 0.15 mW cm™ and 1 mW c¢cm™ exposures, 6.6 times lower dose was required to achieve
significant levels of reductions (P<0.05) when exposed using the lower irradiance treatment (0.54 versus

3.6 J cm™, respectively).

On this basis, it is possible that lower irradiance 405-nm light, similar to that employed by the 405-nm
light EDS, may be more efficient in comparison to that of higher irradiance exposures for the
inactivation of bacteria on a per-unit-dose basis. It is possible that these differences may be due to the
specific energy levels required to induce photoexcitation of porphyrin molecules within exposed
bacterial cells, and that the use of higher irradiances may be inefficient due to the porphyrin
photoexcitation pathway becoming saturated in the presence of excess photons which may not
contribute to the inactivation process; whereas with lower irradiances the photons may be utilised more
effectively with less photon wastage (Maclean et al., 2016). This mechanism may also explain the less
apparent differences in susceptibility between the Gram-positive and Gram-negative bacterial species
tested in this study compared to previously published work which used higher irradiances (Maclean et
al., 2009; Murdoch et al., 2012; McDonald et al., 2013). Although beyond the scope of this chapter, the
potential increase in inactivation efficacy per-unit-dose when using lower irradiance treatments, similar
to that employed by the 405-nm light EDS, is of significant research interest, and will be investigated

further in Chapter 6.

In addition to determining the broad-spectrum bactericidal efficacy of the 405-nm light EDS at a fixed
position, this study evaluated bacterial inactivation kinetics at varying distances from the light source

and at varying irradiances which could typically be expected at different positions within a whole-room
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environment. S. aureus and P. aeruginosa were again chosen as model organisms for this study. Results
in Figure 4.11 demonstrate that the irradiance decreased from approximately 0.310-0.311 mW cm™
directly 1.6 m below the light source to 0.021-0.022 mW c¢m™ when placed 2 m off centre (As=2.56 m).
The extent of inactivation achieved per unit exposure time was also shown to decrease as distance from
the centre of the light source increased. For S. aureus (Figure 4.11A), an initial exposure of 4 h
demonstrated a 19.58% reduction directly underneath the light source (0.311 mW cm? irradiance) in
comparison to just a 0.38% reduction underneath the light source at a distance of 2 m off-centre
(0.021 mW cm? irradiance). A similar, although less pronounced, effect was demonstrated for
P. aeruginosa (Figure 4.11B), where 4 h exposure demonstrated a 26.96% reduction directly
underneath the light source (0.310 mW cm irradiance) in comparison to a 11.93% reduction
underneath the light source at a distance of 2 m off-centre (0.022 mW cm? irradiance). These results
agree with previous work by this laboratory demonstrating that inactivation levels significantly decrease
as distance from the 405-nm light source increases (Endarko, 2011). Results of this study do, however,
also demonstrate that, regardless of distance from the light source, the level of inactivation achieved
increases as the time of exposure is increased. Following an 8 h exposure of S. aureus (Figure 4.11A),
significant bacterial reductions were achieved at distances approximately 2.6 times greater than that
achieved after 4 h exposure (0.7 m off-centre in comparison to 1.8 m off-centre; P<0.05). When this
was further increased to a 24 h exposure, significant bacterial reductions were demonstrated up to 2 m
from the light source: 2.9 times greater than after the original 4 h exposure (P<0.05). For P. aeruginosa
(Figure 4.11B), significantly greater reductions were achieved at distances up to five times greater when
exposed for 8 and 24 h compared to 4 h (0.4 m off-centre in comparison to 2 and 1.7 m off-centre,
respectively; P<0.05). A strong correlation between bacterial kill and exposure time to 405-nm light
EDS units has previously been demonstrated on various surfaces within clinical settings (Maclean et
al., 2010; Bache et al., 2018a) and this study confirms that pathogenic bacteria exposed under controlled

laboratory conditions behave in a similar manner.

On comparison of the results in Figures 4.10 and 4.11, P. aeruginosa was shown to demonstrate lower
susceptibility than that of S. aureus to 405-nm light when exposed at lower irradiance levels. The
inactivation kinetics in Figure 4.10 show that, when exposed at the lowest irradiance of 0.05 mW cm,

an 18 h exposure resulted in 99.2% reduction for S. aureus, in comparison to just a 5.7% reduction for
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P. aeruginosa. Similarly, for the results provided in Figure 4.11, 4 h exposure resulted in significant
(P<0.05) bacterial reductions at distances approximately 1.75 times greater for S. aureus in comparison
to P. aeruginosa (up to distances of 0.7 m compared to 0.4 m, respectively), and reductions following
24 h directly underneath the light source were 1.4 times greater for S. aureus (100% inactivation) in
comparison to P. aeruginosa (71.1% inactivation). These findings are in agreement with the exposures
conducted in Figure 4.8, where results showed that after 1 h exposure to 405-nm light at an irradiance
of 0.5 mW cm?, S. aureus was reduced by 79.3% whilst P. aeruginosa was reduced by just 11.4%.
These differences in inactivation observed for the two species may be due to variations in the
distribution and quantity of endogenous porphyrins produced by bacterial cells, as previously discussed

(Nitzan et al., 2004).

Although collectively Figures 4.10 and 4.11 indicate that the treatment times required to achieve
significant bacterial inactivation are prolonged at lower irradiance, results importantly also demonstrate
that inactivation was still achievable at the lowest irradiances investigated and, given the continuous
operational nature of the 405-nm light EDS, it is expected that sufficient inactivation would occur even
at these lower irradiance exposures; further justifying the utilisation of the 405-nm light EDS for the
decontamination of whole-room environments. Recent work by Bache et al. (2018) investigated the
relationship between the bacterial inactivation achieved on surfaces around a hospital burns unit using
a 405-nm light EDS and the irradiance received at each surface site and found that, following 7
consecutive days of use, there was no significant correlation. The authors sampled seventy sites,
whereby incident irradiances ranged from 0.0023-0.2310 mW cm?, and observed consistent reductions
regardless of the irradiance received at that site (Bache et al., 2018). This was hypothesised to be due
to the aerial decontamination effect: due to their closer proximity to the light source, airborne bacteria
will be exposed to higher irradiances than that of surface-seeded bacteria, and therefore will be
inactivated quicker —then, given they will be precipitated on surfaces at random, little correlation would
be expected between inactivation and levels of irradiance received at the surface site (Bache et al.,
2018a). These results, coupled with those in Figures 4.10 and 4.11, further justify utilisation of the 405-
nm light EDS for the decontamination of whole-room environments. Given its high safety profile, they

can be installed as an overhead light source (Kenall Manufacturing, 2017) and utilised continuously
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without posing a disturbance to room activity, with increased inactivation occurring as exposure time is

increased (Maclean et al., 2010, 2013a; Bache et al., 2012a, 2018a; Murrell et al., 2019).

It is important to mention that the inactivation kinetics presented in this study are representative of
organisms which have been cultured under optimal conditions. Bacterial populations were cultured at
37°C in growth media and then exposed to the 405-nm light EDS on nutrient agar surfaces; cultivation
and exposure conditions which exert minimal stress on the organisms. Importantly, laboratory studies
have demonstrated that stressed organisms show increased susceptibility to 405-nm light inactivation
(McKenzie et al., 2014). Thus, when used practically for inactivation of bacterial contamination on
environmental surfaces, such as in the case of hospital room disinfection (Maclean et al., 2010, 2013a;
Bache et al., 2012a, 2018a; Murrell ef al., 2019), inactivation kinetics are likely to be enhanced.
Organisms can remain on environmental surfaces for prolonged periods of time, with up to 90 days
recorded previously in the case of staphylococci and enterococci (Neely and Maley, 2000), but these
organisms will be stressed due to desiccation, starvation, and in some cases, sublethal exposure to
disinfectants, and these concurrent stresses will likely increase microbial susceptibility to
decontamination using 405-nm light. By exposing bacteria under controlled laboratory conditions with
minimal stress factors, this study importantly demonstrates the likely exposure times required to
inactivate key bacterial pathogens under ‘worst-case scenario’ conditions, with inactivation expected to

be enhanced when used in practice.

Further considering the work of this study towards practical application in ‘real’ environments, it has
been demonstrated here that bacterial contamination on surfaces — in this case, agar surfaces — can be
effectively inactivated. However, it is also of interest to examine the efficacy of low irradiance 405-nm
light for the inactivation of bacteria presented under conditions realistic to the healthcare environment.
Previous publications have demonstrated that 405-nm light exposure, albeit at higher irradiance levels
(110 mW cm?), is effective for the inactivation of bacteria on inert surfaces such as glass, acrylic and
PVC (Murdoch ef al., 2012); and indeed the studies demonstrating the efficacy of low irradiance 405-
nm light for disinfection of hospital isolation rooms collected samples from a wide range of surfaces
and materials including door handles, table/locker surfaces, bed rails, computer keyboards/mouse and
light switches (Maclean et al., 2010, 2013a; Bache et al., 2012a, 2018a; Murrell et al., 2019).

Developing an understanding of the efficacy of the 405-nm light EDS for the inactivation of bacteria
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on common hospital surface materials, conducted under controlled laboratory conditions, is of
significant research interest. Furthermore, the ability of 405-nm light to inactivate bacterial biofilm
populations, which are of significant concern in the healthcare environment due to their persistence in
the presence of thorough cleaning regimes, is an area of increasing research interest. McKenzie et al.
(2013) previously reported successful reductions of E. coli biofilms on glass and acrylic surfaces using
405-nm light, with up to 7-logso reductions observed following 1 h exposure to 140 mW cm?, however
the ability of low irradiance 405-nm light, similar to that produced by the 405-nm light EDS, for the
inactivation of bacterial biofilms remains broadly unknown. In addition, given current concerns
associated with antimicrobial resistance, it is of interest to determine the susceptibility of MDR bacterial
strains to 405-nm light inactivation. Maclean et al. (2009) successfully demonstrated the ability of 405-
nm light (10 mW cm) to inactivate MRSA, requiring just 1.25 times greater dose for a 5 logo reduction
than that of MSSA. Resistance development to 405-nm light is yet to be demonstrated, and it is believed
to be unlikely due to its non-specific oxidative mechanism of inactivation and its vast array of cellular
targets (Tomb et al., 2017a). Regardless, an examination of the efficacy of the 405-nm light EDS to
inactivate MDR strains, which are likely to be present within the hospital environment, is of significant
interest. These areas of future study will be essential to further justify the prolonged use of these systems
across the infection control sector, and thus some of these key consideratios will be investigated in

greater detail in Chapter 5.

4.6 Conclusions

Overall, this chapter has successfully characterised the optical output and antibacterial efficacy of a low
irradiance 405-nm light system designed for environmental decontamination applications under

controlled laboratory conditions. Key findings associated with this chapter are detailed as follows:

e The optical output profile of a 405-nm light EDS was successfully characterised within a 4 x
4 x 2 m area, with the range of irradiances produced within this area found to be 0.001-2.016
mW cm™.

e The broad-spectrum antimicrobial efficacy of 405-nm light employed at a representative

irradiance within this range (0.5 mW cm™) was demonstrated for the inactivation of low-
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density populations of surface-seeded bacterial pathogens, known to be associated with HAISs,
within exposure times realistic of those employed for whole-room decontamination (2-16 h).
e The effects of altering the distance of a surface-seeded bacterial samples from the light source,
and thus the irradiance at which samples would be illuminated (0.021-1 mW cm?), were
considered and, although differing levels of inactivation were demonstrated, complete
(~2 logio) reductions were still achievable, suggesting these factors will unlikely have a

significant impact on the overall continuous decontamination effect achieved.

The irradiance levels (<1 mW c¢cm?) and large exposure distances (up to 2.56 m) used in this study,
which are quite different to anything that has previously been described in the literature, have been used
to provide a laboratory-based demonstration of the efficacy of 405-nm light for large scale
environmental disinfection applications, as have been detailed by the previous studies carried out in the
hospital environment (Maclean et al., 2010, 2013a; Bache et al., 2012a, 2018a; Murrell ef al., 2019).
The findings of this chapter comprehensively advance knowledge of the 405-nm light EDS and its
applicability for whole-room decontamination which, combined with its inherent safety benefits,

furthers its widespread utilisation across the infection control sector.
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CHAPTER 5

405-nm Light EDS Operational Considerations

5.0 Overview

This chapter builds upon the findings of the previous chapter by investigating the antibacterial efficacy
of the 405-nm light EDS under various clinically-representative exposure conditions, with particular

focus on spatial positioning and the surface presentation of exposed contamination.

5.1 Introduction

The ability of the 405-nm light EDS to reduce general contamination levels within clinical settings has
been widely demonstrated (Maclean et al., 2010, 2013a; Bache et al., 2012a, 2018a; Murrell et al.,
2019), and findings in the previous chapter established its broad-spectrum bactericidal efficacy at
irradiances typical of those illuminating high-touch surfaces within hospital rooms (0.5 mW cm?). For
practical deployment, however, it is important to establish bacterial inactivation across a range of near-

clinical exposure conditions.

In realistic settings, bacterial contaminants may be presented at varying distances from the light source,
both on surfaces and in the air, and thus are likely to be illuminated by varying irradiances of 405-nm
light (0.001-2.066 mW cm; Chapter 4). It is therefore important to understand the bactericidal ability
of the irradiances at the lower range of these values. Furthermore, although the exposures on agar
surfaces performed in Chapter 4 provide a highly reproducible baseline of the bacterial inactivation
which can be achieved using the 405-nm light EDS; in clinical environments, contamination will be
present on inert surfaces which will likely exert substantially greater stress on the organisms. Previous
studies have indicated an enhanced susceptibility of bacteria on inert versus agar surfaces to higher
irradiances (~70 mW c¢m™) of 405-nm light inactivation (Murdoch et al., 2012); however, this effect is

yet to be established at lower irradiance applications. In addition, inert clinical surfaces are extremely
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variable, ranging from being completely clean and dry, to soiled with variable levels of organic and
inorganic residues. An enhancement in 405-nm light inactivation has been demonstrated in viruses
exposed in biological media as opposed to minimal media (Tomb et al., 2014, 2017b) — believed to be
due to photosensitive components within such media acting as external photosensitisers and imparting
local oxidative damage to the organisms — however, little is currently understood with respect to
bacterial susceptibility under such conditions. Furthermore, bacterial biofilms — which are
predominantly more resilient to disinfection than their planktonic counterparts (Maillard and
Centeleghe, 2023) — are key drivers in HAI transmission (Vickery et al., 2012; Costa et al., 2019). They
often reside in sinks, faucet acrators and shower heads; acting as microbial reservoirs which can disperse
viable bacteria into the water stream and colonise patients, HCWs, environmental surfaces and medical
equipment (Exner et al., 2005). Exposure to higher irradiances (>60 mW cm?) of violet-blue light has
shown to successfully inactivate bacterial biofilms (McKenzie ef al., 2013; Soukos et al., 2015; Wang
et al., 2016; Ferrer-Espada et al., 2019, 2020); however, the efficacy of low irradiances, likely to be

produced by the 405-nm light EDS for environmental decontamination, is widely unknown.

Given the diverse exposure conditions of indoor surfaces and their likely influence on microbial
susceptibility to 405-nm light, this chapter evaluated the efficacy of the 405-nm light EDS for the
inactivation of surface-seeded bacterial contamination under exposure contexts more representative of
practical system deployment, as a means to further corroborate clinical efficacy and translatability. The

experiments conducted in this chapter to fulfil these aims are as follows:

1. Design and implementation of a small-scale bench-top 405-nm light EDS prototype to enable
exposure to irradiances within the range expected in a typical hospital isolation room which could

be conducted practically at a distance of 0.5-1 m from the light source.

2. Establish the bactericidal efficacy of 405-nm light when employed at irradiances <0.1 mW cm™

and determine, if any, a threshold irradiance below which no further inactivation occurs.

3. Establish inactivation efficacy of low irradiance (0.5 mW cm) 405-nm light for bacteria suspended

in minimal, organic and biologically-relevant media; and seeded on clinically-relevant surfaces.
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4. Establish the efficacy of low irradiance (0.5 mW cm) 405-nm light for inactivation, and inhibition
of the development of, bacteria in monolayer and mature biofilms on microtiter plate wells and

clinically relevant surfaces.

5.2 Miniaturisation of the 405-nm Light EDS for Bench-top Testing

An understanding of the efficacy of 405-nm light at the irradiance levels typically presented within an
32 m? standard isolation room (0.001-2.066 mW c¢m; Chapter 4) is essential to comprehensively
evaluate the performance of such systems. This, however, is challenging given the distances required to
achieve such irradiances from the current 405-nm light EDS prototypes (up to 4.47 m; Chapter 4). To
enable practical employment at bench-top level, a miniaturisation of the current 405-nm light EDS

prototype, was developed.
5.2.1  Design Considerations of the Novel Unit

The purpose of this re-design was to enable laboratory testing of the 405-nm light EDS at the low
irradiance levels ordinarily provided within a typical 32 m? room to be conducted at a smaller, bench-

top scale. Towards achieving this, the following design criteria were appointed:

1. Provision of light outputs ranging from 0.001-2.5 mW cm at 0.5-1 m from the source. This
would enable antimicrobial testing at the irradiance levels ordinarily provided at much greater
distances (<4.47 m) by the original protype, to be conducted with greater ease at bench-top level.

2. Reduction in overall system dimensions by 30-50%. This would enable mounting on a bench-
top test rig, and provide greater flexibility for transportation/use in various environments.

3. Provision of lower power LED arrays than those currently employed with tuneable output
irradiance via individual LED control through remote-control system and dimming function.
This would enable control of individual or combinational LED use, at varying brightness, thus
maximising the range of irradiance levels which could be produced.

4. Provision of uniform light spread across the testing area. Given its smaller size, a uniform

distribution of light across bacterial samples would be essential for inactivation data accuracy.
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5.2.2  Build of the Miniaturised 405-nm Light EDS

The miniaturised 405-nm light EDS was designed and built by colleagues in the EEE workshop at the
University of Strathclyde as part of an assignment for Design & Manufacture class E0400 (Bradley,
2022); considering the design criteria outlined in Section 5.2.1. The final design consisted of three 405-
nm LED arrays (Mouser Electronics, UK) housed within a 30 X 30 cm aluminium plate — reducing
overall unit size by 41% in comparison to previous prototypes — which were equally spaced by 15 cm
in triangular formation; selected, based on pre-design irradiance scoping experiments, as the distance
which provided the greatest uniformity of light distribution (Figure 5.1A). White LEDs, employed in
the original 405-nm light EDS for aesthetic reasons, were not included in this prototype, as the focus of
this study was to analyse antimicrobial capacity. Each array was driven by a 15V power supply (CPC
Mean Well, UK) and contained a heat sink and fan (Novatech, UK) for thermal management, both
driven by a PCB as opposed to drivers to conserve space in the housing (Figure 5.1B). A holographic
light shaping diffuser (Luminit LLC, USA) with a 20° light shaping diffuser angle was used to cover

the LED arrays to enhance light distribution across the testing area.

Figure 5.1 Miniaturised 405-nm light EDS: (A) Appearance of the lower side of the housing displaying the three
LED arrays for exposure (LED 1, LED 2 and LED 3), and (B) appearance of the upper side of the housing
displaying placement of the LEDs, fans, heatsinks, 15 V power supply, PCB and Arduino.

A remote control (Digi-Key, UK) was used to switch on either singular or multiple combinations of
405-nm LED arrays, as required, at any given time. The remote-control system was controlled by
Arduino hardware and an infrared receiver contained within the system housing. The housing also

contained a potentiometer for control of the dimming function. Collectively, LEDs could be dimmed
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by turning the potentiometer by up to 10 turns, with 0 turns providing the lowest brightness setting
(100% dimmed) and 10 turns providing the highest brightness setting (0% dimmed). The final
configuration of the miniaturised EDS was then mounted using a testing rig above a 30 x 30 cm bench-
top surface for antimicrobial testing (Figure 5.2). The distance between the light source and test surface

could be increased up to a distance of 80 cm as required.

Figure 5.2 Miniaturised 405-nm light EDS mounted at a distance of 80 cm above a 30 % 30 cm surface for
antimicrobial testing with (A) 405-nm LED arrays switched off and (B) 405-nm LED arrays switched on.

5.2.3  Optical Profiling of the 405-nm Light EDS

The irradiance distribution of the miniaturised 405-nm light EDS was characterised for individual and
multiple LED usage, across the range of dimming settings provided, to determine the settings required

for subsequent inactivation testing.
5.2.3.1  Methods: Optical Profiling of the 405-nm light EDS

The optical irradiance output profile was established with the light source mounted directly above the
bench-top surface at the greatest achievable distance of 80 cm; providing the greatest uniformity of light
distribution. Irradiance measurements were taken at approximately 5 cm intervals in X and Y directions
across a 30 x 30 cm bench-top surface, positioned directly below the 30 x 30 cm system housing.
Measurements were taken with all three LED arrays switched on and either 0, 50 or 100% dimmed, to
establish maximum and minimum irradiance levels with all three LED arrays engaged; and with each
LED array switched on individually whilst 100% dimmed, to determine the minimum irradiance levels

of each individual array. Upon inspection, it was determined that the irradiance values gathered across
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the 30 x 30 cm bench-top surface, even with singular 100% dimmed LED array use, were still higher
than the lowest irradiance levels produced within the whole-room setting in Chapter 4. Accordingly, to
mimic these levels, the bench-top testing surface was extended to 30 x 150 cm (Figure 5.3), and
irradiance distribution for each individual LED array engaged whilst 100% dimmed was measured

across this area.

Figure 5.3 Miniaturised 405-nm light EDS mounted at a distance of 80 cm above a 150 % 30 cm surface for
antimicrobial testing.

5.2.3.2  Results: Optical Profiling of the 405-nm Light EDS

The optical irradiance profile of the miniaturised EDS across a 30 x 30 cm testing surface positioned
80 cm directly below the source is presented in Figure 5.4. In this instance, all three LEDs were switched
on with the potentiometer set at either 0% dimmed (Figure 5. 4A), 50% dimmed (Figure 5. 4B) or 100%
dimmed (Figure 5.4C). The highest irradiance values produced by the EDS (0.934 mW cm) were
gathered directly underneath the light source when LEDs were 0% dimmed. At this setting, irradiance
levels across the surface ranged by 0.159 mW cm?. As light intensity decreased between the three
dimming settings, the range of irradiance levels also decreased (P<0.001), thus enhancing uniformity
of light distribution: when 50% dimmed, this range was 0.034 mW cm™, and when 100% dimmed, this
decreased further to 0.016 mW cm™. In the latter setting, the minimum irradiance level recorded was
0.092 mW cm2. By comparison, profiling of the full-scale prototype in Section 4.2 recorded irradiances

as low as 0.001 mW cm? within a typical room setting.

To achieve these levels using the miniaturised 405-nm light EDS, the optical profile was then

established across the 30 % 30 cm testing area for each LED array separately and 100% dimmed, with
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results presented in Figure 5.5. Findings indicate similar levels of irradiance produced by each LED,
despite LED 1 producing slightly higher irradiance output (P=0.004), with recorded maximum
irradiances of 0.040-0.041 mW c¢m™, minimum irradiances of 0.031-0.032 mW cm, and overall ranges
0f 0.008-0.011 mW cm. Although promising, these irradiance levels were still higher than the lowest
values obtained using the original full-scale 405-nm light EDS across a typical 4 x 4 x 2 m room setting,
and so the testing surface was expanded (30 x 150 cm) and testing of each individual LED whilst 100%
dimmed was repeated (Figure 5.6). Results again indicate similar irradiance levels produced by each
LED (P=0.288), with maximum irradiance values of 0.04-0.042 mW cm™ measured directly 80 cm
underneath the centre of the light source and minimum irradiance values of 0.001 mW cm™ measured
80 cm underneath the source at a radial distance of 135 cm. In this configuration, the miniaturised EDS
was capable of illuminating the test area with the lowest irradiance levels (0.001 mW cm?) produced
by the full-scale prototype centrally-installed within a typical room setting investigated in Chapter 4, in

this case at much shorter distances from the light source (displacement of 1.7 m vs 4.47 m).

These results together confirmed its ability to expose a bench-top test surface with the range of
irradiance levels established across a whole-room setting in Chapter 4, and as such, where required, the

miniaturised EDS was employed for subsequent microbial inactivation testing in this chapter.
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Figure 5.4 Irradiance distribution pattern of the miniaturised bench-top 405-nm light EDS at a distance of 80 cm
from the sample surface when all 3 LEDs were on at (A) 0% dimmed, (B) 50% dimmed and (C) 100% dimmed.
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Figure 5.5 Irradiance distribution pattern of the miniaturised 405-nm light EDS at a distance of 80 cm from the
sample surface with just (A) LED 1 on, (B) LED 2 on and (C) LED 3 on, at 100% dimmed setting in all cases.
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Figure 5.6 Irradiance distribution of the miniaturised bench-top 405-nm light EDS at a distance of 80 cm from
the sample surface with just (A) LED 1 on, (B) LED 2 on and (C) LED 3 on, at 100% dimmed in all cases. The
profiling area was extended an additional 120 cm.

5.3 Exposure to Low Irradiance Levels Produced within Whole-Room Settings

This section aimed to demonstrate the efficacy of lower irradiance 405-nm light exposures (at the lower
range of those generated within a typical room setting; Chapter 4) for bacterial inactivation, and

determine the minimum threshold of irradiance, if any, beyond which no further inactivation takes place.
5.3.1 Methods: Exposure to Low Irradiance Levels

To fulfil the aforementioned aims, S. aureus, chosen as a model organism, was initially exposed to 405-
nm light for up to 72 h using a range of irradiances <0.1 mW c¢m; which represents 88.2% of the
irradiance levels produced by a single 405-nm light EDS installed in the centre of a 32 m? area (Figure
4.4; Chapter 4). Key irradiance levels within this range were then identified (0.1, 0.075, 0.5, 0.25, 0.1,
0.005 and 0.001 mW cm) and S. aureus was exposed to each for up to 72 h. This latter study was

conducted on both nutritious and non-nutritious agar surfaces, to evaluate its bactericidal impact.
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5.3.1.1 Exposure to Low Irradiance Levels: Light Source

For experimental testing, the miniaturised EDS was mounted 80 cm from the sample surface and all
three 405-nm LEDs were engaged and set to 10% brightness. As shown in Figure 5.7, the irradiance
levels produced using this configuration decreased from approximately 0.1 mW cm directly below the

light source to approximately 0.003 mW cm at a radial distance of 1.5 m from the light source.
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Figure 5.7 Irradiance distribution of the miniaturised 405-nm light EDS at a distance of 80 cm from testing
surface and set to 10% brightness. The centre of the miniaturised EDS is aligned with co-ordinates (0,0).

5.3.1.2  Exposure to Low Irradiance Levels: Exposure Methodology

To determine system efficacy when using irradiance levels at the lower range of those produced within
whole-room settings, inactivation kinetics of S. aureus upon exposure to 405-nm light at increasing

distances from the source, equating to irradiances from 0.003-0.1 mW cm were established.

S. aureus was seeded onto 90 mm diameter NA plates, to provide an initial population of 100-300 CFU
plate™ (1.6-4.7 CFU cm™) (Section 3.1.2-3.1.3). Seeded NA plates (with lids on to prevent drying of
agar) were positioned approximately 80 cm below the light source in 0.1 m intervals starting from
directly underneath the light source (As = 0.8 m; A© = 0°) up to a distance of 1.5 m radially (As = 1.7
m; AO = 61.9°). For each independent experiment, samples were exposed for 24, 48 or 72 h. Control

samples were prepared in an identical manner but were exposed to ambient laboratory lighting only.

To determine the minimum threshold of irradiance, if any, beyond which no further inactivation takes
place, inactivation kinetics of S. aureus were established using key irradiances within this range. Seeded
NA plates (with lids on) were positioned 80 cm below the light source and exposed to 405-nm light at

irradiances of either 0.1, 0.075, 0.05, 0.025, 0.01, 0.005 or 0.001 mW cm™ for up to 72 h, or until
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complete inactivation was demonstrated. Control samples were prepared in an identical manner and

exposed to ambient laboratory lighting only.

Post-exposure, the seeded agar plates were incubated at 37°C for 18-24 h, before enumerating the viable
bacterial CFU plate. Results represent the mean values + SD of triplicate replicates (n=3), and are
reported as the percentage of surviving or reduced bacteria as compared to the equivalent non-exposed

control samples.
5.3.2  Results: Exposure to Low Irradiance Levels

Figure 5.8 presents the inactivation kinetics of S. aureus exposed on NA surfaces for up to 72 h at
distances ranging from directly underneath the centre of the light source (As=0.8 m; A©=0°) up to 1.5
m (As=1.7 m; AO=61.9°); equating to exposures ranging from 0.01 to 0.0027 mW cm, respectively. In
all cases, non-exposed control populations, from which surviving populations were calculated, showed

no significant change throughout treatment (P=0.088-0.894).

Findings comprehensively demonstrate that as the distance from the light source is increased, irradiance
decreases, which in turn decreases the extent of inactivation achieved per unit time. Results do, however,
also demonstrate significantly greater reductions as exposure time to a set irradiance increased, even at
the lowest irradiance levels employed. Following 24 h exposure, significant levels of inactivation
(reductions of 26.0-89.3% in comparison to non-exposed equivalent controls; P<0.015) were achieved
up to a radial distance of 0.9 m below the light source, where samples were illuminated at irradiances
of 0.014-0.1 mW cm. Beyond this distance, whereby samples were exposed to <0.011 mW cm?, no
significant reductions were observed (P=0.067-0.894). Following 48 h exposure, results demonstrate
significant levels of reduction (21.6-100%; P<0.022) up to a radial distance of 1.1 m below the light
source, where samples were illuminated at irradiances of 0.008-0.100 mW c¢m™. Beyond this distance,
whereby samples were exposed at <0.006 mW c¢cm™, no significant reductions were observed (P>0.066),
with the exception of exposure at a distance of 1.5 m radially from the light source, where a 20.4%
reduction was observed (P=0.023). After 72 h, significant reductions (12.5-100%; P<0.032) were
observed up to a radial distance of 1.3 m below the light source, with samples in this range illuminated
by 0.005-0.100 mW cm™. Beyond this distance (equating to exposures to <0.004 mW cm™2) no

significant reductions were observed (P>0.105).
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Results in Figure 5.9 present the inactivation kinetics of S. aureus seeded on NA surfaces and exposed
to the miniaturised 405-nm light EDS at irradiances ranging from 0.001-0.100 mW c¢m. In all cases,
non-exposed control populations displayed no significant change throughout treatment (P=0.088-
1.000). Results comprehensively demonstrate an increase in bacterial inactivation achieved as both
irradiance and exposure time are increased. Exposed to 0.025-0.100 mW cm™, significant bacterial
reductions were demonstrated following 24 h exposure (40.1-89.3%; P<0.003), with the extent of
inactivation achieved by the highest irradiance (0.1 mW cm; 89.3% reduction) shown to be
significantly greater than that achieved by 0.05 and 0.075 mW cm (71.2-76.4% reductions; P<0.001),
which were both significantly greater than that achieved by 0.025 mW cm™ exposures (40.1% reduction;
P<0.001). When exposed to a lower irradiance of 0.01 mW cm, a greater exposure of 48 h was required
to demonstrate significant bacterial inactivation (28.5% reduction; P=0.015), and when exposed at an
even lower irradiance of 0.005 mW cm™, 72 h exposure was required to achieve significant bacterial
inactivation (12.5% reduction; P=0.032). No significant bacterial inactivation was demonstrated

throughout the treatment duration for bacterial samples exposed to 0.001 mW cm (P=0.935-1.000).
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Figure 5.8 Inactivation kinetics of Staphylococcus aureus seeded on nutrient agar surfaces and exposed to low
irradiance 405-nm light at distances ranging from 0.8 m directly below the light source (As=0.8 m; A©=0°) up to
1.5 m radially (As=1.7 m; A©=61.9°); equating to light intensities of 0.1 mW c¢m? down to 0.0027 mW cm?,
respectively, in comparison to that of equivalent non-exposed controls. Each data point represents the mean value
+ SD (n=3). Asterisks (*) represent data points where 405-nm light exposed triplicate CFU plate™! counts were
significantly lower than equivalent control counts (P<0.05).
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Figure 5.9 Inactivation kinetics of Staphylococcus aureus seeded on NA surfaces and exposed to 405-nm light at
irradiance ranging from 0.001-0.100 mW cm in comparison to that of equivalent non-exposed populations. Each
data point represents the mean value + SD (n=3). Asterisks (*) represent data points where the 405-nm light
exposed triplicate CFU plate™! counts were significantly lower than that of equivalent control counts (P<0.05).

5.4  Effect of Suspension Media and Fomite Material on Bacterial Inactivation

This section examined the efficacy of low irradiance 405-nm light for inactivation of surface-seeded S.
aureus when exposed firstly, in various nutritious and non-nutritious suspension media, and secondly,
when dried onto various clinically-relevant surfaces; to better depict system efficacy in dynamic clinical

environments.
5.4.1  Effect of Suspension Media on Bacterial Inactivation Efficacy

This study assessed the comparative efficacy of 405-nm light for inactivation of bacteria seeded on agar

whilst in the presence of non-nutritious (PBS) or nutritious biological media (saliva, blood and faeces).
54.1.1 Methods: Effect of Suspension Media on Bactericidal Efficacy
54.1.1.1 Effect of Suspension Media on Bactericidal Efficacy: Light Source

The light source used was the original 405-nm light EDS prototype (configuration 2; Section 3.4.1).

This was selected, as opposed to the miniaturised 405-nm light EDS, to provide a greater surface area
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for exposures of multiple 90 mm agar plates. For experimental testing, the ceiling-mounted light source
was positioned directly above a surface for exposure at a distance of approximately 1.5 m. The

irradiance produced at this distance was found to be 0.5 = 0.02 mW c¢m for all bacterial samples.
5.4.1.1.2  Effect of Suspension Media on Bactericidal Efficacy: Sample Preparation

The suspension media employed for bacterial exposures in this study was PBS, artificial human saliva,
defibrinated ovine whole blood and artificial faeces; which were sourced and prepared as described in
Section 3.3. For experimental use, the prepared suspension of artificial faeces (Section 3.3) was
extremely viscous, and thus was diluted (1:100; 1 mL into 99 mL) in distilled water to enable
experimental testing (Figure 5.10), and to better depict conditions of faecal transmission within hospital
wastewater. Once prepared, the diluted samples were sterilised by autoclaving prior to use. S. aureus
was then seeded into the suspending media to provide a 103> CFU mL! population (Section 3.1.2-3.1.3).
For each bacterial suspension, 100 pL volumes were then spread plated onto NA to provide an initial

population of ~100-300 CFU plate™! (1.6-4.7 CFU cm™).

1:10

Figure 5.10 Artificial faeces preparation and serial dilutions performed in distilled water (1:100 dilution was
employed for experimental testing).

54.1.1.3 Effect of Suspension Media on Bactericidal Efficacy: Exposure Methodology

Inactivation kinetics of S. aureus in either PBS, saliva, whole blood or artificial faeces and seeded onto
NA plates were established upon exposure to an increasing dose of 405-nm light. Seeded plates (with
lids off) were positioned approximately 1.5 m below the light source, providing an irradiance of ~0.5
mW cm at the plate surface, and were exposed for up to 4 h. Following exposure, agar plates were

incubated at 37 °C for 18-24 h, before enumerating the viable bacterial CFU plate™. In all cases, control

100



samples were prepared in an identical manner and were exposed to ambient laboratory lighting only.
Results represent the mean values = SD of triplicate replicates (n=3), and are reported as the percentage

of surviving bacteria as compared to the equivalent non-exposed control samples.
5.4.1.1.4  Effect of Suspension Media on Bactericidal Efficacy: Light Transmissibility

The transmissibility and photosensitivity of the suspending media (PBS, saliva, blood and faeces) was

assessed to indicate its potential effect on bacterial susceptibility.

Firstly, the ability of 405-nm light to transmit through freshly prepared media samples seeded onto agar
plates was determined (Figure 5.11). NA plates of identical depth were prepared by pipetting 10 mL
molten NA into sterile petri dishes. Once dried, the plates were positioned directly underneath the
miniaturised 405-nm light EDS, with the photodiode detector held directly underneath the plate. The
light output was adjusted until ~0.5 mW cm? was detected. Following this, 100 pL of each sample was
individually pipetted and evenly spread across the surface of the plates (Figure 5.12). Irradiance was

then recorded using the same method as described for pre-seeded plates (n=6).

Secondly, to indicate the presence of porphyrins or other components with the ability to absorb 405-nm
light and emit fluorescence, thus potentially able to aid in the photoinactivation effect, fluorescence
measurements were taken between 400-700 nm of freshly prepared PBS, artificial saliva, artificial

faeces and ovine whole blood when excited at 405-nm using an RF-531 PC spectrophotometer

I I I I I I I I 405-nm light source

(Shimadzu, USA).

Agar plate with 100 uL
spread of PBS, saliva,
faeces or whole blood

Photodiode detector

Figure 5.11 Experimental set-up to measure loss of light transmission through surface-seeded bacterial samples.
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Figure 5.12 Nutrient agar plates seeded with 100 pL, from left to right: PBS, artificial saliva, artificial faeces
(1:1000 dilution) and ovine whole blood.

5.4.1.2 Results: Effect of Suspension Media on Bactericidal Efficacy

Figure 5.13 presents inactivation kinetics of S. aureus seeded on NA in the presence of PBS, artificial
saliva, blood or artificial facces, upon exposure to increasing doses of 0.5 mW cm™2. In all cases, a
significant downward trend in surviving populations was demonstrated upon increasing exposure time
(P<0.05). Control populations showed no significant change throughout treatment (P>0.057); excluding

artificial faecces samples, which significantly decreased after 4 h (P=0.014).

When suspended in non-nutritious media, i.e. PBS, a significant 24.6% reduction was demonstrated
after just 1 h exposure (P=0.016), with 76.6% reductions achieved after 4 h (P<0.001). By comparison,
reductions in nutritious media were variable. In saliva, a 56.5% reduction was demonstrated after just 1
h (P=0.001); which increased to a 93.7% reduction following 4 h (P<0.001). Excluding measurements
after 2 h, where similar inactivation occurred (57.5-63.1% inactivation; P=0.209), inactivation achieved
at all other time points were shown to be significantly greater for bacteria suspended in saliva as opposed
to PBS (P<0.001). Exposures in faeces similarly achieved significant reductions following 1 h (14.1%
reduction; P=0.017); however, this was significantly lower than equivalent reductions in PBS (P=0.009)
and saliva (P<0.001). Following 4 h, reductions of 64.4% were demonstrated; which again were
significantly lower than reductions achieved by this time point in both PBS (P<0.001) and saliva
(P<0.001). Bacteria suspended in blood were the least susceptible to treatment, with no significant
reductions observed until 4 h exposure (9.4% reduction; P=0.034); which was significantly lower than

reductions achieved by all other media at this time point sampled (P<0.001).

The intensity of 405-nm light passing through each suspension media is presented in Table 5.1. As
demonstrated, the highest intensity of light passing occurred in PBS (100%), which was statistically

similar (P=0.235) to that recorded for artificial saliva (99.9%) and artificial faeces (99.5%). The lowest
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intensity of light passing was demonstrated through whole blood (23.5%), which was significantly lower
than that demonstrated for all other suspending media investigated (P<0.001). The fluorescence
emission spectra of each suspension media when excited at 405-nm is presented in Figure 5.14. As
shown, am emission peak was demonstrated at 468 nm for artificial saliva and artificial faeces, with the

latter also presenting a second, smaller peak at 495 nm. No emission peaks were observed in whole

blood.
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Figure 5.13 Inactivation kinetics of Staphylococcus aureus, seeded on agar surfaces in the presence of PBS,
saliva, artificial faeces or blood, upon exposure to 405-nm light at an irradiance of ~0.5 mW cm. Each data point
represents the mean value + SD (n = 6). Asterisks (*) represent points where the triplicate CFU plate™* counts
were significantly different between test and control samples (P<0.05).
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Figure 5.14 Fluorescence emission spectra of various suspension media (PBS, artificial saliva, artificial facces
and whole blood) upon excitation at 405-nm wavelengths. Asterisks (*) indicate the peak emission wavelengths
for each media.

Table 5.1 Percentage of 405-nm light passing through varying suspension media seeded (100 pL) and spread
onto NA plates of identical depth. 405-nm light irradiance was measured through the smear and agar using a
photodiode detector.

Medium PBS Saliva Faeces (1:100) Blood
Light Passage (%) | 100 99.9 99.5 23.5

5.4.2  Effect of Fomite Material on Bacterial Inactivation Efficacy

This study assessed the efficacy of the 405-nm light EDS to inactivate S. aureus when dried onto four

fomites (PVC, stainless steel, glass and vinyl), which represent common healthcare surfaces.
5.4.2.1 Methods: Effect of Fomite Material on Bactericidal Efficacy
54.2.1.1 Effect of Fomite Material on Bactericidal Efficacy: Light Source

The light source used was the miniaturised 405-nm light EDS (Sections 3.4.2 and 5.2); mounted 80 cm
from the sample surface with all three 405-nm LED apertures engaged and set to 95% brightness. This

provided sufficient area for samples to receive ~0.5 mW cm for experimental testing (Figure 5.15).
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Figure 5.15 Irradiance distribution pattern of the miniaturised 405-nm light EDS at a distance of 80 cm from the
testing surface with all three LED apertures switched on and 5% dimmed.

5.4.2.1.2 Effect of Fomite Material on Bactericidal Efficacy: Surface Preparation and Seeding

Four materials — PVC, stainless steel, glass and vinyl (2000 Pur, Polyflur Ltd, UK) — were prepared as
15 % 15 mm coupons (Figure 5.16). Immediately prior to experiments, coupons were cleaned with 70%
ethanol to sterilise and remove grease from the materials. Coupons were then immersed in 10 mL 107
CFU mL"! bacterial suspensions (prepared as per Section 3.1.2-3.1.3) for 30 min at room temperature
under rotary conditions (120 rpm). Coupons were then aseptically removed from suspensions and
transferred to sterile 90-mm petri dishes which were placed in a laminar flow cabinet for 20 min to dry.

This methodology was adapted from McKenzie (2014) and Buchovec ef al. (2010).

A = B

Figure 5.16 Surface coupons (15 x 15 mm) employed to represent common healthcare fomite materials to assess
surface decontamination efficacy using the 405-nm light EDS: (A) PVC, (B), stainless steel, (C) glass and (D)
Vinyl (2000Pur).
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5.4.2.1.3 Effect of Fomite Material on Bactericidal Efficacy: Exposure Methodology and

Bacterial Recovery

Seeded coupons were positioned 80 cm below the light source (Figure 5.17) and exposed to 405-nm
light at ~0.5 mW cm for either 4 or 24 h. Following exposure, surviving bacteria were recovered into
a 10 mL volume containing 9 mL PBS + 1 mL 3% Tween-80 suspension using a swabbing method
adapted from McKenzie (2014). Briefly, the light-exposed surface of each coupon was swabbed
continuously for 2 min, to ensure maximum recovery of bacteria, using a sterile cotton-tipped swab
moistened in the 10 mL (9 mL PBS + 1 mL 3% Tween-80) recovery solution. The swab was then
immersed in the 10 mL recovery solution and vortexed for 1 min to resuspend bacteria from the swab
into solution. For enumeration of total viable bacterial counts from each sample, recovered solutions
were serially diluted, where necessary, in PBS and plated onto NA plates using the drop plate method
described in Section 3.1.4. Agar plates were then incubated at 37 °C for 18-24 h, before enumerating
viable bacterial CFU plate?, and calculating viable bacterial CFU per coupon. In all cases, control
coupons were prepared and treated in an identical manner, and exposed to ambient laboratory lighting.
Results represent the mean values + SD of triplicate replicates measured in duplicate (n=6), and are

reported as the mean viable logio bacterial counts in CFU per coupon.

Figure 5.17 Experimental set-up for exposure of seeded surface coupons using miniaturised 405-nm light EDS.

5.4.2.1.4  Effect of Fomite Material on Bactericidal Efficacy: Surface Characterisation

To determine the wettability of each surface coupon, contact angles were determined by pipetting 2 uL.
deionised water and TSB droplets onto each surface and then imaging using a smartphone with

microlens attachment. Images were analysed using ImageJ software with the ‘drop_analysis’ plug-in
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and LB-ADSA method. Results represent the mean values £ SD of triplicate replicates measured in

duplicate for each inert surface (n=6).
5.4.2.2 Results: Effect of Fomite Material on Bactericidal Efficacy

Contact angle measurements, as a means of assessing surface wettability, are presented in Table 5.2 and
Figure 5.18. PVC was shown to produce the highest contact angles (water: 71.65° and TSB: 69.29°);
and stainless steel was found to produce the lowest (water: 18.43° and TSB: 28.32°). Analysis of the
data found that deionised water deposited on stainless steel was significantly more hydrophilic than
glass, which together were significantly more hydrophilic than vinyl, which together were significantly
more hydrophilic than PVC (P<0.001). Similar results were demonstrated using TSB: stainless steel
and glass were together significantly more hydrophilic than vinyl, which together were significantly
more hydrophilic than PVC (P<0.001). No significant differences were demonstrated between the
contact angles made with water and TSB (P=0.392-0.816), with the exception of stainless steel

(P<0.001), which is likely the result of its surface roughness influencing droplet attachment.

Table 5.2 Contact angle of deionised water and tryptone soya broth with PVC, stainless steel, glass and vinyl.

Material PVC Stainless steel | Glass Vinyl

Water Contact Angle (°) | 71.65 +4.68 18.43 £2.60 30.33£1.08 48.06 = 6.15

TSB Contact Angle (°) 69.29 +£4.45 28.32+0.77 30.51 £ 1.54 48.94 + 6.64

Figure 5.18 Contact angles of 10 pL of (I) water and (II) tryptone soya broth on coupons of (A) PVC, (B)
stainless steel, (C) glass and (D) vinyl.
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Inactivation of S. aureus dried onto surface coupons and exposed to 405-nm light at ~0.5 mW cm for
either 4 or 24 h is presented in Figure 5.19. Exposed for 4 h (7.2 J cm™), bacterial inactivation was
shown to be greatest on vinyl (0.59 logio CFU per coupon (72.9%) reduction; P<0.001). Reductions of
0.27 (7.8%) and 0.06 (3.4%) logio CFU per coupon were demonstrated on glass and stainless steel,
respectively (P=0.27-0.535), and no reductions were demonstrated on PVC (P=0.458). Seeded bacterial
levels pre-treatment were significantly lower on vinyl compared to all other materials (P<0.001),
however, which may have accounted for these findings. On vinyl and stainless steel, no significant
reductions were presented for control populations following 4 h (P>0.127); however, reductions of 0.54

and 0.41 logio CFU per coupon reduction were noted on PVC and glass, respectively (P=0.003).

Exposed for 24 h (43.2 J cm™), reductions were again greatest on vinyl (2.03 logio CFU per coupon
(98.8%) reduction; P<0.001); with 1.93 (98.4%), 1.68 (97.8%) and 1.66 (97.0%) logio CFU per coupon
reductions demonstrated on stainless steel, glass and PVC, respectively (P<0.001). No significant
difference in seeded bacteria levels was demonstrated across all materials prior to exposure (P=0.658);
however, following 24 h, control populations decreased on PVC, glass and vinyl (0.20-0.45 logio CFU
per coupon reductions; P=0.013-0.043), whilst no significant reductions were demonstrated on stainless
steel (P=0.448). Regardless, in all cases, significant reductions were indicated between non-exposed
and exposed samples. Across all exposures, bacterial levels seeded onto coupons prior to exposure
ranged from 5.43-6.07 logio CFU per coupon, and although variation was demonstrated between
materials (P<0.001), no significant differences between counts on each individual material prior to each
exposure was presented (P>0.05). As expected, as exposure time, and thus dose, was increased, S.

aureus levels on all materials was significantly reduced (P<0.001).
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Figure 5.19 Mean Staphylococcus aureus counts recovered from PVC, stainless steel, glass and vinyl surface
coupons following (A) 4h and (B) 24 h exposure to either ambient light or 405-nm light at an irradiance of ~0.5
mW cm? (n=6+SD). Mean percentage bacterial reductions in comparison to equivalent ambient light exposed
control samples are presented above 405-nm light exposed samples. Asterisks (*) represent materials in which the
405-nm light exposed samples were significantly lower than the equivalent ambient light exposed samples

(P<0.05).
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55 Low Irradiance 405-nm Light Inactivation of Biofilms

Clinical contamination of high-touch surfaces with nosocomial biofilms has been widely reported
(Bhatta et al., 2018; Ledwoch et al., 2018; Costa et al., 2019). Bacteria embedded within biofilms are
substantially more resilient than their planktonic counterparts to common surface disinfectants (Bridier
et al., 2011) and thus present a major healthcare challenge. These studies aimed to assess the efficacy
of low irradiance 405-nm light to inhibit the formation of, and inactivate, monolayer and mature

S. aureus biofilms, on microplate wells and common healthcare surfaces.
5.5.1  Methods: Low Irradiance 405-nm Light Inactivation of Biofilms

The efficacy of 405-nm light for biofilm inhibition and inactivation were quantified by two procedures:
a crystal violet assay method was used to quantity biofilm biomass on microplate wells; and a swabbing

method was used to assess viable cell counts on surfaces coupons.
55.1.1  Low Irradiance 405-nm Light Inactivation of Biofilms: Light Source

The light source used for experiments was the miniaturised 405-nm light EDS (Sections 3.4.2 and 5.2);
mounted 80 cm from the test surface with all three 405-nm light apertures engaged and set to 95%
brightness, as employed in Section 5.4. The resulting irradiance distribution (Figure 5.15) provided

sufficient area across the test surface for samples to receive ~0.5 mW cm™.

55.1.2 Low Irradiance 405-nm Light Inactivation of Biofilms: Assessment of Biofilm

Formation on Plates using Crystal Violet Assay

To assess the ability of low irradiance 405-nm light to inhibit the formation of S. aureus biofilms within
microplate wells over a 24 h exposure period, 1 mL 10* and 10° CFU mL"' bacterial suspensions
(prepared as per Sections 3.1.2-3.1.3) were dispensed into individual wells of a sterile polystyrene 24-
well microplate (Corning™ Costar™, Fisher Scientific, UK), and the plates were then positioned
directly under the EDS at ~0.5 mW c¢m and left for 24 h (at room temperature). In all cases, control
coupons were prepared and treated in an identical manner, and exposed to ambient laboratory lighting.

A sterile media control was included for both ambient and 405-nm light exposed samples.

The quantity of biofilm present following light treatments was assessed using a crystal violet biofilm

assay method adapted from Robertson ez al. (2017). To execute this, a 0.1% w/v crystal violet solution

110



(Acros Organics, UK) was prepared in distilled water. Following 24 h exposure to light treatments, the
growth media supernatants from each test and control well were aspirated and each was washed twice
in distilled water to remove non-adherent bacteria. A 1 mL volume of 0.1% w/v crystal violet was then
added to each well and samples were incubated at room temperature for 15 min. Following incubation,
excess crystal violet was removed by washing in distilled water until subsequent washes did not visually
remove any further excess staining (typically around 4-5 washes). A 2 mL volume of 80% v/v methanol
was then added to each sample well before gently agitating (60 rpm) at room temperature for 15 min to
fully desaturate the biofilm. This process was conducted for all exposed and non-exposed samples, a
media-only control and a methanol-only control. 250 pL volumes of de-stained solutions were then
transferred to a 96-well plate and the optical density at 595 nm was read using a MultiSkan GO™
microplate spectrophotometer (Thermo Scientific, UK). Results represent the mean values £ SD of
triplicate replicates measured in duplicate (n=6), and are reported as the absorbance at 595 nm, which

directly correlated with the biomass present.

5,5.1.3 Low Irradiance 405-nm Light Inactivation of Biofilms: Assessment of Biofilm

Formation on Inert Surfaces using Swabbing

To further the work conducted in Section 5.5.1.2, this section quantitatively assessed the ability of the
405-nm light EDS to both (i) inhibit the formation of monolayer and mature biofilms and (ii) inactivate
established monolayer and mature biofilms; in both instances on clinically-relevant surfaces (Section
5.4.2). The steps followed to conduct this testing are presented in Figure 5.20. Briefly, biofilms were
prepared on 15 X 15 mm inert coupons manufactured from PVC, stainless steel, glass and vinyl (2000
Pur, Polyflur Ltd, UK; Figure 5.16). Immediately prior to experiments, coupons were cleaned in 70%
ethanol to sterilise and remove grease. Coupons were then immersed in 105 CFU mL-' bacterial
suspensions for 1 h to facilitate initial attachment. Following this, bacterial solutions were discarded

and coupons were transferred to wells within a 6-well microplate and immersed in 3 mL sterile TSB.

To determine the ability of the 405-nm light EDS to inhibit biofilm formation, coupons in TSB
suspensions were then left for either 4 h (to enable monolayer biofilm formation) or 24 h (to enable

mature biofilm formation) directly under the light source (~0.5 mW c¢m) at room temperature. Control
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coupons were prepared in an identical manner but were exposed to ambient lighting for equivalent

durations.

To determine the ability of the 405-nm light EDS to inactivate established biofilms, after coupons were
left for 1 h to facilitate initial attachment, they were transferred into fresh TSB and left at room
temperature under ambient laboratory lighting for either 4 h (to enable monolayer biofilm formation)
or 24 h (to enable mature biofilm formation). Following these incubations periods, coupons were
removed from the TSB suspensions, washed once in PBS to remove any non-adherent bacteria, and
placed in a sterile petri dish where they were left to dry for 10 min. Coupons were then positioned
directly under the light source (~0.5 mW cm?) for 24 h at room temperature. Control coupons were

prepared in an identical manner but were exposed to ambient lighting for the equivalent duration.

Post-exposure in all instances, surviving bacterial colonies were recovered from the exposed side of
individual coupons using the swabbing method previously described in Section 5.4.2.1.3 (McKenzie,
2014). Recovered solutions were then serially diluted, where necessary, in PBS and plates onto TSA
plates using the drop plate method described in Section 3.1.4. Agar plates were then incubated at 37 °C
for 18-24 h, before enumerating the viable bacterial CFU plate?, and then calculating the viable
bacterial CFU per coupon. Results represent the mean values + SD of triplicate replicates measured in
duplicate (n=6), and are reported as either mean bacterial counts or the reduction in mean bacterial

counts between ambient light and 405-nm light exposed samples, in logio CFU per coupon.
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Figure 5.20 Experimental methodology for assessing biofilm formation on inert surface coupons.
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5.5.2  Results: Low Irradiance 405-nm Light Inactivation of Biofilms

5.5.2.1 Low Irradiance 405-nm Light Inactivation of Biofilms: Inhibition of the Development

of Monolayer and Mature Biofilms

Biofilm biomass formed on the surface of wells in a 24-well microplate, upon exposure to 0.5 mW cm’
2 405-nm light for 24 h, is presented in Figure 5.21. Significant reductions in biomass were observed
following 405-nm light exposure, in the case of both 10° and 10 CFUml™! seeding densities (P<0.001).
In 10° CFU mL"! populations, ODses nm in ambient lighting was 0.066; whilst values of only 0.026 were
reached when exposed to 405-nm lighting (P<0.001). Similarly, when immersed in 10 CFU mL"!
populations, the ODsos nm of samples exposed in ambient lighting was 0.122; in comparison to just 0.041
when exposed to 405-nm lighting (P<0.001). These results indicate the inhibitory effect of 405-nm light
in the formation of mature S. aureus biofilms over a 24 h period. It was, however, of interest to further
this work by assessing total viable counts on clinical surfaces in response to 405-nm light treatment,

and thus the swabbing quantification method was employed.

T T T
0.14 |- . - T 4
[ Ambient light ]
o012 L []405-nm light ]
€010} .
0
B
8 008} -
c
@©
=
o 0.06 |- E
172}
Q0 *
<
0.04 | -
*
0.02 -
0.00 .
Low Density Bacterial High Density Bacterial
Suspension Suspension

Figure 5.21 Comparison of biofilm formation following 24 h exposure of low density (10° CU mL™") and high
density (10° CFU mL"") Staphylococcus aureus suspensions to ambient laboratory lighting or 405-nm lighting
(~0.5 mW cm?). Data points represent the mean +SD (n=6). Asterisks (*) represent a statistically significant
difference between levels of biofilm developed for ambient and 405-nm light exposed samples (P<0.05).

Results in Figures 5.22-5.23 demonstrate the ability of low irradiance (0.5 mW c¢m2) 405-nm light to

inhibit the development of both monolayer and mature S. aureus biofilms on a range of clinical surfaces.
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Figure 5.22 presents the populations of monolayer and mature S. aureus biofilms following 4 and 24 h
development, respectively, in both ambient and 405-nm lighting conditions at room temperature. When
incubated for 4 h under 405-nm lighting conditions, biofilms reached 5.59, 5.47, 5.47 and 5.30 logio
CFU per coupon on PVC, stainless steel, glass and vinyl, respectively; which, in all cases, were
significantly lower than those developed in ambient lighting (5.94, 5.96, 6.30 and 6.26 logio CFU per
coupon, respectively; P<0.002). When incubated for 24 h, biofilms reached 8.69, 9.08, 9.10 and 8.63
logio CFU per coupon on PVC, stainless steel, glass and vinyl, respectively, when exposed to ambient
lighting; with levels significantly greater on stainless steel and glass in comparison to PVC and vinyl
(P<0.001). By comparison, biofilms formed after 24 h exposure to 405-nm lighting were significantly
lower (P<0.01), with mean levels recorded as 5.18, 5.27, 4.53 and 5.88 logio CFU per coupon on PVC,
stainless steel, glass and vinyl, respectively. Together, these findings, consistent with results in Figure
5.21, indicate the inhibitory effect of 405-nm light on the development of both monolayer and mature

S. aureus biofilms.

Results in Figure 5.23 present the mean logio reductions in biofilm levels formed on each surface
following 4 and 24 h exposure to 405-nm lighting compared to ambient lighting at room temperature.
In all cases, reductions in biofilm development were significantly greater upon 405-nm light for 24 h
compared to 4 h (P<0.001); likely due to the significantly larger quantities of biofilm formed with
increasing incubations (P<0.001). After 4 h incubation in broth suspensions, significantly greater
biofilm inhibition was shown on glass and vinyl compared to PVC and stainless steel (P<0.001);
however, this is likely accounted for, at least in part, by the significantly higher quantities of biofilms
formed amongst control populations on these materials (P<0.001). After 24 h incubation, the greatest
inhibition of biofilm development was demonstrated on glass, which was significantly greater than that
of stainless steel and PVC (P<0.001), which were again significantly greater than that of vinyl
(P<0.001). Significantly greater levels of biofilms were formed amongst control populations on glass
and stainless steel, however, in comparison to that of PVC and vinyl (P<0.001), which again could have,
at least in part, accounted for this difference. Regardless, findings overall indicate that low levels of
405-nm light can inhibit biofilm development on common hospital surfaces over time as biofilm

populations continue to increase.
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Figure 5.22 Levels of Staphylococcus aureus biofilms developed on PVC, stainless steel, glass and vinyl surfaces
following (A) 4 h and (B) 24 h exposed to either ambient light or 405-nm light at an irradiance of ~0.5 mW cm?2,
Data points represent the mean + SD (n=6). Mean percentage reductions in biofilms in comparison to equivalent

ambient light exposed control samples are presented above 405-nm light exposure samples. Asterisks (*)
represent a statistically significant difference between the levels of biofilm developed for ambient and 405-nm
light exposed samples (P<0.05).
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Figure 5.23 Reduction of Staphylococcus aureus biofilms developed on PVC, stainless steel, glass and vinyl
surfaces following either 4 h or 24 h exposure to 405-nm light at an irradiance of ~0.5 mW c¢m in comparison to
ambient light. Data points represent the mean + SD (n=6). Asterisks (*) represent significantly greater reductions

in biofilm levels achieved for samples exposed for 24 h in comparison to 4 h (P<0.05).

5.5.22 Low Irradiance 405-nm Light Inactivation of Biofilms: Inactivation of Established

Monolayer and Mature Biofilms

Results in Figures 5.24-5.25 demonstrate the ability of low irradiance (0.5 mW cm) 405-nm light to

inactivate established monolayer and mature biofilms on clinically relevant surfaces.

Figure 5.24 presents the logio populations of (A) monolayer and (B) mature biofilms following 4 and
24 h development, respectively, and then exposed to either ambient or 405-nm lighting for 24 h. When
incubated in broth solutions for 4 h, bacterial biofilm populations of 5.26, 4.97, 5.35 and 4.58 CFU per
coupon were recorded on PVC, stainless steel, glass and vinyl, respectively; with biofilm levels
developed on glass and PVC significantly greater than those on vinyl (P<0.001), and no significant
difference demonstrated between that developed on stainless steel compared to all other material
(P>0.05). When incubated in broth solutions for 24 h, biofilm populations reached 7.86, 7.46, 7.34 and
6.91 CFU per coupon on PVC, stainless steel, glass and vinyl, respectively; which, in all cases, were
significantly higher than those developed after 4 h (P<0.001). Biofilm development following 24 h
incubation in broth solutions on PVC coupons were significantly greater than that on stainless steel and

glass, which were together significantly greater than that on vinyl (P<0.001).
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In all cases, control populations of monolayer (P<0.006) and mature (P<0.001) biofilms significantly
reduced following 24 h exposure to ambient light, compared to levels measured immediately following
the drying process: monolayer biofilm populations reduced by 9.9-17.0% and mature biofilm
populations reduced by 14.7-23.4%. No significant difference (P>0.05) was demonstrated between
reductions observed on monolayer and mature biofilms, excluding on stainless steel where significantly
greater reductions were observed in mature biofilms (P=0.005). In all cases, both monolayer (P<0.032)
and mature (P<0.022) S. aureus biofilms decreased when exposed to 405-nm light, compared to ambient
light, for 24 h. Monolayer biofilm populations recorded on PVC, stainless steel, glass and vinyl
following 405-nm light exposure were 3.31, 3.55, 2.91 and 2.41 logio CFU per coupon, respectively;
compared to 4.36, 4.47,4.62 and 3.84 logio CFU per coupon, respectively, for those exposed to ambient
light (reductions of 93.0, 85.5, 96.7 and 66.6%, respectively). Mature biofilm populations recorded on
PVC, stainless steel, glass and vinyl following exposure 405-nm light exposure were 5.55, 4.33, 3.85
and 4.05 logio CFU per coupon, respectively; compared to 6.02, 5.90, 6.26 and 5.49 logl0 CFU per
coupon, respectively, when exposed to ambient light (reductions of 61.2, 96.7, 99.4 and 95.7%,

respectively).

Figure 5.25 present the mean logjo reductions in monolayer and mature biofilms following 24 h
exposure to 405-nm light compared to ambient light. For stainless steel and glass, reductions were
significantly greater in mature versus monolayer biofilms: 1.58 vs 0.92 logio CFU per coupon on
stainless steel (P<0.001) and 2.41 vs 1.71 logio CFU per coupon on glass (P<0.001). However, on PVC,
reductions were significantly greater in monolayer biofilms (1.34 vs 0.78 logio CFU per coupon;
P<0.001) and on vinyl, no significant difference was determined between reductions of monolayer and
mature biofilms (1.43 vs 1.44 logio CFU per coupon; P=0.959). For monolayer biofilms, reductions
observed on glass and vinyl were significantly greater than on stainless steel (P<0.001), with no
significant difference demonstrated between reductions on PVC and all other surfaces (P>0.05). For
mature biofilms, reductions observed on glass were significantly greater than on stainless steel and
vinyl, which together were significantly greater than reductions on PVC (P<0.001). Regardless, findings
overall indicate that low levels of 405-nm light (0.5 mW cm; 43.2 J cm™) can inactivate S. aureus

biofilms of varying complexity from common hospital surfaces.
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Figure 5.24 Levels of Staphylococcus aureus biofilms developed for either (A) 4 h or (B) 24 h on PVC, stainless
steel, glass and vinyl and then exposed to either ambient light or 405-nm light at an irradiance of ~0.5 mW cm™
for 24 h. Data points represent the mean + SD (n=6). Mean percentage reductions in biofilms in comparison to
equivalent ambient light exposed control samples are presented above 405-nm light exposure samples. Asterisks
(*) represent a statistically significant difference between biofilm levels present following exposure to ambient
and 405-nm light (P<0.05).
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Figure 5.25 Reduction of Staphylococcus aureus biofilms developed on PVC, stainless steel, glass and vinyl
surfaces following either 4 h or 24 h exposure to 405-nm light at an irradiance of ~0.5 mW c¢m™ in comparison to
ambient light. Data points represent the mean + SD (n=6). Asterisks (*) represent significantly greater reductions

in biofilm levels achieved in comparison to the alternative time period for that material (P<0.05).

5.6 Discussion

The studies performed in this chapter address key operational considerations associated with clinical
implementation of the 405-nm light EDS for surface decontamination, and the following sections will

discuss key findings associated with this work.
5.6.1  Exposure to Low Irradiance Levels Produced within Whole-Room Settings

By assessing efficacy for bacterial inactivation when employed at the lowest range of irradiances
expected to illuminate surfaces within a typical room setting, valuable findings were provided regarding
the levels of inactivation, and the timescales required to achieve this, which could be expected within a
typical hospital room, in addition to providing insight into the minimum threshold irradiance levels

required for inactivation to occur.

Bacterial contamination has been indicated on various surfaces within hospital isolation rooms,

including hospital beds, sinks, furniture, floors, walls and medical equipment (Chaoui ef al., 2019).
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When practically deployed, the 405-nm light EDS will likely be positioned at varying distances from
these surfaces, and thus each will likely be illuminated at varying irradiance levels, potentially lower
than those used in Chapter 4 to model the illumination of high-touch surfaces (~0.5 mW cm?).
Additionally, surfaces may be occluded or shaded from illumination, thus hindering irradiance received.
It is indubitable that contaminant position, and potential obstruction from direct illumination, will
impact inactivation capacity and are common limitations associated with 405-nm light EDS studies.
This chapter aimed to address these considerations by investigating the antibacterial efficacy of 405-nm
light at the lower range of irradiance levels produced within a whole room setting. The irradiance levels
employed (<0.31 mW cm in Figure 5.8 and <0.1 mW cm in Figure 5.9) account for 96.3 and 85.8%,
respectively, of irradiances measured within the profiling established in Section 4.2, and were thus

considered an adequate representation of the levels likely to illuminate healthcare surfaces.

Promisingly, with the exception of exposures to 0.001 mW cm™, bacterial inactivation was shown to
significantly increase upon longer exposure to, and thus higher doses of, 405-nm light (Figures 5.8-5.9;
P<0.032). For practical deployment, the 405-nm light EDS is designed to be used continuously during
daylight hours, or ceaselessly in instances where light would not pose disturbance. As such, results here
imply the ability of the system to maintain low levels of contamination throughout a typical room
environment. Clinical studies investigating the 405-nm light EDS have demonstrated similar effects:
evidencing increased reductions in viable bacterial counts on various surfaces positioned at varying
distances from the light source including door handles, table/locker surfaces, bed rails, computer
keyboard/mouse and light switches, with increasing exposure (Maclean et al., 2010; Bache et al., 2012a;
Murrell et al., 2019). Results here corroborate these findings, and provide fundamental laboratory-

controlled inactivation kinetics of known contaminants exposed to known irradiance levels.

Given no significant reductions were demonstrated within 72 h exposure to 0.001 mW cm (Figure 5.9;
P=0.935-1.000), exposure to this particular irradiance was extended for up to 7 days; however, no
significant inactivation was demonstrated within this period (P>0.089). In this instance, there likely
exists a minimum threshold irradiance level for antimicrobial activity of 405-nm light between 0.001
and 0.005 mW cm. It is possible that, below this level, any low levels of ROS produced as a result of
these low-level light exposures are within levels capable of being detoxified by bacterial antioxidant

defence mechanisms. Bacterial populations of 102 CFU plate! were selected to replicate typical levels
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of contamination likely to be found on healthcare environmental surfaces (Maclean et al., 2013a);
however, it is important to note that, on inert clinical surfaces, organisms will be under greater stress
due to the risk of desiccation, and thus are likely to demonstrate greater susceptibility than that
established here. Findings in this instance indicate the presence of a threshold level of irradiance,

however this is likely to differ depending on the organism and its exposure conditions.

5.6.2  Effect of Suspension Media and Fomite Material on Bacterial Inactivation

To emulate realistic environmental conditions, studies in this chapter examined the efficacy of the EDS
for inactivation of bacterial contamination presented in various organic, inorganic and biological
suspension media; and bacterial contamination deposited on various inert clinical surfaces. Whilst
contaminating the healthcare settings, bacteria are often suspended within biological fluids, smears or
matter, which may influence their susceptibility to light inactivation. Biological matter may contain
photosensitive media that could enhance ROS generation and cellular inactivation, coupled with the fact
that microbial contamination in the environment will be stressed due to starvation or desiccation, which
will likely make them more susceptible to inactivation. Conversely, the biological matter (such as saliva,
faeces or blood) surrounding the microbial contamination may reduce light penetration to the cells,
affecting inactivation efficacy. Establishing inactivation kinetics under such conditions was considered

a key area of study in better understanding efficacy of the 405-nm light EDS.

Microorganisms can be transmitted from infected patients to the environment via various corporeal
fluids including expectorate drops, blood, fluid from exposed wounds, excrement and urine (Bonadonna
et al., 2017). These fluids can be deposited onto inanimate objects via either direct contact with an
infected individual or indirect contact with medical personnel, where they can survive for months and
serve as HAI transmission vectors (Kramer ef al., 2006; Bonadonna et al., 2017). For implementation
within clinical settings, whereby surfaces may be contaminated with both pathogens and bodily
secretions, it was considered essential to comparatively assess the efficacy of low irradiance 405-nm

light for inactivation of microbes suspended in both minimal and biologically relevant media.

Viral inactivation by 405-nm light has previously shown to be enhanced when exposed in nutritious
media, with findings demonstrating enhanced inactivation of bacteriophage ®C31 when exposed in NB

suspensions as opposed to PBS, with up to nine times greater inactivation demonstrated (Tomb ez al.,
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2014); and enhanced inactivation of feline calicivirus when exposed in biologically-relevant media
suspensions, including blood plasma, artificial saliva and artificial faeces, and other organically-rich
media, as opposed to PBS, reporting 50-85% less dose required to achieve equivalent inactivation
(Tomb et al., 2017b). The authors hypothesised this was likely due to the presence of photosensitive
components within organically-rich and biologically-relevant media which are predisposed to 405-nm
light sensitisation and thus could potentially act as exogenous photosensitisers; eliciting damage via
ROS or other toxic photoproducts upon 405-nm light exposure to adjacent viral particles in suspension
(Tomb et al., 2014, 2017b). While this effect is less thoroughly demonstrated for bacteria, Meurle et al.
(2021) recently demonstrated an enhancement in the 405-nm light inactivation of Staphylococcus
carnosus — employed as a non-pathogenic surrogate for S. aureus — in an endotracheal model when
exposed in artificial saliva as opposed to PBS, hypothesising that the unfavourable conditions of the
saliva suspension — most notable the higher salt concentrations— could weaken the bacterial cells

capability to withstand or repair damage caused by 405-nm light photoinactivation.

Results of this study indicate enhanced inactivation when suspended in saliva compared to PBS,
demonstrating over two times greater reductions following just 1 h exposure (56.5 vs 24.6%,
respectively; P<0.001). From data in Figure 5.14, the artificial saliva employed was shown to
demonstrate strong fluorescence emission peaks at 468 nm upon 405-nm light exposure — whilst
minimal fluorescent activity was shown for PBS — thus suggesting the presence of components in saliva,
likely mucins as discussed by Tomb (2017), which are predisposed to 405-nm light photosensitisation
and thus could act as exogenous photosensitisers to elicit inactivation in a similar mechanism to that
previously described for viruses (Tomb et al., 2014, 2017b). Further, mucins present within human
saliva are considered host-defence proteins, known to exhibit antimicrobial properties via their ability
to bind with, agglutinate and clear microorganisms (Gorr, 2009), and so this will likely have also
contributed to the observed effects. Meurle ef al. (2021) employed an artificial saliva which lacked any
components known to elicit antimicrobial effects and yet enhancement was still demonstrated,
suggesting it is likely the unfavourable conditions presented by saliva which will predominantly have

caused this inactivation effect.

This hypothesis may explain why when suspended in artificial faeces, also known to contain

photosensitive components (Figure 5.14), bacteria demonstrated lower susceptibility to 405-nm light
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inactivation than in PBS. The human gut microbiome is one of the most densely populated microbial
communities known to exist, characterised by stability and resilience (Rinninella et al., 2019). There is
therefore potential for this media to support bacterial survival — more so than saliva suspensions — thus
hampering 405-nm light inactivation effects. As discussed, inactivated Saccharomyces cerevisiae,
psyllium powder, cellulose, oleic acid and miso paste were employed to simulate the typical
composition of bacterial debris, carbohydrates, fibre, fats and nitrogen within real human faeces (Colon
et al., 2015). Quantities of each will realistically be variable, however: individual gut microbiomes are
extremely diverse as a result of environmental factors, health conditions and alimentary habits (Aranda-
Michel and Giannella, 1999; Rapozo et al., 2017). Alterations to this composition can affect host
immunity (Rapozo et al., 2017), thus potentially impacting the efficacy of 405-nm light inactivation.
Further, albeit insignificant, the transmission of 405-nm light through artificial facces suspensions was
shown to be reduced compared to that of PBS and saliva (Table 5.1). Regardless, significant levels of
inactivation were still achieved at all measured time points (P<0.017), with up to 64.4% reductions
demonstrated following 4 h, indicating the antibacterial efficacy of the 405-nm light EDS when

presented in such mediums.

These findings differ to that demonstrated previously for viral inactivation, which was significantly
enhanced in both saliva and faeces compared to minimal media (Tomb et al., 2017b). It may be the case
that, given their lack of endogenous porphyrins, viral inactivation by 405-nm light is more heavily
influenced by photosensitisation of the suspension media in comparison to that of bacterial cells, which
contain both intracellular porphyrins and more established host defence mechanisms to protect from
oxidative stress. It is thus hypothesised that, for bacterial inactivation, a dynamic balance may exist
where nutrient rich suspension media can potentially induce secondary antimicrobial effects through
405-nm light photosensitisation, thereby enhancing bacterial inactivation; whilst also potentially
providing adequate nutrition to aid survival and defend against oxidative damage. Further investigation
to elucidate the stimulatory or inhibitory effects of suspension media on 405-nm light bacterial
inactivation is necessary, given its importance when considering the likely exposure conditions of

bacteria in practical settings.

Despite differences in susceptibility, S. aureus inactivation was successfully demonstrated in both saliva

and faecal suspensions, with a likelihood that populations would continue to decrease upon increasing
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exposure time based on the demonstrated trajectories of inactivation. When exposed in whole blood,
however, no significant bacterial reductions were demonstrated (<0.87% reductions; P=0.816-0.981)
until 4 h (9.94% reduction; P=0.034). This is likely due to the limited ability of 405-nm light to penetrate
through, and thus excite photosensitive components within, the media, as indicated by the loss in
transmission of 405-nm light and fluorescence emission data in Table 5.1 and Figure 5.14, respectively.
Results in Table 5.1 demonstrated a 76.5% loss of light transmission through whole blood samples —
whilst minimal loss (0-0.5%) was demonstrated for all other tested media — and it is therefore expected
that this will have significantly hampered the ability of 405-nm light photons to adequately reach
bacterial contaminants within blood samples, in comparison to that of the other media investigated.
Given components of whole blood have previously shown to be predisposed to 405-nm light
photosensitisation (Tomb, 2017), and its demonstrated trajectory of inactivation, it is of interest to
establish if longer exposures could warrant greater levels of inactivation. Multiple studies have
demonstrated the ability to inactivate microorganisms using 405-nm light when exposed in human
plasma and platelet concentrates (Tomb et al., 2017b; Maclean et al., 2020); however, there is limited
evidence to demonstrate its capacity for inactivation in whole blood, which is a more likely
environmental contaminant media than that of individual blood components. Although its opacity was
shown to hamper inactivation effects; this contaminant is more noticeable on surfaces than that of
translucent biological mediums, and thus would likely be adequately removed by manual cleaning and

disinfection protocols.

As previously discussed, the persistence of nosocomial agents on hospital surfaces plays a significant
role in the transmission of HAIs (Kramer et al., 2006). Given its broad-spectrum efficacy and favourable
safety profile, 405-nm light technology has recently been implicated for safe, unobtrusive and
continuous decontamination of occupied environments. Various studies have substantiated its ability to
reduce bacterial levels from surfaces within hospital settings (Maclean et al., 2010, 2013a; Bache et al.,
2012a, 2018a; Murrell ef al., 2019); however, a comprehensive understanding of its antimicrobial
capabilities on a range of common healthcare surfaces is relatively unknown. Experiments in this
chapter therefore sought to assess the comparative efficacy of low irradiance 405-nm light for the
inactivation of S. aureus seeded onto PVC, stainless steel, glass and vinyl coupons. These were selected

to represent common materials employed, and thus likely to become contaminated, within healthcare
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settings: due to its versatility and affordability, PVC is commonly used for manufacture of medical
devices and hospital interiors (ECVM, 2023); due to its strength and durability, stainless steel is a
common choice for medical devices and equipment, furniture and structural elements (Essentra
Components, 2023); International Health Facility Guidelines recommend that the floors and walls of
hospital areas, which are likely to come into direct contact with patients or other bodily fluids, are
surfaced with smooth, impermeable and seamless materials such as vinyl (International Health Facility

Guidelines, 2022); whilst window fixtures and wall dividers are primarily manufactured from glass.

Bacterial adhesion to, and thus subsequent survival on, surfaces is considerably influenced by
wettability (Yang et al., 2022), and so this was an important consideration during experimental testing.
Despite significant differences between the wettability of each material, data in Figure 5.19 indicated
similar levels of S. aureus attachment onto each surface following 30 min immersion in bacterial
solutions (P=0.568) — with the exception of vinyl surfaces for 4 h exposures (Figure 5.19A), which
demonstrated significantly lower bacterial attachment than that of the other materials investigated (5.43
logio CFU per coupon versus 5.88-6.07 logio CFU per coupon; P<0.001) — suggesting, in this instance,
wettability had minimal influence on initial bacterial attachment; thus implying an equal likelihood of
S. aureus contamination on such surfaces in clinical settings. Surface wettability was, however,
somewhat influential on the extent of bacterial inactivation achieved following 405-nm light exposure
(Figure 5.19). Following 4 h, no bacterial reductions on PVC — which showed the lowest wetting (69.29-
71.65°) — were demonstrated (P=0.458). These findings align with recent work by Chen ef al. (2023),
which indicated the effectiveness of 405-nm light for surface-seeded bacterial inactivation depends on
contact angles made with the surface: reporting greater logio reductions on surfaces with higher
hydrophilicity, and lower reductions on surface with contact angles >65° which are considered
hydrophobic (Vogler, 1998). Kim & Kang (2020) similarly found that surface hydrophobicity affects
UV-C inactivation of bacteria on materials, reporting increasing reductions with decreasing water
contact angles. The authors attributed these variations to be due to differences in bacterial aggregation
tendencies on the surfaces (Chen et al., 2023; Kim & Kang, 2020). In the present study, it is possible
that the hydrophobicity of PVC caused the bacterial inoculum to assemble in a smaller area, resulting
in the development of dense longitudinal stacking structure of cells and undesirable shading from light

exposure (Kim & Kang, 2020). In contrast, it is likely that the hydrophilicity of the other materials
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investigated encouraged the spread of bacteria over a larger surface area, suggesting less bacterial
stacking and thus greater overall light exposure (Kim & Kang, 2020), which may explain the greater
inactivation observed. Similar reductions were observed on stainless steel (0.06 logio CFU per coupon
reductions; P=0.127), however, which demonstrated the highest wettability of all materials. Further, the
greatest bacterial reductions were observed on vinyl (0.59 logio CFU per coupon reductions; P<0.001),
which exhibited contact angles in the mid-range amongst those tested. These findings suggest

alternative surface characteristics are also likely influential on the bactericidal efficacy of 405-nm light.

Kim & Kang (2020) established a correlation between surface roughness and bacterial inactivation by
UV light exposure, demonstrating lower reductions of E. coli, S. typhimurium and Listeria
monocytogenes when seeded onto stainless steel and PVC versus glass, with the latter demonstrating
significantly lower surface roughness (P<0.05). Surfaces with imperfections, such as the stainless steel
used in this thesis, contain peaks and crevices which can both shield from light exposure and retain
bacteria with stronger adhesion due to the greater surface area for contact (Chen ef al., 2023). If both
surface wettability and roughness are considered, this could explain the similarly low bacterial
reductions observed on both PVC and stainless steel in Figure 5.20. Additional surface characteristics
which can influence microbial inactivation include the zeta potential and porosity of materials (Bernady
and Malley, 2023). Further, if surfaces are reflective, inactivation efficacy will likely be enhanced, given
that photons which do not directly illuminate microbial cells can be reflected and potentially absorbed
by nearby microbial cells, rather than being adsorbed by the material. The balance between these factors
may explain the differing antimicrobial patterns demonstrated following 24 h exposure; however,
further work is required to comprehensively profile the surface characteristics of each coupon and their

influence on inactivation.

Control populations (Figure 5.19) were shown to vary throughout treatment, and thus it is difficult to
directly compare bacterial reductions. Following 4 h exposure to ambient lighting, bacterial levels on
both PVC and glass significantly reduced compared to pre-exposure levels (0.54 and 0.28 logio CFU
per coupon reductions, respectively; P=0.003); whilst no significant reductions were demonstrated on
stainless steel and vinyl (P=0.127-0.707). Following 24 h exposure to ambient lighting, bacterial levels
on all materials significantly reduced (0.20-0.45 logo reductions; P=0.013-0.043) with the exception of

stainless steel (P=0.448). Given stainless steel demonstrated greater hydrophilicity and surface
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roughness, these findings suggest the potential influence of wetting and roughness on bacterial survival

for extended periods of time, regardless of light exposure.

Findings in Figure 5.13 indicate that, for S. aureus suspended in PBS and seeded onto nutrient agar
surfaces, a dose of 7.2 J cm™ achieved 0.63 logyo reductions. Exposure of S. aureus on inert surface
coupons (Figure 5.19) to this same dose achieved 0-0.59 logio reductions which, although can be
considered somewhat similar, cannot be accurately compared given that the latter were seeded at
substantially higher densities (~10% CFU plate™! vs 10%¢ CFU per coupon) to enable enumeration, which
was likely influential on inactivation efficacy. Murdoch et al. (2012) found L. monocytogenes to be
more susceptible to 405-nm light inactivation when exposed on PVC and acrylic surfaces as opposed
to agar surfaces: using 71-110 mW cm?, 0.93 and 0.22 logjo reductions were achieved on PVC and
acrylic, respectively, following 30 J cm; whilst just 0.07 logjo reductions were achieved on agar
surfaces following double this dose (60 J cm™). It is therefore likely that bacteria seeded onto inert
clinical surfaces, which are likely pre-disposed to greater environmental stress, will demonstrate greater

susceptibility to 405-nm light inactivation than that of agar surfaces.

This study used similar seeding methodology to that of McKenzie (2014), who examined the ability of
405-nm light at ~60 mW c¢m to inactivate E. coli seeded onto various surface coupons. Comparing the
two common materials investigated — glass and vinyl — initial bacterial levels were found to be
substantially higher in this study than that of McKenzie (2014): 5.07 vs 4.61 logijo CFU mL"! for glass
and 5.42 vs 4.66 logjo CFU mL! for vinyl. This is likely due to the different species employed and their
varying affinities for surface attachment, with previous work by Oh et al. (2018) establishing that the
time constant of bacterial-substrate adhesion is 2-4 times greater for E. coli than S. aureus, meaning a
greater quantity of S. aureus colonies will likely have attached during the 30 min incubation of the
coupons in bacterial suspension, as demonstrated. McKenzie (2014) demonstrated 4.61 and 4.45 logio
reductions on glass and vinyl, respectively, following 36 J cm?; whilst in this study, equivalent
reductions of 1.68 and 2.03 logio reductions were observed, respectively. Although direct comparisons
cannot be made, findings together suggest S. aureus is potentially less susceptible than E. coli when
dried on surfaces to 405-nm light inactivation; or that the dose delivery regime employed by McKenzie
et al. (60 mW cm™ for 10 min) was more effective for inactivation of E. coli in that instance in

comparison to the regime employed here for S. aureus inactivation (0.5 mW cm for 24 h). Regardless,
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findings of this study overall indicate the ability of low irradiance 405-nm light to inactivate bacterial
contaminants on various healthcare-associated surfaces; advancing knowledge on the effectiveness of
the 405-nm light EDS, and provide an indication of the potential exposures times likely required to

inactivate microbial contamination within the healthcare setting.
5.6.3  Low Irradiance 405-nm Light Inactivation of Biofilms

This chapter successfully demonstrated the ability of 405-nm light to inhibit the development of and
inactivate established bacterial biofilms on microplate wells and inert clinical surfaces. It is widely
acknowledged that hospital surface contamination contributes greatly to the transmission of HAI-
inducing pathogens, and that bacteria contained within biofilms significantly heighten this risk, given
the majority of nosocomial microbial and chronic infections are associated with biofilm formation
(Jamal et al., 2018). As discussed, inactivation of bacteria presented in biofilms using blue light has
previously been indicated (McKenzie et al., 2013; Soukos ef al., 2015; Wang et al., 2016; Li et al.,
2018; Ferrer-Espada et al., 2019, 2020; Gomez et al., 2019; Tsutsumi-Arai et al., 2019, 2022; Blee et
al., 2020; McMullan et al., 2022; Maknuna et al., 2023); however, these studies have primarily been
conducted at higher irradiances (13-300 mW c¢m™), and so its capacity under conditions representative
of environmental decontamination applications is yet to be fully established. As such, this study sought
to examine the ability of low irradiance (0.5 mW c¢m2) 405-nm light to inhibit the formation of, and
inactivate, monolayer and mature biofilms on common healthcare surfaces — namely PVC, stainless
steel, glass and vinyl — as a means of further establishing efficacy of the technology for practical

applications.

The ability of low irradiance 405-nm light to inhibit the formation of mature biofilms on surfaces was
first examined using a crystal violet staining assay. Results of this assay (Figure 5.21) indicated that,
for both low (10° CFU mL™) and high (10° CFU mL"") seeding densities, biofilm production was
significantly inhibited (P<0.001) upon exposure to low irradiance (0.5 mW cm?) 405-nm light for 24 h,
with 60.1 and 66.4% lower biomass presented, respectively, compared to controls; and significantly
greater inhibition demonstrated for those generated in high versus low density bacterial populations
(P<0.001). These findings suggest the potential ability for low intensity exposures to continually inhibit

biofilm growth, thus maintain low levels of contamination, within clinical settings.
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Crystal violet assays have been widely used in PDT studies (Misba et al., 2016, 2019; Gilizel Tunccan
et al., 2018; Pourhajibagher et al., 2018; Banerjee et al., 2020; Akhtar et al., 2021; He et al., 2022) and
are considered the most widely used quantification technique in microtiter plate assays (Azeredo et al.,
2017). However, few studies have used the technique to specifically examine biomass inhibition upon
405-nm light exposure. McMullan et al. (2022) recently used a crystal violet assay to demonstrate blue
light (2.78 mW cm for 24 h) was sufficient to destroy the extracellular biofilm architecture of four
MDR organisms; proposing the technology as a wearable device for continuous ambulatory wound
treatment. Results presented in this study, to the best of the author’s knowledge, present, for the first
time, the potential ability of 405-nm light to inhibit the formation of biofilms in the context of

environmental decontamination.

Although results using the crystal violet assay are indicative of reductions in biofilm mass upon light
exposure, it was not possible to determine corresponding cell viability as a result of these treatments.
As such, a direct method of biofilm quantification was employed to determine viable bacterial counts
pre- and post-exposure. A swabbing and conventional culture plating method was chosen in this
instance, given it represents a common biofilm enumeration method in healthcare and laboratory
settings (McKenzie et al., 2013; Johani et al., 2018; Ledwoch et al., 2018; Redanz et al., 2021). Biofilm
inhibition was measured on the four surface coupons employed in Section 5.4.2, and thus the wettability
results in Section 5.4.2.2 also apply here. Results in Figure 5.22 and 5.23 indicate that biofilm growth
in ambient lighting was significantly greater on glass and vinyl compared to PVC and stainless steel
after 4 h (P<0.001); and on glass and stainless steel compared to PVC and vinyl after 24 h (P<0.001).
Given that, with TSB droplets, glass and stainless steel demonstrated the highest hydrophilicity and
PVC the lowest (P<0.001), and that stainless has previously shown to be associated with higher surface
roughness than glass and PVC (Kim & Kang, 2020), these findings align with the hypothesis discussed
in Section 5.4.2.2, which suggests surface wetting and roughness are key characteristics in the affinity
of microbial attachment; proposing a possible explanation for the differences in biofilm growth rates
observed, and in biofilm inhibition demonstrated upon 405-nm light exposure. Figures 5.22 and 5.23
demonstrate inhibition of both monolayer and mature biofilms, respectively, was greatest on glass
surfaces (P<0.001); which demonstrated higher hydrophilicity amongst the materials investigated

(P<0.001). Regardless of these differing levels, however, results together demonstrate that development
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of monolayer and mature biofilms in all instances was significantly inhibited when exposed to low
irradiance (0.5 mW cm) 405-nm lighting, and that greater reductions were demonstrated for biofilms
of greater size (P<0.001); highlighting the potential ability of the 405-nm light EDS to continuously

minimise development of environmental biofilms, and thus infection spread, within healthcare settings.

By comparison, results from the crystal violet assay demonstrated the quantity of biomass formed on
microplate wells upon incubation with S. aureus (10 CFU mL™!) was 66.4% lower following 24 h
exposure to 405-nm lighting compared to ambient lighting; whilst, from the swabbing method, viable
biofilm cell counts formed on surface coupons upon incubation with this same population were 99.70-
99.99% lower following the same exposures. Although results cannot be directly compared, it is
interesting to note the substantially larger reductions recorded using the swabbing method. These
findings potentially suggest either the mass of S. aureus biofilms is of a substantial size even at low
densities; or that a number of non-viable or planktonic bacteria were quantified by the crystal violet
assay results, which, as discussed, has previously been reported as a limitation of the technique (Latka
and Drulis-Kawa, 2020; Amador et al., 2021). The washing step following initial suspension in bacterial

solutions should, however, have minimised likelihood of the latter.

It is important to also highlight that variations in room temperature may have influenced the levels of
biofilm growth in each instance. In the studies performed in this chapter, biofilm growth was conducted
at room temperature, as a means to mimic typical environmental conditions. However, slight changes
in temperature may have enhanced/hampered growth rates, and so this should be considered when
evaluating the data. To minimise these effects where possible, all control and test data were conducted
during the same time period, and the testing of each inert surface was conducted within the same week,

to ensure temperatures were as consistent as possible.

Biofilms can demonstrate a 100-1000-fold increase in antimicrobial tolerance compared to planktonic
cells (Ceri et al., 1999), and thus are extremely difficult to eradicate. Results in Figures 5.24 and 5.25
demonstrated the ability of low irradiance (0.5 mW cm™?; 43.2 J cm?) 405-nm light to inactivate
previously formed monolayer and mature biofilms, respectively, from various surfaces commonly
found within healthcare settings. The greatest monolayer biofilm reductions were demonstrated on

glass, vinyl and PVC (1.71, 14.3 and 1.34 logio CFU per coupon reductions, respectively), which were
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statistically higher (with the exception of PVC) than that on stainless steel (0.93 logio CFU per coupon
reduction; P<0.001); suggesting that the roughness of stainless steel may in this case have caused a
shadowing effect and limited the absorption of 405-nm light in comparison to the other surfaces
employed. However, for mature biofilms, reductions observed on glass were significantly greater than
on stainless steel and vinyl, which together were significantly greater than that on PVC (P<0.001);
suggesting other surface characteristics will likely have impacted bacterial inactivation in this instance.
It is important to note, however, that it is somewhat difficult to make direct comparisons between the
reductions demonstrated on each surface given the differences in starting populations presented on
coupons prior to exposure which, as previously discussed, is likely due to differences in the affinity of
each material for bacterial attachment. Further, results indicated that, once removed from suspension,
dried, and exposed to ambient lighting for a further 24 h, biomass in all instances significantly decreased
(P<0.006); suggesting viable bacteria recoverable from these surfaces will decrease over time,
regardless of biofilm complexity and material characteristics. Considering each material individually,
however, the extent of bacterial reductions within 24 h were variable, with greater reductions shown on
stainless steel and glass for mature biofilms (P<0.001), and on PVC for monolayer biofilms (P<0.001),
with no significant difference shown on vinyl for reductions of monolayer and mature biofilms
(P=0.959). This suggests 405-nm light inactivation of biofilms may be possible regardless of biofilm
complexity, which is promising considering the dynamic nature of the healthcare setting and the

potential for biofilms to be presented on surfaces at varying degrees of structural integrity.

The methodology used to develop monolayer and mature biofilms in this study was based on that used
by McKenzie et al. (2013), who demonstrated, for the first time, the 405-nm light inactivation of
monolayer (4 h developed) and mature (24, 48, 72 h developed) E. coli biofilms on glass and acrylic
surfaces, and also the 405-nm light inactivation of P. aeruginosa, L. monocytogenes and S. aureus
monolayer (4 h developed) biofilms. Upon comparison of S. aureus biofilms formed on glass surfaces,
McKenzie et al. (2013) demonstrated a 1.87 logo reduction upon exposure to 84 J cm2; whilst in this
study, similar reductions (1.71 logio) were presented upon exposure to 43.2 J cm™. Although higher
populations of bacteria were initially seeded on glass by McKenzie ef al. (2013) compared to this study
(5.89 versus 3.61 logio CFU mL.)), it is interesting to highlight that McKenzie et al. utilised a differing

dose delivery regime to that employed here (140 mW cm™ for 10 min versus 0.5 mW cm for 24 h),
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suggesting, as previously implicated for planktonic bacteria, the efficacy of 405-nm light may be
enhanced, on a per unit dose basis, for inactivation of bacterial biofilms when lower irradiance light
sources are employed. For mature E. coli biofilms developed over 24 h on glass, McKenzie et al. (2013)
demonstrated ~2.27 log)o reductions following 168 J cm™ (140 mW cm for 20 min). In this study,
mature S. aureus biofilms also developed for 24 h on glass showed similar reductions (2.41 logio
reductions) using 43.2 J cm™. These findings may indicate the enhanced susceptibility of S. aureus
biofilms, compared to E. coli biofilms, to 405-nm light inactivation. Gram-negative bacteria have
previously been implicated as less susceptible than Gram-positive bacteria to 405-nm light inactivation
(Maclean et al., 2009; Murdoch et al., 2012; McDonald ef al., 2013). Although different species are not
directly comparable and, again, differences in starting populations were noted between McKenzie ef al.
(2013) and this study (5.7 vs 5.26 log;o CFU mL"), these differences may also be due to the differing
dose regimes employed, necessitating future study into the effects of dose application on biofilm

inactivation.

Previous studies have suggested that inactivation of bacterial biofilms upon 405-nm light stimulation
may be primarily attributed to cellular membrane damage, which in turn will disrupt biofilm integrity
and reduce affinity for bacterial surface attachment (Novo ef al., 1999; McKenzie et al., 2016; Biener
et al., 2017; Kim and Yuk, 2017). Whilst much is known about the damaging effects of ROS on
microbial cells and the ROS defence mechanisms employed by microbial cells, little is currently
understood regarding the interplay between these factors; and further study is recommended to fully
elucidate this effect. Various studies have investigated the efficacy of blue light wavelengths for
inactivation of bacterial biofilms (McKenzie et al., 2013; Soukos et al., 2015; Wang et al., 2016; Li et
al., 2018; Ferrer-Espada et al., 2019, 2020; Gomez et al., 2019; Tsutsumi-Arai et al., 2019, 2022; Blee
et al., 2020; McMullan et al., 2022; Maknuna et al., 2023), however the majority have used higher
irradiance exposures to demonstrate this effect (13-300 mW cm2). Recent work by Blee et al. (2020),
however, provided evidence suggesting ROS produced upon low irradiance (0.07-0.75 mW c¢m2) 405-
nm light exposure results in hyperpolarisation of membrane potentials and dispersal of both Gram-
positive and Gram-negative bacteria from surfaces at all stages of biofilm formation; with this dispersal
shown to be much quicker in Gram-positive versus Gram-negative species. Results also suggested that

the dispersal mechanism is activated above a certain ROS threshold and is associated with a

133



corresponding lag time (Blee et al., 2020), which may also explain the potential increased efficacy when

applying doses at lower intensity over an extended time.

It is essential that future research is conducted to fully comprehend the mechanisms associated with this
inactivation mechanism. It will be important to establish the efficacy of low irradiance 405-nm light to
inactivate other biofilm species which, given differences in morphology and size due to species-specific
factors (Coraga-Huber ef al., 2020), will likely have differing susceptibilities to treatment. Further, it is
important to establish its ability to inactivate polymicrobial biofilms as, clinically, biofilm matrices
often constitute various pathogens (Schapira et al., 2023). Previous work has established its ability to
do this (McKenzie, 2014; Soukos et al., 2015; Wang et al., 2016; Ferrer-Espada et al., 2019); however,
as with previous findings, much of these studies have utilised high irradiance light sources to achieve
this effect (~60-140 mW cm?). Assessing compatibility in the context of environmental

decontamination will be crucial in furthering implementing this technology clinically.

Considering experimental work in this chapter comprehensively, it is notable that all bacterial
inactivation studies were conducted using S. aureus as a model organism due to its significance as a
causative agent of HAIs (Cairns et al., 2018). As previously discussed, it is recognised that bacterial
responses to 405-nm light exposure are variable, and thus it is essential that these studies are expanded

to determine broad-spectrum inactivation efficacy of the system.

5.7 Conclusions

Overall, findings of this chapter provide an enhanced depiction of the efficacy of low irradiance 405-
nm light systems under more tangible conditions realistic to healthcare settings. Key findings associated

with this chapter are detailed as follows:

e A miniaturised 405-nm light EDS was designed to enable antimicrobial testing at the irradiance

3

levels ordinarily provided by the 405-nm light EDS within a typical 32 m’ room to be

conducted on a smaller, laboratory bench-top scale. The designed prototype was found to be
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capable of illuminating surfaces at levels as low as 0.001 mW c¢m™ at much shorter distances
than that of the full-scale 405-nm light EDS (displacement of 1.70 vs 4.47 m).

e The bactericidal efficacy of 405-nm light when employed at irradiances <0.1 mW c¢m was
demonstrated for the inactivation of S. aureus, with significant reductions achieved as low as
0.005 mW cm?, with this likely being the threshold irradiance level for antimicrobial activity
in this instance.

e Comparisons indicated that 405-nm light inactivation of S. aureus is possible in both minimal
and organically-rich media, with inactivation shown to be enhanced in the presence of
photosensitive components within the suspension media and hampered by a decrease in the
degree of light transmissibility through the suspension media.

e The efficacy of 405-nm light for the inactivation of S. aureus seeded onto clinically-relevant
surfaces was established, with up to 2.03 logio CFU per coupon reductions demonstrated within
24 h exposure to 0.5 mW cm2. Comparisons indicated that the surface wetting profile of each
material may be influential in the extent of inactivation achieved, along with potentially other
surface characteristics.

e The efficacy of low irradiance (0.5 mW c¢m) 405-nm light for the inactivation of S. aureus
biofilms was demonstrated, with reductions in the development of, and formed, monolayer and
mature biofilms (up to 4.6 logio reductions) within 24 h exposure on both microplate wells and

clinically relevant surfaces.

Given the degree of unpredictability associated with the presentation of microbial contaminants within
dynamic clinical environments, there are many factors to consider when evaluating the efficacy of the
405-nm light EDS to reduce environmental pathogen contamination, and consequently, HAI
transmission. This chapter provides greater insight into these areas, further justifying its implementation

as a complementary decontamination technology across the infection control sector.
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CHAPTER 6

Bactericidal Efficacy and Energy Efficiency of Low
Irradiance 405-nm Light

6.0 Overview

This chapter aims to investigate the broad-spectrum bactericidal efficacy and energy efficiency of low
irradiance 405-nm light, in comparison to higher irradiance exposures, for the inactivation of ESKAPE
pathogens. Based on these findings, associated damage mechanisms elicited in response to such
exposures, namely ROS generation and membrane damage, were examined. These findings together
provide fundamental evidence of the enhanced susceptibility of nosocomial bacteria to low irradiance

405-nm light, further supporting its implementation in decontamination applications.

6.1 Introduction

Owed to its inherent antimicrobial profile (Tomb et al., 2018) at exposure levels safe for mammalian
cells (Ramakrishnan et al., 2014), there has been interest in violet-blue light for infection control
applications which involve exposure of sensitive tissues or materials, including decontamination of
occupied clinical environments (Maclean ef al., 2010, 2013a; Bache ef al., 2012b, 2018b; Murrell et al.,
2019) and wound decontamination (Dai, et al., 2013a; Dai, et al., 2013b; McDonald et al., 2011). To
ensure compatibility in such instances, light irradiances of <20 mW cm have generally been used. This
can differ from studies solely investigating the fundamental antimicrobial properties of violet-blue light,
which can use considerably higher irradiances (typically up to ~200 mWcm™) to achieve rapid
disinfection (Hamblin et al., 2005; Guffey and Wilborn, 2006; Murdoch et al., 2012; McKenzie et al.,

2014; Tomb et al., 2014; Moorhead et al., 2016D).

Additionally, there is currently little evidence to demonstrate the inactivation efficacy of low irradiance

405-nm light, on a per-unit-dose basis, in comparison to that of the higher irradiances typically studied
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in literature. Results in Chapter 4 demonstrated the broad-spectrum antibacterial efficacy of low
irradiance (<1 mWcm2) 405-nm light for the inactivation of key nosocomial bacterial pathogens, and
highlighted that low irradiance exposures may be more efficient, per-unit-dose, for inactivation than
higher irradiance exposures; however, this observation is yet to be fully elucidated. Further, although
various cellular targets of the 405-nm light oxidative burst have previously been identified (McKenzie
et al., 2016; Biener et al., 2017; Bumah et al., 2017; Fila et al., 2017; Kim and Yuk, 2017), a
comparative investigation into the cellular targets and damage mechanisms induced by 405-nm light
exposure, and how these may vary when exposed to a fixed dose using varying light delivery regimes,

i.e. high intensity/short duration or low intensity/long duration, is yet to be established.

Accordingly, the present chapter aimed to expand knowledge about the GE of low versus high irradiance
405-nm light, on a per-unit-dose basis. Experiments investigated the inactivation of ESKAPE pathogens
at various population densities upon exposure to fixed light doses using varying irradiances, to
determine the impact of bacterial load and illumination intensity on inactivation efficacy. Such
exposures were initially conducted on agar surfaces, to provide indication of environmental surface
decontamination; however, these were expanded to include exposures in liquid suspension, to
comprehensively indicate bactericidal efficacy. Further, preliminary experiments assessed bacterial
responses — specifically intracellular ROS production and membrane integrity — upon exposure to a
fixed dose using differing light delivery regimes. A greater understanding of these fundamental
principles will be crucial in the development and optimisation of low-power energy efficient

antimicrobial light sources.

6.2 Low versus High Irradiance for Inactivation of Surface-Seeded Bacteria

The present study aimed to establish influence of irradiance on the 405-nm light inactivation of surface-
seeded ESKAPE bacteria, by exposing each to a fixed dose of 405-nm light using three distinct

irradiance applications (0.5, 5 and 50 mW c¢m) and comparing susceptibility at equivalent light doses.
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6.2.1  Methods: Low versus High Irradiance Inactivation of Surface-Seeded Bacteria
6.2.1.1 Bacterial Preparation

Suspensions of E. faecium, S. aureus, K. pneumoniae, A. baumannii, P. aeruginosa and E. cloacae were
prepared (Section 3.1.2) and serially diluted in PBS to provide a population density of 103> CFU mL"!

(Section 3.1.3). Samples were then seeded onto 50 mm agar plates at a density of 10> CFU plate!.

6.2.1.2  Light Source

Two light sources were employed for experimental testing in this experiment: the ENFIS PhotonStar
Innovate UNO 24-LED array (Section 3.4.3; Figure 6.1A) was mounted above bacterial samples at a
distance of either 24.8 or 8.0 cm, providing irradiances of 5 and 50 mWcm™ at the sample surface, and
the 405-nm light EDS (Section 3.4.1; Figure 6.1B) was positioned approximately 140 cm above a

surface on which samples were exposed, providing ~0.5 mW cm at the sample surface.

47-248cm 140 cm

Figure 6.1. Experimental set-up for exposure of bacterial pathogens to 405-nm light using (A) ENFIS PhotonStar
Innovate UNO 24 LED array and (B) 405-nm light EDS.

6.2.1.3  Exposure Methodology

Seeded plates with the lids removed (n=3) were exposed to increasing durations of light treatment at
three irradiance levels, 0.5, 5 and 50 mWcm™, with exposure times selected to ensure equivalent light
doses (3 —90 Jem?) were delivered to samples (Equation 3.1; Table 6.1). Control samples were prepared
in an identical manner but exposed to ambient laboratory lighting only. Following light treatment,

sample plates were incubated at 37°C for 18-24 h and surviving bacterial colonies were enumerated and
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recorded as CFU plate™'. Results represent the mean values + SD of triplicate replicates (n=3), and are
reported as the percentage of surviving bacteria as compared to the equivalent non-exposed control

samples, or as GE values (Section 3.5.1).

Table 6.1 405-nm light treatments of surface-seeded bacterial samples (10?> CFU plate™).

Irradiance Dose Delivered
(mWem??) 0.5 g S0 (Jem?)
50 - - 1.5
100 10 1 3
150 - - 4.5
200 20 2 6
250 - - 7.5
300 30 3 9
350 - - 10.5
Exposur.e Time 400 40 4 12
(min)
450 - - 13.5
500 50 5 15
1000 100 10 30
1500 150 15 45
2000 200 20 60
2500 250 25 75
3000 300 30 90

6.2.2  Results: High versus Low Irradiance Inactivation of Surface-Seeded Bacteria

Inactivation kinetics of ESKAPE bacteria (10?> CFU plate™) following exposure to increasing doses of
405-nm visible light at three independent irradiance regimes are presented in Figure 6.2. Results
demonstrate a significant downward trend in surviving bacterial populations for all organisms when

light dose was increased, and non-exposed control samples showed no change throughout (P>0.05).

Inactivation was significantly enhanced for all organisms when the dose was delivered at lower
irradiance. Exposed to the highest irradiance of 50 mWem™, ESKAPE pathogens collectively required
9-75 Jcm? (3-25 min) to achieve a significant degree of inactivation (19-68.3% reductions) in
comparison to non-exposed populations (P<0.05). At this same irradiance, doses of 45-150 J cm™ (15-
50 min) were required to achieve complete or near-complete (=96.73%) inactivation. Exposed at

5 mWem, all species collectively required lower dose applications of 6-30 Jcm™ (20 min—1 h 40 min)
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to achieve a significant degree of inactivation (29.3-69.9% reductions) compared to controls (P<0.05).
Complete or near-complete inactivation (=95.47%) was achieved by all species at this same irradiance
following exposure to 15-60 Jem™ (50 min — 3 h 20 min). When exposed to 0.5 mW cm2, ESKAPE
pathogens collectively required just 3-30 Jem™ (1 h 40 min — 16 h 40 min) to achieve a significant
degree of inactivation (14.8-96.6% reductions) compared to controls (P<0.05), with 6-30 Jcm? (3 h

20 min — 16 h 40 min) required to achieve complete or near-complete (=96%) inactivation.

Differences were demonstrated in the susceptibility of each ESKAPE pathogen at each irradiance
application. Exposed at the lowest irradiance of 0.5 mWem™2, S. aureus, A. baumannii and P. aeruginosa
proved most susceptible to treatment, collectively requiring <9 J cm™ to achieve complete or near-
complete inactivation, which was 1.5-3.3 times less than that required by other species. Exposed at the
highest irradiance of 50 mWcem™2, E. faecium, A. baumannii and P. aeruginosa were most susceptible,
requiring 45 J cm™ for complete/ near-complete inactivation, whereas K. pneumoniae and E. cloacae,

which were least susceptible, required much greater doses of 150 Jcm™ to achieve similar reductions.

The mean GE for near-complete (=95.6%) 405-nm light inactivation of surface-seeded ESKAPE
bacteria upon these exposures is presented in Figure 6.3. Results demonstrate enhanced GE for
inactivation of all ESKAPE pathogens when exposed at 0.5 mWcm™: values ranged from 0.05-0.29,
which were significantly greater (P<0.05) than exposures to both 5 and 50 mWcm™2 (ranging from 0.03-
0.22 and 0.01-0.05, respectively). Overall, GE for inactivation was approximately 3.1-8.1 times greater
when exposed using 0.5 mWem™? compared to 50 mWem™?; of which, the greatest difference was

demonstrated by E. cloacae (0.10 versus 0.01).
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aureus, (C) Klebsiella pneumoniae, (D) Acinetobacter baumannii, (E) Pseudomonas aeruginosa and (F)

Enterobacter cloacae, upon exposure to increasing doses of 405-nm light at irradiances of 0.5, 5 and 50 mWcm™.

Surviving bacterial populations are presented as percentages with respect to equivalent non-exposed control

populations. Each data point represents the mean value + SD (n = 3). Asterisks (*) represent data points in which

there was a significant reduction in the surviving bacterial population in comparison to the equivalent non-
exposed control population (P<0.05).
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Figure 6.3 GE for the complete/near-complete (>95%) inactivation of surface-seeded ESKAPE pathogens (102
CFU plate") upon exposure to identical doses of 405-nm light using irradiances ranging from 0.5-50 mW cm™.
Each data point represents the mean value + SD (n = 3). For each data point, GE was calculated at the dose at
which complete or near-complete (>95%) inactivation was achieved. Asterisks (*) represent significant
differences between the GE values gathered from each independent irradiance exposure (P<0.05).

6.3 Low versus High Irradiance for Inactivation of Suspended Bacteria

The following set of experiments aimed to establish the influence of irradiance application on the 405-
nm light inactivation of S. aureus and P. aeruginosa suspensions — selected as Gram-positive and Gram-
negative representative species, respectively — by exposing each to increasing doses of light using five

irradiance applications (5-150 mW cm) and comparing susceptibility at equivalent light doses.

6.3.1  Methods: Low versus High Irradiance Exposure for Inactivation of Suspended Bacteria
6.3.1.1  Bacterial Preparation

S. aureus and P. aeruginosa were each prepared as described in Section 3.1.2 and serially diluted in
PBS to provide a population density of 103 CFU mL"! for experiments (Section 3.1.3).

6.3.1.2  Light Source

The ENFIS PhotonStar Innovate UNO 24-LED array (Figure 6.1A) was used for all bacterial exposures.

The distance between the light source and bacterial samples was adjusted to achieve the required
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irradiances for exposures as follows: 5 mWcm™? — 24.8 cm; 10 mWem™? — 17.5 cm; 50 mWem™? — 8.0

cm; 100 mWem™? — 5.7 cm; 150 mWem™> — 4.7 cm.
6.3.1.3  Exposure Methodology

Bacterial suspensions were exposed to increasing durations of light treatment at irradiances of either 5,
10, 50, 100 and 150 mWcm™. Following preparation of 10° CFU mL-! suspensions, 250 pL volumes of
each were held in a 96-well plate (providing a sample depth of 7.8 mm) covered by an adhesive plate
seal (Thermo Scientific, UK) to prevent evaporation, and positioned below the light source. To ensure
any light adsorption by the adhesive plate seal was accounted for, irradiance measurements were taken
through the material, and the height of the light source was adjusted accordingly to ensure the desired
irradiance reached bacterial samples. Exposure times were selected to ensure equivalent light doses
(22.5 — 180 Jem?) were delivered to samples (Equation 3.1; Table 6.2). Control samples were prepared
in an identical manner but were exposed to ambient laboratory lighting only. The temperature of
microbial suspensions was monitored prior and post light treatments using a Kane May KM340
thermocouple (Comark Instruments, UK) to ensure inactivation was the result of light exposure and not
heat effects. Following light treatment, two 100 pL aliquots from each sample were spread plated and
incubated at 37°C for 18-24 h. After incubation, colonies were enumerated with results reported as
surviving bacterial load in CFU mL-!. Results represent the mean values + SDof triplicate replicates
measured in duplicate (n=6), and are reported as the percentage of surviving bacteria as compared to

the equivalent non-exposed control samples, or as GE values (Section 3.5.1).

Table 6.2 405-nm light treatments of liquid-suspended bacterial samples (10> CFU mL™).

I(;f“)g;:l‘ﬁ;’ 5 10 50 100 150 D"S‘(’ J]Zfllli_f)ered

75 375 7.5 3.75 2.5 225

150 75 15 7.5 5 45
Exposure 225 112.5 25 11.25 7.5 67.5
Time (min) 300 150 30 15 10 90

450 225 45 225 15 135

600 300 60 30 20 180
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6.3.2  Results: Low versus High Irradiance Exposure for Inactivation of Suspended Bacteria

Figure 6.4 presents the inactivation kinetics of S. aureus and P. aeruginosa (10° CFU mL"!) suspensions
exposed to increasing doses of 405-nm light at five independent irradiances. In all cases, a downward
trend in surviving populations was demonstrated when light dose increased, and no significant changes
were observed in non-exposed control populations throughout (P<0.05). At all irradiances, complete/
near-complete inactivation (>98.6%) of both species was achieved following 90 Jcm2; however, general

trends indicate an enhanced susceptibility to inactivation when exposed using lower irradiances.

When S. aureus (Figure 6.4A) was exposed using 100 and 150 mWem™2, a dose of 67.5 Jem™? (11.25
and 7.5 min, respectively) was required to achieve significant inactivation (82.6% and 84.6%
reductions, respectively) compared to equivalent non-exposed controls (P<0.05). Using 50 mWcm?2, a
lower dose of 45 Jcm™ (15 min) achieved a significant 35.9% reduction (P<0.05), and using the lowest
irradiances of 5 and 10 mWcm™, a dose of just 22.5 Jem™ (1.25 and 0.625 h, respectively) was required
to achieve significant reductions of 62.1% and 82.1%, respectively (P<0.05). The dose required for
complete/near-complete (=99.7%) S. aureus inactivation was significantly lower when exposed at lower
irradiances (P<0.05): 45 Jem™ using 5 and 10 mWcem™ compared to double this energy (90 Jcm™) using

50, 100 and 150 mWcm™2.

P. aeruginosa similarly demonstrated increased susceptibility when exposed at lower irradiance (Figure
6.4B). Exposed to 150 mWcm™, the dose required to achieve significant reductions (68.7%) was
67.5 J cm™ (7.5 min; P<0.05). Using 10, 50 and 100 mWcm?2, a smaller dose of 45 Jem™ (1.25 h, 15
min and 7.5 min, respectively) was required to achieve significant reductions of 99.7%, 36.1% and
61.7%, respectively (P<0.05). Using 5 mWcm?2, just 22.5 Jem™ (1.25 h) was required to achieve a
significant 94.6% reduction (P<0.05) and, at this dose, inactivation was significantly greater when
exposed at 5 mWcm in comparison to all other irradiances (P<0.05). Following 45 J cm™, inactivation
was significantly greater when exposed at 5 and 10 mWem™ in comparison to all other irradiances
(P<0.05). Complete/ near-complete (=99.1%) inactivation was achieved using <2 times less dose at low
irradiance compared to higher irradiances: 45 Jecm? was required for 5 and 10 mWcm™ exposures,
compared to 67.5 Jem? for 100 mWcem™ exposures and 90 Jecm™ for both 50 and 150 mWcm™

exposures.
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The mean GE for the 405-nm light inactivation of both species across the range of irradiances
investigated is presented in Figure 6.5. Results demonstrate significant (P<0.001) enhancement in GE
for inactivation of both species when exposed at 5 and 10 mWcm™ (values of 0.06-0.07) compared to
50-150 mW cm? (values of 0.02-0.04). For both species, no signficant difference was demonstrated
between GE values upon exposures to 5 and 10 mW cm? (P>0.05) and exposures to 50, 100 and
150 mW c¢cm? (P>0.05), with the exception of GE values for S. aureus upon exposure to 100 and
150 mW c¢m2, which were significantly different (P<0.001). Overall, GE was approximately 2.1 - 3
times greater when exposed using 5 mWem™? compared to 150 mWem™?; of which, the greatest

difference was demonstrated by S. aureus (0.65 versus 0.02).
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Figure 6.4 Inactivation of (A) Staphylococcus aureus and (B) Pseudomonas aeruginosa suspended in PBS upon
exposure to 405-nm light up to a dose of 180 Jem™ at irradiances of 5, 10, 50, 100 and 150 mW c¢m™. Surviving
bacterial populations are presented as percentages with respect to equivalent non-exposed controls. Each data
point represents the mean value + SD (n=6). Asterisks (*) represent data points in which there was a significant

reduction in surviving bacterial populations compared to equivalent non-exposed control populations (P<0.05).
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Figure 6.5 GE for the complete/near-complete (>95%) inactivation of Staphylococcus aureus and Pseudomonas
aeruginosa suspensions (103 CFU plate™!) upon exposure to identical doses of 405-nm light using irradiances
ranging from 5-150 mW c¢m™. Each data point represents the mean value + SD (n = 3). For each data point, GE
was calculated at the dose at which complete or near-complete (>95%) inactivation was achieved. Asterisks (*)
represent significant differences between GE values gathered from independent irradiance exposures (P<0.05).

6.4 Effect of Bacterial Bioburden on Low Irradiance 405-nm Light Inactivation

For applications involving sensitive material or tissue exposure, bacterial contamination levels may
vary. For environmental decontamination, low bacterial populations (~10?> CFU cm™) are typically
expected (Maclean et al., 2014); whilst for wound decontamination, a microbial load of >10° CFU g!
is typically considered the threshold for infection diagnosis (Gardner and Frantz, 2008). The present
study aimed to establish the influence of bacterial population density on the efficacy of low irradiance

405-nm light exposure, and how it compares to higher irradiance exposures on a per-unit-dose basis.
6.4.1  Methods: Effect of Bacterial Bioburden on Low Irradiance 405-nm Light Inactivation
6.4.1.1  Bacterial Preparation

Suspensions of E. faecium, S. aureus, K. pneumoniae, A. baumannii, P. aeruginosa and E. cloacae were
prepared and serially diluted in PBS to the required population density for exposure (Sections 3.1.2-

3.1.3).
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6.4.1.2 Light Source

The ENFIS PhotonStar Innovate UNO 24-LED array was employed for exposures to 5 — 150 mWcm?2,

whilst the 405-nm light EDS was employed for exposures to ~0.5 mW c¢m? (Section 6.2.1.2).
6.4.1.3  Surface-Seeded Bacterial Exposure

To establish the influence of bacterial bioburden on the efficacy of low irradiance 405-nm light for
surface decontamination, ESKAPE bacteria were seeded onto 50 mm agar plates at densities of 10!-
10% CFU plate! and exposed to 0.5 mWcm™? 405-nm light for 16 h (28.8 Jem™) and 24 h (43.2 Jem?)
with plate lids removed. Following light treatment, the lids were replaced, and plates were incubated at
37°C for 18-24 h. Following incubation, plates were photographed for qualitative analysis, with results

compared to control samples held under ambient room lighting conditions.
6.4.1.4  Liquid-Suspended Bacterial Exposure

To establish the influence of population density on the efficacy of 405-nm light for inactivation of
liquid-suspended bacteria, 3 mL volumes of S. aureus and P. aeruginosa at densities of 103-10°
CFU mL"! were transferred to a 6-well plate, providing a sample depth of 3.2 mm, and exposed to
increasing doses of 405-nm light at irradiances of 5, 50 and 150 mWcm™. Exposure times were selected
to ensure equivalent light doses (36 — 288 Jem™) were delivered to samples (Equation 3.1; Table 6.3).
All 6-well plates were covered with an adhesive plate seal to prevent evaporation, and so irradiance
measurements were taken through the material as described in Section 6.3.1.3 to ensure the desired
irradiance reached bacterial samples. Control samples were prepared in an identical manner but were
exposed to ambient laboratory lighting only. The temperature of microbial samples was monitored
immediately prior and post light treatment (Kane May KM340 thermocouple; Comark Instruments,
UK). Post-treatment, 100 pL samples (n=2) were plated onto agar and incubated at 37°C for 18-24 h.
Following incubation, colonies were enumerated and susceptibility at equivalent light doses compared.
Results represent the mean values + SD of triplicate replicates measured in duplicate (n=6), and are
reported as percentage of surviving bacteria compared to equivalent non-exposed controls, bacterial

counts in logio CFU mL!, and GE values (Section 3.5.1).

A key consideration when exposing bacterial suspensions of differing population density is the ability

for the light treatment to transmit through the suspension and interact with the suspended cell. To
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investigate this, the transmission of 405-nm light through suspensions of S. aureus and P. aeruginosa
at populations of 103-10° CFU mL"! was measured using a Biomate 5-UV-Vis spectrophotometer
(Fisher Scientific, UK). Additionally, it was of interest to determine the loss of light intensity through
the 3.2 mm depth of the 3 ml samples held in the 6-well plate in the experimental set-up. To do this, the
photodiode detector was used to take irradiance measurements through the base of the 6 well-plate, with
3 ml samples of bacterial suspensions at the differing population densities aliquoted into the appropriate
well and exposed to the ENFIS PhotonStar Innovate UNO 24 LED array (Figure 6.6). The loss of 405-
nm light irradiance through the bacterial samples was then calculated as a percentage in comparison to
PBS alone. Results represent the mean values + SD of triplicate replicates (n=3), and are reported as

the percentage of light passage through bacterial suspensions as compared to PBS suspensions.

Table 6.3 405-nm light treatments of bacterial samples suspended in PBS (103 CFU mL™).

Irradiance (mWem2) 5 50 150 Dose Delivered (Jem2)
120 12 4 36
240 24 8 72
_ _ 360 36 12 108
Exposure Time (min)
480 48 16 144
720 72 24 216
960 96 32 288

I I I I I I I I 405-nm light source

3 mL bacterial suspension

< 6-well plate

Photodiode detector

Figure 6.6 Experimental set-up to measure loss of 405-nm light transmission through bacterial samples.

6.4.2  Results: Exposure of Surface-Seeded Bacteria

Figure 6.7 displays agar plates seeded with S. aureus and P. aeruginosa at population densities of 10!-

108 CFU plate™! and exposed to 0.5 mWem? for 16 h (28.8 Jem?) and 24 h (43.4 Jem™). Results for the
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other four bacterial species are shown in Appendix B. General trends indicate that the susceptibility of
surface-seeded bacteria to low irradiance 405-nm light inactivation is similar regardless of initial
population density. Similar logio reductions were demonstrated at each initial seeding density as the
light dose was increased, with results indicating that all bacteria presented at high surface population
densities can be reduced by low irradiance 405-nm light exposure as the duration of exposure, and thus
applied dose, is increased. By comparison of the two representative species presented in Figure 6.7,
S. aureus appears to demonstrate greater susceptibility than that of P. aeruginosa, with 24 h exposure
resulting in complete elimination of 107 CFU plate S. aureus populations in comparison to just
10° CFU plate! P. aeruginosa populations, respectively. Nevertheless, results overall demonstrate
successful inactivation of all ESKAPE pathogens at contamination levels (10> CFU plate™!) likely to
typically occur within occupied environments (Maclean et al., 2013a), and even at potentially much

higher levels should these occur, using low irradiance (0.5 mW cm) light.

108 107 108 108 104 10° 102 10*
CFU plate* CFU plate? CFU plate* CFU plate* CFU plate* CFU plate* CFU plate* CFU plate*

00®

Oh

24h

24h

Figure 6.7 Appearance of (a) Staphylococcus aureus and (b) Pseudomonas aeruginosa at 108 — 10' CFU plate’!,
upon exposure to 0.5 mWem 405-nm light for 16 and 24 h (28.8 and 43.4 J cm?, respectively). [CG: confluent
growth of bacteria].

6.4.3  Results: Inactivation of Bacterial Suspensions

Inactivation kinetics of S. aureus and P. aeruginosa suspensions, at initial densities of 10*° CFU mL"!,

upon exposure to increasing doses of 405-nm light at three independent irradiances are presented in
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Figures 6.8 and 6.9, respectively. For each population density, results are presented as both counts (logio
CFU mL") and surviving populations compared to non-exposed equivalent controls (%). Results for S.
aureus (Figure 6.8) demonstrate a significant enhancement in susceptibility to 405-nm light inactivation
when using low irradiance at population densities of <10” CFUmL"! and, conversely, when using higher
irradiance at a population density of 10° CFUmL™! (P<0.05). At 10> CFUmL"!, logio bacterial counts
(Figure 6.8A) were significantly lower upon exposure to 5 mW cm™ compared to both 50 and 150
mW cm? (P<0.001) at all light doses measured. Upon exposure to an initial dose of 36 J cm™, an
approximate 2.46 logjo CFU mL! reduction was demonstrated using 5 mW cm%; compared to just 0.04-
0.16 log1o CFU mL™! reductions using 50-150 mW cm™. Further, complete reduction was achieved upon
72 J cm™ using 5 mW cm?; whilst three times this dose (216 J cm™) was required when using 50-150

2, Similarly, the percentage surviving 103 CFU mL"' populations (Figure 6.8B) were

mW cm
significantly lower at all doses when exposed to 5 mW cm™ compared to higher irradiances (P<0.001).
Approximately 4-6 times less dose was required to achieve near-complete inactivation (=96.4%) at this
density when exposed at the lowest irradiance: 36 Jem™ at 5 mWem™ versus 144 Jem™ at 50 mWem™
and 216 Jem™ at 150 mWcem. Similar patterns were observed for 10° CFU mL-! (Figure 6.8C and D)
and 107 CFU mL"! (Figure 6.8E and F) populations. In both cases, exposure to initial doses of 36 and
72 J em™ resulted in significantly lower bacterial counts when exposed at 5 mW cm™ compared to 50
and 150 mW cm? (P<0.001): reductions of up to 3.88 and 5.35 log1o CFU mL"! in 10° and 10" CFU mL"
! populations, respectively, using 5 mW cm2; compared to reductions of 0.62-0.72 and 0.39-1.55 logio
CFU mL!, respectively, using 50-150 mW cm? (Figure 6.8 C and E). Both 10° and 107 CFU mL"!
populations required 2-4 times less dose to achieve complete/near-complete reductions (>95.1%) using
5 mW cm? compared to 150 mW cm™. When exposed at 108 CFU mL-!, however, no significant
difference was demonstrated in the inactivation efficacy of each irradiance application (P>0.58; Figure
6.8G and H). The only exception was by 144 J cm™, where bacterial levels illuminated using 5 mW cm
2 were significantly lower than that achieved by other irradiances (P=0.014). It should be noted,
however, that the percentage reduction upon exposure to this irradiance at this same dose was
statistically similar to that achieved using 150 mW cm? (P>0.05). Discordantly, when exposed at

10° CFU mL!, although no significant difference was demonstrated between bacterial counts upon

exposure to each irradiance (P>0.081; Figure 6.81), higher irradiances were found to achieve
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significantly greater percentage reductions per-unit-dose: 36 Jem™? achieved a 72.9% reduction using
150 mWem2, which was significantly greater (P<0.001) than the 55.6 and 48.0% reductions recorded
using 50 and 5 mWcm?, respectively (Figure 6.8]). Non-exposed logio S. aureus control populations
were shown in some cases to significantly decrease throughout treatment (P<0.05; Figure 6.8); however,
in all cases, 405-nm light exposed populations were significantly lower (P<0.01), with the exception of
10° CFU mL™! S. aureus exposures to 150 mW cm, in which significant reductions were noted from

72 J cm? onwards (P<0.001).

Results for P. aeruginosa (Figure 6.9) indicate a significant enhancement in inactivation with lower
irradiance exposures at all population densities (P<0.05). At 10> CFUmL"!, logio bacterial counts were
found to be significantly lower upon exposure to doses of 36, 72 and 144 J cm? when 5 mW cm? was
used compared with all other irradiances (P<0.027; Figure 6.9A). Exposure to 36 Jem™, for example,
resulted in a 0.82 log;y CFU mL"! reduction (59.8% reduction) when illuminated at 5 mW cm?,
significantly greater than the 0.07 logio CFU mL™! (11.0%) reduction using 150 mWcm2 (P<0.001), or
0.13 logio CFU mL"! (27.8%) reduction when using 50 mW cm? (P<0.001) (Figure 6.9A). Similar
results were obtained using a 10° CFU mL! population, whereby inactivation was significantly
enhanced upon exposure to initial doses of 36 and 72 J cm? using the lowest irradiance compared to
higher irradiances (P<0.001): exposure to 36 Jcm? using 5 mW cm™ resulted in reductions of
~0.71 log1o CFU mL"! (64.8%); compared to reductions of 0.06-0.28 log;o CFU mL" (12.5-18.6%)
when exposed using 50-150 mW cm? (Figure 6.9C and D). For 10’ CFUmL"! populations (Figure 6.9E
and F), both 5 and 50 mW c¢cm irradiances were shown to be significantly more effective for
inactivation than 150 mW c¢m™ up to a dose of 144 J cm™ (P<0.006). Exposure to 36 J cm™ using 5 mW
cm? resulted in significantly greater bacterial reductions (P<0.001) than that of exposures using 50-150
mW cm? (0.96 versus 0.06-0.54 log,o CFU mL! reductions; Figure 6.9E), and two times less dose was
shown to be required for near-complete inactivation (=97.3%) when exposed using the two lower
irradiances (108 J cm™) compared to the highest (216 Jcm™; Figure 6.9F). In contrast to S. aureus,
inactivation of 10° CFU mL™! P. aeruginosa populations (Figure 6.9G and H) was shown to be enhanced
using lower irradiance: log;o bacterial counts were significantly lower (P<0.001) upon doses of 72-144
J cm2, with up to 3.92 logio bacterial reductions noted using 5 mW cm? compared to 1.52-1.89 logio

CFU mL" reductions using 50-150 mW cm™; and percentage surviving bacterial counts were
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significantly lower using 5 mW c¢cm compared to 150 mW cm™ up to 108 J cm? (P<0.002), with 2-3
times less dose required for near-complete inactivation (>98.0%) when exposed at 5 mWem™? (72 Jem®
2) in comparison to 50 mWcm2 (144 Jem?) and 150 mWem? (216 Jem?). Similar to S. aureus (Figure
6.8), non-exposed logio P. aeruginosa control populations were shown, in some cases, to significantly
decrease throughout treatment duration (P<0.05; Figure 6.9). However, in all cases, 405-nm light
exposed populations were significantly lower in comparison to non-exposed controls from an initial
dose of 36 J cm? onwards (P<0.01), with the exception of 10> CFU mL"! exposures to 150 mW c¢m?, in
which significant reductions were initially noted following 72 J cm™ (P<0.001), and 10° CFU mL"!
exposures to 50 and 150 mW c¢m, in which significant reductions were initially noted following 72 J

cm? (P<0.001 and P=0.038, respectively).

The mean GE for the 405-nm light inactivation of bacterial suspensions investigated in this section are
presented in Figure 6.10. For S. aureus (Figure 6.10A), GE values for inactivation of initial densities of
10°-107 CFU mL"! were significantly greater when 0.5 mWcm™ was used in comparison to that of higher
irradiances (P<0.001): GE values for S. aureus inactivation using 5 mW c¢cm compared to 150 mW cm
2 were ~4.1 times greater when exposing 103 CFU mL-! populations, ~1.5 times greater when exposing
105 CFU mL"! populations and ~1.6 times greater when exposing 107 CFU mL"! populations. GE values
for inactivation of 103 CFU mL' S. aureus suspensions, however, were relatively similar (0.022-0.025),
with significantly greater values demonstrated for exposures to 50 mW c¢cm? compared to 5 mW cm™
(P=0.035). At the highest density (10° CFU mL""), GE values, although again similar (0.015-0.019),
were significantly lower for exposure to 5 mW cm™ compared to both higher irradiance exposures
(P=0.001). GE values for S. aureus inactivation using 5 mW c¢m, unlike higher irradiances, were shown
to significantly decrease as population density increased until 108 CFU mL-' (P<0.001), with no

signficanty difference demonstrated between values for 108 and 10° CFU mL! inactivation.

For P. aeruginosa (Figure 6.10B), GE values at each irradiance were fairly comparable. For 10° CFU
mL-! populations, GE values were similar (0.019-0.022; P=0.339), with no key patterns demonstrated
between irradiance application and the efficacy of 405-nm light inactivation. For higher populations,
greater values were presented at lower irradiances: at 10> CFU mL"!, GE values for 5 and 50 mW c¢m™
exposures were higher than 150 mW cm™, however only values from 50 mW c¢cm exposures were

significantly higher (P=0.002); at 107 CFU mL"!, values obtained using both 5 and 50 mW cm were
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significantly higher, and approximately 1.5-1.8 times that achieved using 150 mW cm2 (P<0.001); and
at 10° CFU mL"!, exposures using 5 mW c¢cm were found to be associated with significantly higher GE

values, approximately 2.4-2.5 times that, of 50 and 150 mW cm exposures (P<0.001).
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Figure 6.8 Inactivation kinetics of Staphylococcus aureus suspended in PBS at initial population densities of (A-
B) 10° CFU mL"!, (C-D) 103 CFU mL"', (E-F) 107 CFU mL", (G-H) 108 CFU mL"! and (I-J) 10° CFU mL"', upon
exposure to increasing doses of 405-nm light at irradiances of 5, 50 and 150 mW cm. Results are presented as
both bacterial counts in logio CFU mL™! (A, C, E, G and I) and percentage surviving bacterial populations with
respect to equivalent non-exposed control populations (B, D, G, H and J). Each data point represents the mean
value + SD (n = 3). Asterisks (*) represents levels of inactivation significantly different to other irradiances at a
particular applied dose (P<0.05): *a, significantly different to all other irradiances; *b, significantly different to 5
mW cm?; *c, significantly different to 50 mW ¢cm? and *d, significantly different to 150 mW cm.
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Figure 6.9 Inactivation kinetics of Pseudomonas aeruginosa suspended in PBS at initial population densities of
(A-B) 10° CFU mL", (C-D) 10° CFU mL"!, (E-F) 107 CFU mL"! and (G-H) 10° CFU mL"', upon exposure to
increasing doses of 405-nm light at irradiances of 5, 50 and 150 mW cm. Results are presented as both bacterial
counts in logio CFU mL™! (A, C, E and G) and percentage surviving bacterial populations with respect to
equivalent non-exposed control populations (B, D, G and H). Each data point represents the mean value + SD (n
= 3). Asterisks (*) represents levels of inactivation significantly different to other irradiances at a particular
applied dose (P<0.05): *a, significantly different to all other irradiances; *b, significantly different to 5 mW c¢cm?;
*¢, significantly different to 50 mW cm and *d, significantly different to 150 mW cm™.

156



“:| 5 mW cm? I 50 mwW cm2 I 150 mw cm?

-':’fl T T T T T T T |A

0.08 |- E

0.06 - E

0.04 * 4

Germicidal Efficiency

0.02 - * -

0.00 &~

10° 10° 107 108 10°
Initial Population Density (CFU mL™®)

0.04 |- * * g

o

o

@®
T

0.02 -

Germicidal Efficiency

0.01 -

0.00 &

10° 10° 107 108
Initial Population Density (CFU mL™)

Figure 6.10 GE for complete/near-complete (>95%) inactivation of liquid-suspended (A) Staphylococcus aureus
and (B) Pseudomonas aeruginosa (10>-10° CFU mL'; 3 mL) upon exposure to identical doses of 405-nm light
using irradiances of 5-150 mW c¢cm™. Each data point represents the mean value + SD (n = 3). For each data point,
GE was calculated at the dose at which complete or near-complete (=95%) inactivation was achieved. Asterisks
(*) represent irradiance exposures which had a significantly different GE value from that of all other irradiance
exposures (P<0.05).

Figure 6.11 presents the transmission of 405-nm light through bacterial suspensions at varying cell
densities (103° CFU mL™). Results measured via UV-Vis spectrophotometry (Figure 6.11A) indicate
that 405-nm light transmission was fairly consistent for both bacteria until 10 CFU mL"! (95.5-99.6%
and 96.3-100%, respectively). Beyond which, transmission steadily decreased with increasing

population density, with 405-nm light transmission reduced to just 1.8 and 2.5% for 10° CFU mL"!
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populations of S. aureus and P. aeruginosa, respectively. To mimic the light treatment conditions used
in the tests, the loss of light through the 3.2 mm depth in the test plate was measured (Figure 6.11B).
For both bacteria, no significant difference was demonstrated between transmission through PBS and
that of suspensions <10® CFU mL" (P>0.132); however, transmission through 10° CFU mL"!
suspensions were found to be significantly lower than that of PBS (P<0.001), and all other suspensions
(P<0.001). Comparatively, transmission through S. aureus and P. aeruginosa was shown to be
statistically similar for all population densities (P>0.079), with the exception of 10° CFU mL!
suspensions, in which transmission was significantly greater through P. aeruginosa suspensions

compared to that of S. aureus (P=0.008).
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Figure 6.11 405-nm light transmission through suspensions of Staphylococcus aureus and Pseudomonas
aeruginosa at population densities of 103° CFU mL"! measured using (A) standard UV-Vis spectrophotometry
and (B) a power meter and photodiode detector, through the 3.2 mm depth of the test set-up (n=3). Asterisks (*)
represent bacterial concentrations in which there was a significant difference in the % transmission of 405-nm
light through different bacteria.

6.5 Bacterial Cell Damage by Low versus High Irradiance 405-nm Light

Based on findings in Sections 6.2-6.4, this section aimed to determine the differences, if any, in cellular
cytotoxic responses — namely, intracellular ROS production and membrane damage — of S. aureus and

P. aeruginosa upon exposure to identical doses of 405-nm light using different irradiance regimes.
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6.5.1 Methods: Bacterial Cell Damage by Low versus High Irradiance Exposures
6.5.1.1 Bacterial Light Treatment

To determine the influence of irradiance application on cellular cytotoxic responses to 405-nm light,
suspensions of S. aureus and P. aeruginosa were firstly exposed to light treatment using a similar
methodology to that implemented in Section 6.4.1.4. For these test protocols, high density 10° CFU mL-
! population densities were required to be used. Briefly, 3 mL volumes of S. aureus and P. aeruginosa
were transferred to a 6-well microplate (providing a sample depth of 3.2 mm) and exposed to increasing
doses of 405-nm light at irradiances of 5, 50 and 150 mWcm™. Exposure times were selected to ensure
equivalent light doses (36 — 144 Jcm?) were delivered to samples (Equation 3.1). All 6-well plates were
covered with an adhesive plate seal to prevent evaporation, and so irradiance measurements were taken
through the material as described in Section 6.3.1.3 to ensure the desired irradiance reached bacterial
samples. The light treatments delivered to samples are presented in Table 6.4. Control samples were
prepared in an identical manner but were exposed to ambient laboratory lighting only. Post-exposure,

samples were processed following the steps outlined in Sections 6.5.1.2-6.5.1.4.

Table 6.4 405-nm light treatments of 10° CFU mL"! bacterial suspensions.

Irradiance (mWem2) 5 50 150 Dose Delivered (J cm™2)
120 12 4 36
. . 240 24 8 72
Exposure Time (minutes)
360 36 12 108
480 48 16 144

6.5.1.2 Inactivation Kinetics

To determine the bacterial inactivation kinetics of 10° CFUmL"! populations, following exposure to the
light treatments outlined in Section 6.5.1.1, 100 uL. samples (n=2) were plated onto agar and incubated
at 37°C for 18-24 h. Following incubation, colonies were enumerated. Results represent the mean values
+ SD of triplicate replicates measured in duplicate (n=6), and are reported as bacterial reductions as

compared to the equivalent non-exposed control samples in logjo CFU mL"'.
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6.5.1.3 ROS Detection and Measurement

The detection and measurement of intracellular ROS production was conducted using 6-carboxy-2',7'-
dichlorodihydrofluorescein diacetate (carboxy-H,DCFDA). Carboxy-H,DCFDA is a chemically
reduced, acetylated form of fluorescein often used as an indicator of ROS in various cell types including
bacteria, cancers, neutrophils and phagocytes. This non-fluorescent molecule is readily converted to a
green fluorescent form when acetate groups are removed by intracellular esterases and oxidation, via
ROS activity, occurs within the cell (Thermo Fisher Scientific, 2023). The generation of green
fluorescence from carboxy-H.DCFDA is therefore indicative of the presence of intracellular oxidative
stress. This dye has previously been used to detect ROS generated in response to 405-nm light exposure
in bacteria in literature (Ramakrishnan et al., 2016; Minor and Sabillon, 2023), and the methodology
used was adapted from Ramakrishnan et al. (2016). Following exposure to light treatments described
in Section 6.5.1.1, all exposed and non-exposed samples were centrifuged at 4036 x g for 15 min (GT1
centrifuge) to achieve a cell pellet. The supernatant was discarded and 300 pL 25 uM carboxy-
H>,DCFDA (C400; Thermo Fisher Scientific, UK) was then added to the pellet, vortexed and incubated
in the dark for 30 min at room temperature to allow the probe to accumulate within cells. Post-
incubation, suspensions were made up to 3 mL with PBS, and fluorescence was measured immediately
using an RF-5001PC spectroflurophotometer at an excitation wavelength of 495 nm and emission
wavelength of 525 nm. Results represent the mean values + SD of triplicate replicates (n=3), and are
reported as the percentage increase in green fluorescence intensity generated from carboxy-H,CDFDA,
as an indicator of ROS production, as compared to the equivalent non-exposed control samples. For this

experiment, the initial three dose points were selected for analysis (36, 72 and 108 J cm™).
6.5.1.4  Membrane Integrity Assessment

To assess the integrity of bacterial cell membranes in response to light treatments, the leakage of
intracellular nucleic acids into the extracellular matrix was quantified using spectrophotometric
analysis. The methodology employed was adapted from McKenzie et al. (2016). Following exposure to
light treatments described in Section 6.5.1.1, all exposed and non-exposed samples were centrifuged at
3939 x g for 5 min (Heraeus Labofuge 400R; Kendro Laboratory Products, UK). The supernatant was

extracted and analysed using a Biomate 5-UV-Vis spectrophotometer (Fisher Scientific, UK), with
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absorbance measured at 260 nm to indicate the presence of leaked nucleic acids. Results represent the
mean values + SD of triplicate replicates (n=3), and are reported as the percentage increase in
absorbance at 260 nm, as an indicator for the leakage of nucleic acid material, as compared to the

equivalent non-exposed control samples.
6.5.2  Results: Bacterial Cell Damage by Low versus High Irradiance Exposures
6.5.2.1 Inactivation Kinetics

Figure 6.12 presents the reductions of (A) S. aureus and (B) P. aeruginosa upon exposure to increasing
doses of 405-nm light using 5, 50 and 150 mW cm™. Surviving counts of all 405-nm light exposed
samples were significantly lower than that of non-exposed controls (P<0.002): following a final dose of
144 J cm?, S. aureus counts reduced from 9.23 to 7.38 logjo CFU mL! using 5 mW cm?, 9.51 to 6.91
logio CFU mL"! using 50 mW cm?, and 9.47 to 6.67 logjo CFU mL"! using 150 mW cm?; whilst P.
aeruginosa counts reduced from 9.43 to 5.57 logjo CFU mL"! using 5 mW cm2, 9.38 to 7.53 logio CFU

mL! using 50 mW c¢m, and 9.27 to 7.91 logjo CFU mL"! using 150 mW cm™.

For exposures of S. aureus (Figure 6.12A) to 36 J cm™, reductions achieved using 150 mW c¢m™ were
significantly greater than that achieved using 5 mW cm (0.58 versus 0.28 logio CFU mL"! reductions;
P=0.001); with no significant difference demonstrated between that of 50 mW cm? and other irradiances
(0.45 logio CFU mL™! reductions; P>0.05). At higher dose applications, the two higher irradiances
achieved greater reductions: by 72 J em™, 50 and 150 mW cm™ achieved 1.07-1.22 logjo CFU mL"!
reductions, which was significantly greater than the 0.78 logio CFU mL! reductions achieved using
5 mW cm? (P<0.001); by 108 J cm?, reductions of 1.92-2.07 logio CFU mL"! were achieved using 50-
150 mW c¢m2, which was significantly greater than that of 5 mW cm (1.60 logjo CFU mL! reductions;
P<0.001); and following 144 J cm™, reductions of 2.61-2.81 logio CFU mL™! were achieved using 50-
150 mW cm?, which was significantly greater than that of 5 mW cm™ (1.85 logio CFU mL"! reductions;
P<0.001). Contrastingly, results for P. aeruginosa (Figure 6.12B) demonstrate, for all dose applications,
significantly greater reductions upon exposure to 5 mW cm compared to 50-150 mW c¢m™: reductions
of 0.60 logjo CFUmL" versus 0.35-0.36 logio CFU mL!, respectively, were observed following
36 J cm (P=0.003); reductions of 2.34 log1o CFU mL"! versus 0.60-0.67 logio CFU mL"!, respectively,

were observed following 72 J ¢cm™? (P<0.001); reductions of 3.01 logio CFU mL™ versus 1.01-
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1.07 logio CFU mL"!, respectively, were observed following 108 J cm™ (P<0.001); and reductions of
3.86 logio CFU mL! versus 1.37-1.85 logio CFU mL"!, respectively, were observed following 144 J cm®
2 (P<0.001). Comparing the two species, significantly greater reductions were demonstrated by P.
aeruginosa compared to S. aureus at all doses using 5 mW cm (reductions of <3.87 versus <1.85 logo
CFU mL", respectively; P<0.001); whilst significantly greater reductions were achieved by S. aureus
compared to P. aeruginosa when exposed to all doses using 50 and 150 mW cm? (reductions of <2.61-
2.81 logio CFU mL"! compared to <1.37-1.85 logio CFU mL"!, respectively; P<0.002), with the
exception of exposures to 36 J cm™ using 50 mW cm?, whereby no significant difference was

demonstrated (0.45 and 0.36 log;o CFU mL™! reductions, respectively; P=0.317).
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Figure 6.12 Reductions of (A) Staphylococcus aureus and (B) Pseudomonas aeruginosa suspensions (10° CFU
mL-1) upon exposure to increasing doses of 405-nm light at irradiances of 5, 50 and 150 mW cm. Data points
are presented as logio bacterial reductions in comparison to non-exposed equivalent controls and represent the

mean value + SD (n=6). Asterisks (*) represent data points where logio reductions achieved by exposure to 5 mW
cm2 were significantly different to that of 50 and 150 mW cm2 exposures (P<0.05).

6.5.2.2 ROS Detection and Measurement

Figure 6.13 presents the percentage increase in green fluorescence detected from carboxy H,-DCFDA
upon exposure of (A) S. aureus and (B) P. aeruginosa to increasing doses of 405-nm light at irradiances
of 5-150 mW cm. Results for S. aureus (Figure 6.13A) indicate no significant increase in the green
fluorescence detected in light-exposed samples compared to equivalent non-exposed controls across all
delivery regimes (P>0.096). Although insignificant, small increases in fluorescence compared to
equivalent controls were detected when exposed to 405-nm light using 5 and 150 mW cm? (maximum
increases of 9.62 and 8.85%, respectively); whilst no increase was demonstrated using 50 mW cm. No

significant difference was demonstrated between the increases in fluorescence detected as treatment
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progressed for each irradiance (P=0.615-0.848) and further, no significant difference was demonstrated
between the fluorescence intensity between each irradiance across all doses (P=0.322-0.683). Results
for P. aeruginosa (Figure 6.13B) similarly demonstrate no significant increase in fluorescence detected
in light-exposed samples compared to equivalent non-exposed controls across all irradiances (P=0.110-
0.690), with the exception of 5 mW cm? exposures to 72 J cm™, in which fluorescence levels were
significantly higher in exposed versus non-exposed samples (41.96 versus 26.25, respectively;
P=0.011). Although insignificant (P=0.169-0.890), an upward trend was demonstrated in fluorescence
intensity, for all light irradiance regimes, as treatment time, and thus dose, increased. The percentage
increase compared to controls using 5 mW cm? was 57.4% upon an initial dose of 36 J cm™, which
increased to 121.5% following 108 J cm; using 50 mW cm, no percentage increase was demonstrated
after 36 J cm™; however, a 17.1% increase was demonstrated after 108 J cm2; and using 150 mW cm
2 a 14.9% increase was demonstrated following 36 J cm?, which increased to 30.3% following
108 J cm™. No significant differences were observed in fluorescence intensity upon exposure to each
irradiance at each dose (P=0.231-0.764), however, greater levels were demonstrated at the lowest
irradiance, with 4-7 times greater fluorescence detected by 108 J cm™ using 5 mW cm™ compared to
higher irradiances. Comparatively, greater fluorescence was detected upon all exposures for
P. aeruginosa compared to S. aureus, however only levels observed upon 36 J cm™ using 5 mW cm™

and 72 and 108 J cm™ using 150 mW cm were statistically significant (P=0.002-0.033).

T T T T T T T T

_ Al = B]
Eosg L [ 5mWem i | Eospf | 5 mWcm i} g
> - 50 MW cm2 = e 50 MW cm™
2 w150 mW cm2 2 200 | | ~#-- 150 mW em™? 8
o 200 | 1 @
= £ ]
© @ 150 | 7
Q 150 b 2
S o ]
2 ® 100 | . T
2 400 F J @
=) o
= =
T w ]
L 50 _ =
i) @©
@ @ b
m (1]
T 0L Fi " =t
5 MES (&}
2 § € 50+ —

—50 i 1 4 1 1 1 1 1

0 36 72 108 0 36 72 108

Dose (J cm™3) Dose (J cm™3)

Figure 6.13 ROS fluorescence intensity in (A) Staphylococcus aureus and (B) Pseudomonas aeruginosa cells
upon exposure to increasing doses of 405-nm light at irradiances of 5-150 mW cm, measured through
incubation with carboxy-H2DCFDA and spectrophotometric measurement at an excitation wavelength of 495 nm
and an emission wavelength of 525 nm (n=3+SD). Asterisks (*) represent data points in which there was a
significant difference (P<0.05) between exposed and non-exposed control samples.
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6.5.2.3 Membrane Integrity Assessment

Figure 6.14 presents the comparative increase in absorbance at 260 nm of (A) S. aureus and (B) P.
aeruginosa upon exposure to increasing doses of 405-nm light using irradiances of 5-150 mW cm™
compared to equivalent non-exposed controls. In all cases, absorbance at 260 nm was greater upon 405-
nm light exposure compared to non-exposed controls (P<0.045 in all cases up to 108 J cm™), with an
upward trend in absorbance at 260 nm demonstrated as exposure time, and thus dose, increased: by 108

J em in all cases, absorbance readings were significantly greater than starting values (P<0.092).

For S. aureus (Figure 6.14A), values were statistically similar across all irradiances (P=0.358-0.851),
with the exception of exposures to 144 J cm2, whereby the increase in absorbance using 50 mW cm
was significantly greater than that of 5 and 150 mW cm2 (0.28 versus 0.16-0.18, respectively; P=0.001).
Although insignificant, the increase in absorbance upon exposure to 5 mW cm? was lower than that of
higher irradiances upon >72 J cm%: values of 0.15 compared to 0.17-0.19 at 72 J cm™%; 0.17 compared
to 0.20 at 108 J cm™ and 0.16 compared to 0.19-0.28 at 144 J cm™. For P. aeruginosa (Figure 6.14B),
values were significantly higher upon higher irradiance exposure (P=0.001-0.033). The increase in
absorbance at 260 nm upon 36 J cm™ using 150 mW c¢m was significantly higher than 5 mW c¢m
(0.41 versus 0.02; P=0.033), with no significant difference between 50 mW cm and other irradiances
(0.26; P>0.05). Upon >72 J cm™, values were significantly higher using 50-150 mW c¢m compared to
5mW cm: 0.26-0.41 versus 0.07 at 72 J cm2 (P=0.001); 0.50-0.52 versus 0.17 at 108 J cm™ (P=0.013);

and 0.64 versus 0.23 at 144 J cm™ (P=0.003).

Comparatively, the increase in absorbance at 260 nm upon exposure to 5 mW cm™ was statistically
similar for both S. aureus and P. aeruginosa up to 108 J cm (P=0.076-0.933); beyond which, values
for P. aeruginosa were significantly greater than S. aureus (0.23 versus 0.16; P=0.033). Using 50 mW
cm?, values were statistically similar at 36 J cm™ (P=0.364); beyond which, values for P. aeruginosa
were significantly greater than S. aureus: 0.58 versus 0.17 at 72 J cm™ (P=0.002), 0.52 versus 0.20 at
108 J cm™ (P=0.013) and 0.64 versus 0.28 at 144 J cm (P=0.012). Using 150 mW cm, values were
significantly greater, in all cases, for P. aeruginosa compared to S. aureus: 0.41 versus 0.13 at 36 J cm”
2 (P=0.033), 0.61 versus 0.19 at 72 J cm™? (P=0.004), 0.50 versus 0.20 at 108 J cm*? (P=0.009) and 0.64

versus 0.18 at 144 J cm™ (P=0.001).
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Figure 6.14 Comparison of the difference in absorbance measurements of exposed and non-exposed (A)
Staphylococcus aureus and (B) Pseudomonas aeruginosa cell supernatants at 260 nm upon exposure to an
increasing dose of 405-nm light at irradiances of 5, 50 and 150 mW cm. Each data point represents the mean
value + SD (n=3£SD). Asterisks (*) represent data points which are significantly different to all other irradiances
(P<0.05).

6.6 Discussion

This chapter has successfully demonstrated the efficacy of lower irradiance 405-nm light for the
inactivation of key nosocomial bacteria presented at various population densities on surfaces and in
liquid suspension, and has additionally highlighted the enhanced susceptibility of bacteria to
inactivation when exposed to a fixed dose of 405-nm light using lower irradiances compared to higher
irradiances. Further, preliminary investigations into oxidative stress produced by bacterial cells in
response to such exposures has provided indication of the potential mechanisms of damage and cellular

targets associated with 405-nm light inactivation of bacteria.

As mentioned, given its increased safety profile over UV light, there is interest in the development of
antimicrobial violet-blue light for infection control applications which require exposure of sensitive
materials or occupied environments, whereby lower irradiances are generally used to ensure
compatibility with such applications. For environmental decontamination, violet-blue light is typically
employed at levels <1 mWecem™ to ensure the safety of exposed room occupants (ICNIRP, 2013). An
irradiance of 0.5 mWecem™? was selected for surface-seeded bacterial exposures in this chapter to
represent the typical level used to illuminate high-touch surfaces when the technology is employed in a
room environment (Chapter 4). It is recognised that irradiance levels will vary depending on the distance

of the contaminated surface from the location of the light source, however, findings in the previous
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chapter demonstrated that a range of irradiance levels <I mWcm™ can achieve bacterial inactivation,
and so this particular irradiance was selected as a representative ‘low’ level. Results in Figures 6.2, 6.7
and Appendix B, indicate that all surface-exposed ESKAPE pathogens (10'-10% CFU plate™!) were
reduced by exposure to 0.5 mWem™2, with greater levels of inactivation achieved as light dose was
increased. When exposed to this irradiance at 10> CFU plate™!, which was chosen to represent the typical
upper levels of contamination reported within hospital isolation rooms (Maclean et al., 2013a), the
susceptibility of each ESKAPE pathogen was variable, however, complete/ near-complete (>96.6%)
inactivation of each species individually was achieved using 6-30 Jem? (3.3-16.6 h) (Figure 6.2).
Comparative exposures of bacterial suspensions to 0.5 mW c¢cm could not be conducted due to the
limited viability of bacteria whilst suspended for lengthy periods in PBS. Alternatively, an irradiance
level of 5 mWcm was selected, with this irradiance being in the region of those suggested for wound
disinfection applications (5-20 mW cm?) (McDonald et al., 2011; Dai et al., 2013a, 2013b). Use of
5 mWcem was shown to successfully reduce suspended S. aureus and P. aeruginosa (selected as Gram-
positive and Gram-negative representatives, respectively), with near-complete (=99.7%) inactivation

achieved for both species with a dose of 45 Jcm™ (2.5 h; Figure 6.4).

In addition to comparing the bactericidal efficacy of different doses of 405-nm light, this chapter has
also provided novel information on the comparative bactericidal efficacy of 405-nm light when the same
dose of light is applied at different irradiation levels. The results provide key evidence to demonstrate
the enhanced bactericidal efficacy of low irradiance 405-nm light in comparison to that of higher
irradiance exposures, per-unit-dose. Results in Figure 6.2 indicate all surface-seeded ESKAPE bacteria
(102 CFU plate™") required a significantly (P<0.05) lower dose to achieve complete/near-complete
(>95.47%) inactivation when exposed using lower irradiance levels: exposures to 0.5 mWcem™ required
1.5-3.3 times less energy that than required by exposures to 5 mWcm™, and 3.3-11.1 less energy than
that required by exposures to 50 mWcm™2. Although all employed irradiance levels achieved significant
levels of inactivation, the dose required for a 1 logio reduction was significantly less (P<0.05) for all
species when exposed using 0.5 mWem™2 (6-30 Jem™) in comparison to both 5 mWem™ (9-60 J cm)
and 50 mWcm (30-150 J cm?). The GE for inactivation of each ESKAPE pathogen (Figure 6.3) was
also shown to be significantly higher (P<0.05) when exposed using the lowest irradiance (ranging from

0.05-0.29) in comparison to higher irradiances (ranging from 0.03-0.22 for 5 mW cm and 0.01-0.05
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for 50 mW c¢m2). Similarly, results in Figure 6.4 suggest S. aureus and P. aeruginosa in suspension
also required lower doses to achieve significant levels of inactivation when exposed using lower
irradiance levels: both species required 3 times less energy when exposed using 5 mWcm™ compared
to 150 mWem? (22.5 versus 67.5 Jcm?; P<0.05). Similarly, although all exposures did induce
complete/near-complete (>99.74%) inactivation, significantly lower doses (P<0.05) were required to
achieve this when exposed using lower irradiance levels: two times less energy was required when
exposed using 5 mWem? compared to 150 mWem™ (45 versus 90 J cm2; P<0.05). Comparison of
exposures over the initial dose range of 0-45 Jcm™ further highlights this difference in efficacy:
following 45 Jem?, logio reductions of 2.94 and 3.37 were observed for S. aureus exposed at 5 and
10mWcm?, respectively; in comparison to just 0.21, 0.08 and 0.08 log;o reductions when exposed at
50, 100 and 150 mWcm?, respectively. Similarly, at this same application of dose, log;o reductions of
2.86 and 2.81 were observed for P. aeruginosa exposed at 5 and 10 mWcm?, respectively; in
comparison to just 1.25, 0.43 and 0.08 logo reductions when exposed at 50, 100 and 150 mWcm™2,
respectively. The GE for inactivation at this initial population density of 103 CFU mL"! (Figure 6.5) was
significantly greater (P<0.001) for both S. aureus and P. aeruginosa when exposed to <10 mW cm?
compared to >50 mWcm?, further demonstrating the bactericidal energy efficiency of using low

irradiance levels.

Interestingly, these findings can be considered to conflict with previous studies which depicted a dose-
dependency associated with 405-nm light exposure, which suggest inactivation increases with applied
dose, irrespective of the light delivery regime (high intensity/short duration or low intensity/long
duration) (Endarko et al., 2012; Murdoch et al., 2012; Barneck ef al., 2016). It is important to consider,
however, that these studies compared exposures to irradiances within the same order of magnitude, and
thus it is possible that light intensity may have a greater influence on inactivation efficacy when
irradiances of varying orders of magnitude are compared. Murdoch et al. (2012), for example, exposed
suspensions of L. monocytogenes to 108 Jem of 405-light using irradiances of 10-30 mWcm™ and
found, although the logio reduction achieved was slightly greater at lower intensity, there was no
significant difference in the level of inactivation achieved at the different irradiance exposures.
Similarly, Barneck et al. (2016) investigated equivalent 405-nm light dose exposures using irradiances

of 2.38-2.89 and 8.85-9.71 mWcm™ on surface-seeded S. aureus, S. pneumoniae, E. coli and P.
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aeruginosa, and demonstrated similar logio reductions for both equivalent radiant exposures. The
authors did note, however, that from the appearance of growth distribution patterns on treated culture
plates, low intensity/long duration exposure regimes may provide a superior bactericidal effect due to

the continuous nature of treatment (Barneck ef al., 2016).

The concept that differences in inactivation efficacy may become increasingly evident when comparing
irradiance applications of greater orders of magnitude is further supported by Endarko et al. (2012),
who found no significant difference (P>0.05) in the 405-nm light inactivation rate of L. monocytogenes
when exposed to a constant dose using irradiances ranging from 44-85.6 mWcm™ but did demonstrate
significantly greater inactivation when exposed to a constant dose using 8.6 mWcm™ in comparison to
85.6 mWcem™2. Further, in Chapter 4, whilst evaluating broad-spectrum antibacterial efficacy of the 405-
nm light EDS for surface-simulated decontamination, an enhancement in the inactivation of S. aureus
was observed on a per-unit-dose basis when lower irradiance light sources were employed (Figure 4.10;
Table 4.1); suggesting that low irradiance 405-nm light exposure, at levels similar to that employed for
environmental decontamination, may be more efficient for bacterial inactivation than that of higher

irradiance light sources on a per-unit-dose basis.

These findings provide key evidence to indicate the application of 405-nm light dose has an important
role in the mechanisms of microbial inactivation. This improvement in bactericidal efficacy
demonstrated at lower irradiance exposures may be due to specific levels of energy required for
microbial inactivation, and it is possible that bacteria may adopt different response mechanisms when
exposed to high intensity/short duration regimes in comparison to low intensity/long duration regimes.
It has previously been identified that, when light irradiance is increased, there is the potential for
photoinactivation to be limited by a depletion in oxygen supplies (Moseley et al., 2006; Rogers, 2012)
or saturation of the electronic absorption of porphyrins (Maclean et al., 2016), which could result in a
surplus of excited porphyrin molecules which are unable to participate in the photoinactivation process.
However, in this study, the light irradiances used were substantially lower than the irradiance levels
which could instigate saturation of the electronic absorption of porphyrins, and the inactivation kinetics
of S. aureus at an initial density of 10° CFU mL! shown in Figure 6.8 indicate that oxygen is not lacking
at the higher irradiances employed in this study. A possible explanation for the observed effects could

be the result of bacterial responses to a relatively gentle oxidative stress for a prolonged period of time,
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as opposed to a higher oxidative stress for a much shorter period of time. Whilst much is known about
the damaging effects of ROS on microbial cells and cellular ROS defence mechanisms, there is
relatively little understanding of how the interplay between these factors affects microbial populations
in different environments (Imlay, 2019). High levels of ROS within the cell can induce genomic
mutations, and particularly RNA damage (Seixas et al., 2022), as well as oxidative modification of
proteins, lipids and glycans which can lead to metabolic malfunction and cell death; whilst, conversely,
low levels of local ROS play an important role within the cell both as redox-signalling molecules in a
wide spectrum of pathways involved in the maintenance of cellular homeostasis and regulating key
transcription factors (Schieber and Chandel, 2014; Fasnacht and Polacek, 2021). It is clear that ROS
can induce a variety of both beneficial and detrimental effects on microbial cell survival, and the results
of the present study, demonstrating greater GE when exposed using 405-nm light at relatively low
irradiance levels over an extended period compared with a higher irradiance over a shorter period,
further adds to this body of knowledge. A plausible explanation is that such low-level exposure over a
prolonged period is in some way more damaging to the cell but alternatively it could be that ROS cellular
defences are less effective under these conditions, or that the study results reflect some combination of

enhanced lethality and impaired defence associated with prolonged exposure to low level 405 nm light.

To better comprehend the interplay between applied 405-nm light dose and irradiance, and the extent
to which it affects 405-nm light inactivation, an assessment of the potential for a threshold level of
irradiance to exist, whereby beyond which no further inactivation takes place, regardless of increasing
dose, is an important area of future study. To do this, a panel of bacterial species could be exposed for
a fixed time to 405-nm light at increasing irradiances, and thus doses. If inactivation levels were to
plateau at a particular irradiance level, this may indicate a limit in the dose-dependent nature of 405-nm
light exposure, potentially as a result of a depletion in oxygen supplies and thus a surplus of excited
porphyrin molecules unable to participate in the photoinactivation process. These findings may help to
explain why the efficacy of 405-nm light bacterial inactivation is variable depending on the mode of
light delivery, and a better understanding of this fundamental concept could assist in the optimisation

of low power, energy efficient antimicrobial lighting systems.

In terms of the comparative susceptibility of ESKAPE pathogens, results in Figure 6.2 indicate surface-

seeded S. aureus, A. baumannii and P. aeruginosa were most susceptible to 0.5 mW cm?; collectively
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requiring doses < 6 J cm™ to achieve 1 logjo reductions, in comparison to E. faecium, K. pneumoniae
and E. cloacae, which required doses of 9, 30 and 13.5 J cm?, respectively. These results reflect those
of Hoenes et al. (2021), who similarly found that A. baumannii, S. aureus and P. aeruginosa required
lower doses of 405-nm light than that of other ESKAPE pathogens to achieve a 1 logio reduction. The
authors exposed ESKAPE pathogens at a higher irradiance (20 mW c¢m?) than employed in this study
(Hoenes et al., 2021), suggesting the comparative susceptibility of each species to treatment is
independent of light irradiance application. This is corroborated by exposures to 50 mWem™ shown in
Figure 6.2, which demonstrated similar patterns of susceptibility. The species-specific differences in
susceptibility observed in this study are likely due to differences in both the distribution and quantity of
endogenous porphyrins produced by different bacterial cells (Nitzan et al., 2004; Maclean et al., 2009;
Kumar et al., 2015). Regardless, complete/near-complete (>96.6%) inactivation of all species was
demonstrated using low irradiance 405-nm light, similar to that employed for whole-room
decontamination, within realistic exposure times for system use (16.6 h). These findings support those
of Chapter 4, which similarly demonstrated that 0.5 mWcm™ 405-nm light could successfully inactivate
arange of nosocomial and foodborne pathogens, with complete reductions of each species demonstrated

in 2-16 h.

When exposed on surfaces, the qualitative data in Figure 6.7 and Appendix B indicates that low
irradiance (0.5 mWcm) 405-nm light could inactivate increasingly high bacterial population densities
as the time of exposure, and thus applied dose, was increased. It is important to note that the high surface
population densities employed in this study were used to provide insight into the mechanisms of 405-
nm light inactivation and are significantly higher than typical contamination levels expected within
healthcare settings (Maclean et al., 2013a). Bacteria in this study were exposed on a nutritious medium,
as a means to provide highly reproducible inactivation kinetics within the healthcare setting, and,
although it may contain photosensitive components capable of enhancing the 405-nm light inactivation
process, it also supports the growth and survival of a broad-spectrum of bacterial species and so will
likely offer greater protection from oxidative stress than that of inert environmental surfaces (Murdoch
etal.,2012). It is therefore expected that bacteria present on inert environmental surfaces or suspended
in the air would demonstrate even greater susceptibility to 405-nm light inactivation than that shown

here. The demonstration of successful bacterial inactivation using low irradiance 405-nm light on
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nutritious media and at population densities which significantly exceed that expected of contaminant
levels within healthcare settings further supports the suitability of this technology for environmental

decontamination.

Similar to the results reported for surface exposed bacteria, this chapter also demonstrated the GE of
low irradiance 405-nm light when bacterial populations are treated in liquid suspension. The
temperature of liquid samples was also monitored for all treatments, with the greatest temperature
increase observed with the longest exposures at highest irradiance (10° CFU mL!; 150 mW c¢cm2; >24
min; up to 42 °C from 21 °C). Despite this, regimes applied using lower irradiances were still found to
achieve greater inactivation on a per unit dose basis, indicating that temperature had minimal effect.
Results in Figures 6.8-6.10 demonstrate that the enhancement in inactivation efficacy observed for
lower irradiance exposures is apparent for various bacterial population densities in suspension. For S.
aureus with initial population densities of 10°-107 CFUmL"!, the dose required for an approximate 1
logyo reduction (Figure 6.8A, C and E) was up to 4 times lower using 5 mWcm™ compared to higher
irradiances, with corresponding GE values (Figure 6.10A) significantly greater for 5 mWcm™ exposures
compared to all other regimes (P<0.001). When exposed at an initial population density of 103 CFUmL"
!, the dose required for an approximate 1 logo reduction (Figure 6.8G) was the same for both 5 and 50
mW cm exposures (72 J cm2), which was half of that required when exposed using 150 mW cm (144
J cm?); however, corresponding GE values (Figure 6.10A) were significantly greater for 50 mW cm™
compared to 5 mW cm? (P=0.035). By contrast, when exposed at an initial density of 10° CFUmL",
the dose required for an approximate 1 logio reduction (Figure 6.81) was the same for all irradiance
exposures (72 J cm), and GE values (Figure 6.10A), although similar across all irradiance exposures
(0.015-0.019), were significantly lower at 5 mWem™ compared to all other irradiances (P=0.001). These
results for S. aureus exposed at an initial density of 10° CFU mL"' deviate from the overall findings of
this study for reasons that are not yet fully understood. As previously discussed, this observation is
likely due to differences in the species-specific response of bacteria to relatively gentle oxidative stress
for prolonged periods, compared to higher oxidative stress for shorter periods, however further

investigation is necessary to fully elucidate the mechanisms responsible.

Results for P. aeruginosa (Figure 6.9) demonstrate an enhancement in the efficacy of low irradiance

405-nm light for inactivation regardless of initial population density. When exposed at an initial density
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of 10° CFU mL"!, the dose required for an approximate 1 logio reduction (Figure 6.9A) was 1.5 times
greater when exposed using 150 mW cm? compared with lower irradiances. When exposed at an initial
density of 10° CFU mL"!, the same dose was required for an approximate 1 logio reduction at all seeding
densities (108 Jem™2; P>0.05). However, over this initial 1 logio reduction, the efficacy of inactivation
was shown to be significantly greater at lower irradiance: an initial dose of 36 Jcm™ achieved 64.8%
reductions using 5 mW cm%; 18.6% reductions using 50 mW cm; and 12.5% reductions using 150
mW cm (P<0.05). At initial densities of 107 and 10° CFU mL"!, the dose required for an approximate
1 logio reduction was 1.5-2 times lower when exposed using 5 mWem™? compared to 150 mW cm?,
with corresponding GE values significantly greater for 5 mWcm™ exposures compared to 150 mWem-
2 (P<0.001; Figure 6.10B). Whilst the enhancement in GE observed for liquid-suspended bacteria
(Figure 6.9) was not as definite as that observed for surface-seeded bacteria (Figure 6.3), it is worth
noting that this may be due to the higher irradiances employed for liquid-suspended bacterial exposures:
bacteria have limited viability in PBS over extended time periods, and thus this study was unable to
expose suspensions to same irradiances employed for surface exposures, as previously discussed. The
current results provide key evidence regarding the fundamentals of 405-nm light inactivation of liquid-
suspended bacteria; however, for environmental decontamination purposes, it is important to consider
efficacy under other conditions representative of practical system deployment, such as, as investigated
in the previous chapter, efficacy for inactivation of bacteria exposed whilst suspended in biological

media and dried on inert surfaces (Figure 5.12).

These species-specific differences in inactivation kinetics may be accounted for by the differences in
light transmission through bacterial suspensions of varying density as shown in Figure 6.11. Results
collected using the photodiode detector (Figure 6.11B) indicated minimal irradiance loss through both
bacterial suspensions up to 103 CFU mL-' (P>0.132); beyond which, irradiance loss significantly
increased (P<0.001), with loss significantly greater through S. aureus suspensions compared to P.
aeruginosa (P=0.008). Similar patterns were also demonstrated for spectrophotometric data (Figure
6.11A). These findings suggest irradiance penetration is unlikely to have influenced inactivation at
exposure levels <108 CFU mL'; however, the limited light transmission demonstrated through 10° CFU
mL! S. aureus samples, in comparison to equivalent P. aeruginosa and PBS samples, may explain why

the inactivation kinetics of S. aureus exposed at this density deviated from overall findings of the study.
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It is possible that the thicker layers of peptidoglycan surrounding this Gram-positive bacterium may
increase 405-nm light attenuation, limiting inactivation as cell density increases, or that other factors,
such as cellular production of light absorbing pigments, e.g. S. aureus carotenoids, may affect light
penetration through dense populations. Further, at the higher cell densities investigated in this study, it
is likely that bacterial clumping will result in shading effects which will likely influence light
penetration through suspensions. These hypotheses align with a recent systemised review of current
findings regarding microbial inactivation by violet-blue light exposure, which demonstrated a slight
increase in the dose requirements for a 1 logio reduction in bacteria upon increasing population density
(Tomb et al. 2018). Further, Bumah et al. (2013) previously demonstrated that the bactericidal effect is
not influenced by population density; however, reduced light penetration through suspensions will be
limiting. Although contamination is unlikely to be presented at these higher densities, this study sought
to examine how bacterial density, and thus shading, may affect 405-nm light inactivation. Itis important
to consider, however, only one Gram-positive and Gram-negative representative species were
investigated here, and further study into the comparative interactions of 405-nm light with various

Gram-positive and Gram-negative bacteria is essential.

The differing extents of bacterial reduction demonstrated in these studies following exposure to a
common dose using different light delivery regimes suggests that the mechanism of 405-nm light
photoinactivation, or its cellular targets, may vary depending on how light dose is delivered. To better
comprehend the oxidative stress induced in the bacteria investigated in this chapter to low irradiance
405-nm light, and how it compares to that of higher irradiance exposures, two indicators of cellular

damage — intracellular ROS production and membrane integrity — were assessed and compared.

Produced in excess, ROS can induce oxidative stress at levels sufficient to overwhelm cellular
antioxidant defence systems and instigate lethal cellular damage (Ray et al., 2012; Vatansever ef al.,
2013), and previous studies have indicated that the bactericidal mechanism of 405-nm light inactivation
is attributable to oxidative damage as a result of an overproduction of ROS within the cell
(Ramakrishnan et al., 2016). Experiments in this chapter assessed levels of ROS in bacteria upon
exposure to a fixed dose of 405-nm light using different delivery regimes, to evaluate the influence of
irradiance application on ROS generation. For both bacteria (Figure 6.13), no significant increase in

fluorescence was detected in light-exposed samples (P>0.096), however, in P. aeruginosa (Figure
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6.13B), an upward trend was demonstrated as dose increased: 4-7 times greater levels of fluorescence
were detected when exposed to 144 J cm™ using 5 mW cm™ compared to higher irradiances (P=0.231-
0.764). Comparing these findings for P. aeruginosa with the inactivation kinetics presented in Figure
6.12 — whereby an upward trend in inactivation was demonstrated over time, and exposure to this same
dose (144 J cm™?) achieved 2.1-2.8 times greater log;o reductions when exposed to 5 mW cm compared
to higher irradiances — it is suggested that, as expected, 405-nm light inactivation of bacteria is the result
of an overproduction of ROS with higher levels of ROS generated upon increasing doses; but also,
importantly, the greater inactivation efficacy of lower irradiance exposures on a per-unit-dose basis

likely arises from greater levels of intracellular ROS produced in response to such illumination.

It is important to highlight that the insignificance of these increases in fluorescence measured here
warrants further study to substantiate the aforementioned hypothesis. Ramakrishnan et al. (2016)
previously investigated green fluorescence generation from carboxy-H>DCFDA upon incubation with
S. epidermidis exposed to 405-nm light using 15 mW cm for <6 h (<324 J cm™) and, although results
demonstrated a significant increase in fluorescence for exposures up to 3 h (P<0.05), levels significantly
reduced following 6 h exposure (P<0.05). The authors attributed this to the high levels of dying cells at
that stage, which would likely have damaged membranes: this may lead to leakage of intracellular
esterases from the cell, thus implying less deacetylation of the non-fluorescent dye molecule
(Ramakrishnan et al., 2016). This hypothesis may also explain why minimal levels of ROS were
detected for S. aureus exposures in this study: corresponding inactivation kinetics in Figure 6.12
demonstrate 48.0-72.9% reductions following 36 J cm™, and thus there is potential that from this
exposure level onwards, cell membranes will have been sufficiently damaged to the extent that the
majority of the dye — either acetylated or deacetylated — will have leaked from the cells prior to
subsequent assessment. Ramakrishnan et al. (2016) also suggested that the lower fluorescence
demonstrated after 3 h in their study could be due to an ability of cells to upregulate their intrinsic
antioxidant capacities to counteract the increased ROS formation over time. However, similar to that
concluded by Ramakrishnan ef al. (2016), given the significant bacterial reductions demonstrated
following all light exposures investigated in this study (Figure 6.12), it is likely that the limited
fluorescence detected was due to the former hypothesis. P. aeruginosa demonstrated similar reductions

following 36 J cm™ (54.2-73.7%), so this hypothesis could also explain the insignificant and variable
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fluorescence levels detected for this bacterium. Further, the half-life of ROS is extremely short
(typically seconds; (Griendling ef al., 2016)) and it is therefore possible that the discrete measurements
collected in this study over, by comparison, substantially greater exposure times (up to 6 h), will not be
indicative of the full extent to which ROS is produced in response to such exposures. Findings in this
chapter provide a snapshot of ROS levels at the given time of measurement, and it is likely that ROS
produced prior will have decayed after a short time and thus be no longer detectable. Although
indicating potential differences in species-specific oxidative stress in response to 405-nm light, results
highlight the necessity to further investigate oxidative stress production in bacteria to better depict the
effects of varying 405-nm light delivery, with particular interest in measuring cumulative ROS levels

over an extended exposure period.

To assess the impact of differing 405-nm light delivery regimes on cellular damage, experiments in this
chapter assessed and compared the extent to which the cell membrane is a favourable target of 405-nm
light induced oxidative stress when exposed to a fixed dose using differing methods of light delivery,
i.e. high intensity/short duration or low intensity/long duration. It is important to note that, as discussed,
all cellular macromolecules — including lipids, proteins and nucleic acids — can be damaged by ROS
(Devasagayam et al., 2004), and thus various cellular components — including the cell membrane, DNA
and virulence factors (McKenzie et al., 2016; Biener et al., 2017; Bumabh et al., 2017; Fila et al., 2017,
Kim and Yuk, 2017) — could be a target of the 405-nm light-induced oxidative burst. In this instance,
cell membrane integrity was selected as a representative cellular structure for investigation due its
relevance as a key damage indicator of 405-nm light exposure (Dai et al., 2013b; McKenzie et al.,
2016). Future study to assess damage inflicted on other key cellular components, however, is essential

to provide a broader understanding of the mechanisms of 405-nm light inactivation.

Results for both S. aureus and P. aeruginosa (Figure 6.14) demonstrate that exposure to increasing
doses of 405-nm light increased absorbance readings at 260 nm, indicating an upward trend in the
release of nucleic acids from light-damaged cells and thus increasing damage to cell membrane
integrity. These findings correlate with the inactivation kinetics presented in Figure 6.12, and also
previous findings by McKenzie et al. (2016), who investigated absorbance at 260 nm for both E. coli
and S. aureus upon exposure to 405-nm light using 65 mW cm for <180 min (<702 J cm™?) and similarly

reported an increase in absorbance with increasing dose and inactivation levels.
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Interestingly, when comparing the absorbance readings of this study on a per-unit-dose basis,
discernibly different patterns were demonstrated for each bacterial species. For S. aureus (Figure
6.14A), no significant difference was demonstrated between the increase in absorbance upon exposure

2, where

to each light intensity (P=0.358-0.851) — with the exception of exposures to 144 J cm"
significantly greater increases were demonstrated using 50 mW cm? (P=0.001) — and, although
statistically insignificant, lower increases in absorbance were demonstrated for 5 mW ¢cm? compared
to all other irradiances for exposures to >72 J cm2. These findings can be considered to correlate with
the inactivation kinetics presented in Figure 6.12, whereby no significant differences were demonstrated
between the surviving logio counts of S. aureus upon exposure to these same irradiances (P>0.081), but
exposures to 5 mW cm achieved significantly lower logio reductions compared to both higher
irradiances for exposures to >72 J cm?. Together, these findings suggest that the greater bacterial
reductions demonstrated upon exposure to a fixed dose using 50-150 mW c¢m compared to 5 mW cm
2 is possibly attributable to the greater extent of membrane damage inflicted upon exposure to the

former. It is important to emphasise, however, the lack of statistical significance in these results, and

thus further study would be required to fully support this hypothesis.

For P. aeruginosa (Figure 6.14B), greater increases in absorbance at 260 nm were observed when higher
irradiances were used — with values shown to be significantly greater at all doses investigated when
exposed using 150 mW cm™ versus 5 mW cm (P=0.01-0.033) — indicating greater leakage of nucleic
acid material, and thus greater extents of membrane damage, when exposed to a fixed dose using higher
irradiances. These findings conflict, however, with the inactivation kinetics presented in Figure 6.12,
which demonstrate significantly greater inactivation per-unit-dose, in all cases, when exposed to
5 mW cm? compared to higher irradiances (P<0.003). Together, these findings suggest that the cell
membrane may not be the primary target of low irradiance 405-nm light inactivation, and damage to
other cellular targets may be responsible for the greater inactivation demonstrated. Biener et al. (2017)
previously observed that, for MRSA exposure to 405-nm light (135 mW cm for <30 min), the damage
induced on cellular membranes occurred drastically within the first 5 min, continuing slowly as
exposure time increased. It is therefore possible that this immediate damage effect was similarly
demonstrated here upon exposure to the higher irradiances (50-150 mW c¢m2), and that exposure to

lower intensities over a longer exposure period, compared to higher intensities over a shorter exposure
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period, may have produced a different damage response. As discussed in Chapter 2, the mechanism of
405-nm light inactivation is the result of widespread oxidative damage to various cellular targets within
microbial cells; however, these studies suggest that the rate at which ROS is produced may influence
the primary targets of damage. The studies performed in this chapter provide a preliminary indication
of bacterial stress responses to low irradiance 405-nm light exposure, and how it compares to that of
higher irradiance exposures; however, to comprehensively understand the underlying mechanisms
responsible for these findings, it is essential that further investigation is conducted, particularly to assess

the cumulative leakage of materials from cells over time.

It is also important to highlight that, to quantify the two cytotoxic parameters investigated in this study,
bacterial populations were required to be exposed to light treatments at population densities of 10° CFU
mL!. As demonstrated in Figure 6.12 and discussed previously, inactivation kinetics of S. aureus at this
density followed a different trend to that demonstrated at all other population densities and for all other
investigated bacteria. Further, these densities are substantially higher than levels that would be expected
to contaminate healthcare surfaces, and so do not accurately depict cellular responses in those settings.
It is possible that different results would be gathered when examining intracellular ROS production and

membrane integrity of bacteria exposed at lower densities, and thus findings are likely limited by this.

6.7 Conclusions

Overall, this chapter has successfully demonstrated the broad-spectrum antimicrobial efficacy and
enhanced GE of low irradiance 405-nm light for the treatment of a panel of key nosocomial pathogens.
The experiments performed within this chapter were conducted using bacteria seeded on agar, to
represent contamination on environmental surfaces; however, work was also expanded to include
bacteria in suspension, to comprehensively indicate the effects of 405-nm light exposure on bactericidal

efficacy. Key findings associated with this chapter are detailed as follows:

e Significant inactivation of ESKAPE pathogens was achieved at a range of bacterial cell
densities with complete/near-complete (=96%) inactivation demonstrated in all cases for lower

irradiance (<5 mW cm) 405-nm light exposures.
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e Comparisons indicated, on a per-unit-dose basis, significantly lower doses were required to
achieve significant reductions of all species when exposed at lower irradiances, with the
exception of S. aureus suspended at high cell density, suggesting that bacterial density, at
normally occurring environmental levels, has minimal influence on decontamination efficacy.

e Preliminary investigations into the associated damage mechanisms and cellular targets of such
exposures suggests that, for P. aeruginosa, this enhanced inactivation efficacy demonstrated
at lower irradiances is associated with higher intracellular oxidative stress levels and lower
levels of cellular membrane damage. Results for S. aureus were less conclusive, with
experimental testing limited by the necessity to expose populations at higher bacterial
densities. Further work to elucidate the photoinactivation mechanism associated with this

species is therefore recommended.

This chapter provides fundamental evidence of the susceptibility of ESKAPE pathogens to low
irradiance 405-nm light exposure, which, in conjunction with its established safety benefits, further
supporting its use for infection control applications involving decontamination of occupied

environments, or for treatments involving mammalian cell/tissue exposure.
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CHAPTER 7

Antiviral Efficacy of Low Irradiance 405-nm Light

7.0 Overview

The recent COVID-19 pandemic has considerably heightened the necessity for novel strategies to safely
decontaminate communal areas. As previously discussed, low irradiance 405-nm light has been shown
to effectively provide safe and continuous decontamination of occupied room settings, and so may offer
a potential means of controlling SARS-CoV-2 spread within the environment. This chapter establishes
the antiviral efficacy of low irradiance 405-nm light for the inactivation of a SARS-CoV-2 surrogate,
bacteriophage phi6. The susceptibility of phi6 to low irradiance 405-nm light was investigated at both
low and high seeding densities and when suspended in both minimal and biologically-relevant
suspension media, to additionally determine the influence of population and suspension media on viral
susceptibility. Preliminary data demonstrating the susceptibility of phi6 to high irradiance 405-nm light
were also conducted for comparative purposes. The findings in this chapter provide the first evidence
to demonstrate the efficacy of low irradiance 405-nm light systems for the inactivation of a SARS-CoV-
2 surrogate employed using parameters (irradiance and treatment distance) representative of practical

system deployment.

7.1 Introduction

SARS-CoV-2 is a novel RNA coronavirus which instigated the ongoing COVID-19 pandemic and has
caused, at the time of writing, over 578 million infections and 6.4 million deaths worldwide (WHO,
2022b); the highest number of global deaths in comparison to all other pandemics in the last century

(Wilder-Smith, 2021).

SARS-CoV-2 is a positive-sense single-stranded enveloped RNA virus of the Coronaviridae family.

The virus is approximately 0.1 pm in diameter with 80% resemblance to the phylogenetic identity of
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SARS-CoV and 50% resemblance to Middle East respiratory syndrome coronavirus (Muralidar ef al.,
2020; Laue et al., 2021). The virus encodes four structural proteins (nucleocapsid protein, spike protein,
membrane protein and envelope protein), sixteen non-structural proteins (nspl-16) and additional
accessory proteins (Wang ef al., 2020). The structural proteins, in combination with a lipid bilayer
derived from the host cell, form the envelope and are responsible for delivering viral genomic RNA into
the cell (Lamers and Haagmans, 2022). The non-structural proteins primarily mediate RNA processing,
replication and transcription; and the accessory proteins often have immunoevasive properties (Lamers

and Haagmans, 2022).

The virus is believed to have initially emerged in the city of Wuhan, China, in December 2019 (WHO,
2020a). The disease spread rapidly, being declared an international public health emergency by 30
January; the sixth outbreak to ever be classified in this manner (Eurosurveillance Editorial Team, 2020).
On 11% March 2020, COVID-19 was declared a global pandemic, with over 118,000 deaths across 113
countries (WHO, 2020b). By 2020 year-end, an estimated 8 and 30% of HICs and LMICs government
resources, respectively, were diverted to the COVID-19 response; resulting in overall diagnostic/

treatment delays and deteriorations in patient care (Bell ez al., 2022).

The disease is highly contagious (Hu et al., 2021) and person-to-person transmission is believed to
occur predominantly through contact with oral-nasal respiratory secretions and airborne droplets
generated from infected individuals (Bak et al., 2021; Zhou et al., 2021). Consequently, it is well-
recognised that poorly ventilated indoor communal spaces provide a significant risk of SARS-CoV-2
transmission (WHO, 2021b) and multiple COVID-19 outbreaks have been reported within crowded
closed settings in which people are in close proximity for extended periods of time (Peng et al., 2022).
In addition, the virus has been shown to survive and remain viable in the environment for multiple days,
and in some cases weeks, on various surfaces and fomites (Riddell et al., 2020; van Doremalen et al.,
2020; Kasloff et al., 2021), with the risk of exposure substantially increased at higher viral loads (King
et al., 2022). The disease can be presented asymptomatically, to mild illness in the form of a fever,
cough and/or loss of taste and smell, to critical illness in the form of respiratory failure, septic shock
and/or multiple organ dysfunction (National Institutes of Health, 2023). Recent findings have
demonstrated that over half of transmission events occur in asymptomatic or pre-symptomatic

individuals (Viana Martins et al., 2022).
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An enhanced understanding of the role of closed communal environments as a source of SARS-CoV-2
transmission has focussed attention on the importance of environmental cleaning and disinfection as a
means of reducing disease spread. Established techniques for whole-room decontamination of public
environments such as UV light has demonstrated sufficient efficacy towards the disinfection of SARS-
CoV-2 (Heilingloh et al., 2020; Inagaki et al., 2020; Lorca-Or6 et al., 2022; Olagiie et al., 2022),
however, they are broadly limited to infrequent use in unoccupied and sealed environments due to their
harmful radiation effects and long-term material degradation upon repeated exposure, as discussed in

Section 2.3.3.6 (Matsumura and Ananthaswamy, 2004; Teska et al., 2020).

Consequently, novel methods of environmental decontamination to augment current SARS-CoV-2
infection control procedures are continuously being sought. As discussed in Section 2.4, violet-blue
405-nm light technology offers a potential novel solution to enhance current environmental
decontamination protocols, due to its ability to be applied at levels which can sufficiently decontaminate
environments whilst also remaining safe for human exposure (Maclean et al., 2010, 2014). The
bactericidal efficacy of the 405-nm light EDS is well established, however, by comparison, the viricidal
properties of the 405-nm EDS are less understood. Tomb et al. (2018) previously demonstrated that
inactivation of non-enveloped viruses is possible in the absence of photosensitisers, but at much higher
doses than that required by bacteria (approximately 10 times greater doses required for a 1 logio
reduction), suggesting the inactivation effect observed is possibly due to exposure to the low-level UV-
A photon output (380-390 nm) at the tail-end of the 405-nm LED emission spectrum (Tomb et al., 2014,
2017b). The authors additionally noted that viral susceptibility can be increased when suspended in
photosensitive media including artificial saliva (Tomb et al, 2014, 2017b); which was further
corroborated by Kingsley et al. (2017), who demonstrated greater inactivation of non-enveloped Tulane

virus when exposed in the presence of singlet oxygen enhancers.

Given the global impact of the COVID-19 pandemic, establishing the efficacy of 405-nm light for the
inactivation of SARS-CoV-2 is of significant research interest. Rathnasinghe et al. (2021) recently
demonstrated successful reductions of SARS-COV-2 upon exposure to low irradiance (0.035-
0.6 mW cm2) 405-nm light, and additionally highlighted the increased susceptibility of lipid-enveloped
viruses in comparison to non-enveloped viruses (identical irradiations achieved 2.3 logso reductions in

SARS-COV-2 after 8 hr and just 0.1 logyo reductions in a non-enveloped RNA virus after 24 hr);
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suggesting the lipid envelope itself may instigate ROS production. Other studies have similarly
demonstrated the susceptibility of SARS-CoV-2, or an appropriate surrogate, to 405-nm light
inactivation when present on surfaces and in liquid media, both in the presence and absence of
photosensitisers (Biasin et al., 2021; Enwemeka et al., 2021; Gardner et al., 2021; Lau et al., 2021;
Vatter et al., 2021). Although highly encouraging, these studies have primarily demonstrated
inactivation using 405-nm light at high irradiances (>78.6 mW cm) or at low irradiances delivered at
a very short distance (~2.3-25.4 cm) from the sample surface (Biasin et al., 2021; Enwemeka et al.,
2021; Gardner et al., 2021; Lau et al., 2021; Rathnasinghe et al., 2021; Vatter et al., 2021), however, it
is of great importance to determine if inactivation of SARS-CoV-2 can be achieved under conditions
which more accurately represent those which would be safely and practically implemented for

environmental decontamination of communal areas.

The aims of this chapter were therefore to investigate the antiviral efficacy of 405-nm light for the
inactivation of SARS-CoV-2 under conditions representative of those implemented for whole-room
decontamination of occupied environments. Based on the Hazard Group classification of SARS-CoV-
2 (HG3) and the containment level of the laboratory utilised (BSL2), experimental testing on SARS-
CoV-2 was not possible and so bacteriophage phi6 was instead employed as a coronavirus surrogate.
Phi6 is a double stranded RNA lytic bacteriophage of the Cystoviridae virus family which infects
Pseudomonas bacteria (Vidaver et al., 1973; Yang et al., 2016). It possesses similarities to that of
coronaviruses (Figure 7.1), namely, it is of similar size, has spike proteins and is enveloped by a lipid
membrane (Vidaver et al., 1973; Yang et al., 2016; Fedorenko ef al., 2020), and thus has been suggested
and utilised as a surrogate for the study of SARS-CoV-2 in multiple publications (Fedorenko et al.,
2020; Rockey et al., 2020; Bangiyev et al., 2021; Ordon et al., 2021; Vatter et al., 2021; Ahuja et al.,
2022; Baker et al., 2022; Dey et al., 2022; Gomes et al., 2022; Karaboce et al., 2022; Zargar et al.,

2022).

In this chapter, the 405-nm light EDS was used to illuminate samples of bacteriophage phi6 as a
surrogate for SARS-CoV-2 using low irradiance 405-nm light (0.5 mW cm?) at a distance of 1.5 metres,
representative of the typical irradiance levels and distance of samples from the light source within
occupied settings. Inactivation kinetics were established with the phage suspended in minimal media,

to evaluate the effect of direct interaction between the light and the phage, and also, with the phage
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suspended in artificial saliva in order to better replicate how the phage would interact with the light
treatment when within respiratory secretions and droplets, as would likely be the case with clinical
transmission. Inactivation kinetics were additionally established at two seeding densities representative
of viral loads at two distinct sampling times from the onset of SARS-CoV-2 symptoms, to establish the
impact of population density on inactivation efficacy. Comparison of the antiviral efficacy and GE of
higher irradiance (50 mW c¢m) 405-nm light sources for the inactivation of phi6 is also provided for
comparison. The results of this chapter provide a means of evaluating the potential of this environmental
decontamination technology to be used as a method of controlling transmission of SARS-CoV-2 within

occupied healthcare settings and other public areas.

Coronaviruses Bacteriophage phi6

ssRNA Segmented
nucleocapsid dsRNA

_ Spike
proteins

~ 80-
120 nm

~ 85 nm

proteins

Figure 7.1 Structure of SARS-CoV-2, and comparison to its surrogate, bacteriophage phi6.

7.2  Methods

7.2.1  Bacteriophage and Host Bacterium

Bacteriophage phi6 (DSM 21518) and its host bacterium P. syringae (DSM 21482), both purchased
from the Leibniz-Institute DSMZ German Collection of Microorganisms and Cell Cultures GmbH
(Braunschweig, Germany), were used for experiments in this chapter. The propagation and cultivation
of the bacteriophage and host bacterium, respectively, maintenance of stock populations and co-
incubation and enumeration techniques required to conduct experiments using these microorganisms is
detailed in Section 3.2. For experimental testing, phi6 populations were prepared and then serially
diluted in SM buffer, as described in Sections 3.2.2-3.2.3, with the last dilution being in either SM buffer

or artificial saliva, to provide starting populations of either 10%* PFU mL™ or 1078 PFU mL™.
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7.2.2 Media

For experimental testing, the bacteriophage was suspended in either minimal or organically-rich
biological media. For the minimal media, SM buffer (G-Biosciences), consisting of 50mM Tris.HCI
(pH 7.5), 100mM NaCl, 8mM MgSO4 and 0.01% gelatin, was used. For the organically-rich biological

media, artificial saliva was prepared as described in Section 3.3.
7.2.3  405-nm Light Source

The light sources used for bacteriophage exposures were the 405-nm light EDS (configuration 2; Figure
7.2A) and the ENFIS PhotonStar Innovate UNO 24-LED array (Figure 7.2D), as previously described
in Sections 3.4.1 and 3.4.3, respectively. The 405-nm light EDS was mounted in place of a ceiling tile
(Figure 7.2B) and the single 405-nm LED array was mounted on PVC housing (Figure 7.2E), both

positioned directly above a surface for sample placement.

7.2.4  Exposure of Bacteriophage to 405-nm Light

For exposure, 3 mL suspensions of bacteriophage phi6, suspended at low (~10°* PFU mL™) and high
(~107% PFU mL™") seeding densities in SM buffer and artificial human saliva, were aliquoted into
individual wells of a 6-well plate and positioned either 1.5 m below the 405-nm light EDS (Figure 7.2B),
giving an incident irradiance of approximately 0.5 mW cm™? at the sample surface, or 8.3 cm below the
ENFIS PhotonStar Innovate UNO 24-LED array (Figure 7.2E), giving an incident irradiance of
approximately 50 mW cm 2 at the sample surface. All 6-well plates were covered with an adhesive plate
seal to prevent evaporation, and so irradiance measurements were taken through the material as
described in Section 6.3.1.3 to ensure the desired irradiance reached bacterial samples. Samples were
exposed to increasing doses of 405-nm light, with control samples held under standard laboratory
lighting for equivalent exposure durations (‘ambient light controls’). To comparatively assess the
impact of ambient light exposure on bacteriophage survival, additional control samples were held in
complete darkness for the maximum duration of 405-nm light exposures (‘dark controls’). The
temperature of microbial suspensions was monitored immediately prior and post light treatments (Kane
May KM340 thermocouple; Comark Instruments, UK) to ensure inactivation was the result of light
exposure and not heat effects. No significant increase in sample temperature was recorded with either

high or low irradiance exposure.
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Following exposure, the number of active phage in each sample were determined via co-incubation with
P. syringae through the double agar overlay plaque assay method described in Section 3.2.4. The plates
were then co-incubated at 25°C for 18-24 h, with surviving bacteriophage populations then calculated
through enumeration of plaques in the bacterial lawns and expressed as PFU mL-'. Results represent the
mean values £ SD of a minimum of duplicate replicates measured in duplicate (n>4), and are reported
as bacteriophage load (logio PFU mL™1), bacteriophage reductions as compared to the equivalent non-

exposed control samples (logio PFU mL™) or GE values (Section 3.5.1).
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Figure 7.2 Light sources for exposure of bacteriophage phi6: (A) 405-nm EDS using in ‘blue-only’ mode, (B)
diagrammatic representation of experimental arrangement and (C) emission spectra of the 405-nm output of the
EDS; (D) single 405-nm LED array, (E) experimental arrangement and (C) emission spectra of the 405-nm
output of the single LED array. All emission spectra data were captured using an HR4000 spectrometer (Ocean
Optics, Germany) and Spectra Suite software version 2.0.151.

7.3 Results

The antiviral efficacy of low-irradiance 405-nm light for the inactivation of a SARS-CoV-2 surrogate
presented in both minimal and biologically-relevant media, and comparative exposures to high

irradiance 405-nm light, are provided in the following sections.
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7.3.1 Inactivation of a SARS-CoV-2 Surrogate in Minimal and Biologically-Relevant Media

using Low-Irradiance 405-nm Light

Results for the inactivation of low- and high-density populations of bacteriophage phi6 using 405-nm
light at an irradiance of 0.5 mW cm when exposed in both SM buffer and artificial saliva are presented

in Figures 7.3 and 7.4, respectively. In all cases, significant inactivation was demonstrated (P<0.05).

At both low and high seeding densities, susceptibility was shown to be significantly enhanced when
bacteriophage populations were exposed whilst suspended in artificial saliva compared to SM buffer
(P<0.05). At low-density, exposure to 43.2 J cm™ resulted in a maximum 2.41 logjo reduction in
artificial saliva, compared to just 0.06 logio reduction in SM buffer. For exposures in SM buffer, a
greater dose of 172.8 J cm? was required to achieve a maximum 3.05 log;o reduction. Similarly, at high-
density, a dose of 97.2 J cm™ achieved a maximum 6.18 logo reduction in artificial saliva, whereas a
greater dose of 259.2 J cm was required to achieve a maximum 6.28 log;o reduction in SM buffer.
Collectively, results demonstrate that 405-nm light inactivation was 2.6-4 times more effective when

the bacteriophage was suspended in saliva compared to SM buffer.

As hypothesised, the doses/treatment durations required to achieve complete/near-complete inactivation
(approximately <1 logo populations remaining) of phi6 populations were greater when exposed at high-
density as opposed to low-density, however, results indicate that the dose required to achieve an
approximate 1 logio reduction in artificial saliva was the same when exposed at both low and high
seeding densities (21.6 J cm%; 12 h). This differed when exposed in minimal SM buffer media, with an
approximate 1 logio reduction being achieved with 43.2 J cm™ (24 h) in high density populations, but

requiring >129.6 J cm? (>72 h) in low-density populations.

With regards to controls held in ambient lighting, natural decay of populations was evident over the
extended exposure times for all phage suspensions (P<0.05), with reductions in saliva more apparent:
at low density, a 0.38 logio reduction was observed following 96 h in SM buffer, compared to a 0.61
logio reduction after just 24 h in saliva and similarly, at high density, a 1.10 logo reduction was observed
after 144 h in SM buffer, compared to a 1.70 logo reduction after 54 h in saliva. Compared to starting
concentrations, controls demonstrated significant reductions (P<0.05) following 9 and 12 h of ambient

light exposure for low- and high-density populations in saliva, respectively. Control populations in SM
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buffer, by comparison, showed less variation (P>0.05), with significant reductions only observed
following 96 h exposure to ambient light for low-density populations at 48 h, and again at 144 h for
high-density populations (P<0.05). In contrast, control populations held in complete darkness
demonstrated no significant decay over the extended durations in SM buffer (P>0.05) and, although
decay was demonstrated in saliva (P<0.05), reductions were still significantly lower than that observed
for samples held in ambient lighting. Following 24 h for low-density populations and 54 h for high-
density populations, 0.61 and 1.70 logio reductions were demonstrated in ambient lighting, respectively,

compared to 0.60 and 0.51 log;o reductions demonstrated in complete darkness, respectively (P<0.05).
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Figure 7.3 Inactivation of bacteriophage phi6 suspended in (A) SM buffer and (B) artificial human saliva at
population densities of 1034 PFU mL™! upon exposure to increasing doses of 405-nm light at an irradiance of
~0.5 mW cm2. Each data point represents the mean value = SD (n >4). Asterisks (*) indicate significant
differences between exposed and non-exposed phi6 populations (two sample t-test; P <0.05, Minitab Statistical
Software v19).
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Figure 7.4 Inactivation of bacteriophage phi6 suspended in (A) SM buffer and (B) artificial human saliva at
population densities of 1078 PFU mL™! upon exposure to increasing doses of 405-nm light at an irradiance of
~0.5 mW cm2. Each data point represents the mean value = SD (n >4). Asterisks (*) indicate significant
differences between exposed and non-exposed phi6 populations (two sample t-test; P <0.05, Minitab Statistical
Software v19).
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7.3.2 Comparative Susceptibility of a SARS-CoV-2 Surrogate to Inactivation by High-

Irradiance 405-nm Light

A comparison of the inactivation achieved for low- and high-density populations of bacteriophage phi6
exposed in both SM buffer and artificial saliva using 50 mW cm405-nm light is provided in Table 7.1.
Samples were exposed to this higher irradiance light for durations which resulted in the dose delivered
being equivalent to that required to achieve complete/near-complete (>99.4%) bacteriophage
inactivation when exposed to 0.5 mW c¢cm 405-nm light (Equation 3.1). The mean GE was calculated
as described in Section 3.5.1 for bacteriophage inactivation under the various exposure conditions at
both irradiance applications for comparative purposes.
Table 7.1 Comparison of the logio reduction and germicidal efficiency values associated with 405-nm light
inactivation of bacteriophage phi6 upon exposure to respective irradiances of 0.5 and 50 mW cm™2. Each data

point represents the mean value = SD (n > 4). Asterisks (*) represent values which are significantly higher than
that of the other irradiance application (P<0.05).

0.5 mW cm™ 50 mW cm?
Exposure Conditions Dose
X
J em Logio Logio
( ) Reduction G Reduction e
SM Buffer 172.8 3.046 0.018 3.403* 0.020%*
- (+0.154) (+0.001) (+0.011) (0.000)
PFU mL"! Artificial Saliva 432 2411* 0.056* 0.030 0.002
(40.539) +0.012) (+0.085) (+0.002)
SM Buffer 259.2 6.278* 0.024* 3.033 0.011
107 (+0.652) (+0.003) (+0.036) (0.000)
PFUmML" | Aificial Saliva 97.2 6.182* 0.064* 0.443 0.004
(0.005) (0.005) (+0.069) (+0.001)

With the exception of low seeding density exposures in SM buffer, logio reductions and GE values were
significantly higher when exposed using 0.5 mW cm™ as opposed to 50 mW cm? (P<0.05). At low
seeding density in artificial saliva, exposure to 43.2 J cm™ achieved a 2.41 logjo reduction with a GE
value of 0.056 using 0.5 mW cm light in comparison to just a 0.03 log;o reduction and 0.002 GE using
50 mW cm light (P<0.05). Similarly, at high seeding densities, exposure to 97.2 and 259.2 J cm™ in
artificial saliva and SM buffer, respectively, resulted in greater inactivation and GE values when
exposed using 0.5 mW cm as opposed to 50 mW cm? (6.182-6.278 logo reductions and GE values of
0.024-0.064 versus 0.443-3.033 log)o reductions and GE values of 0.004-0.011, respectively; P<0.05).

This trend was however not apparent with the low-density exposures in SM buffer, where similar (but
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significantly different) inactivation and GE values were observed at each irradiance (3.403 logio

reduction and 0.020 GE for 50 mWcm™; 3.046 logio reduction and 0.018 GE for 0.5 mWecem2; P<0.05).

7.4  Discussion

The results in this chapter provide the first evidence demonstrating the efficacy of low irradiance 405-
nm ceiling-mounted light systems for the inactivation of a SARS-CoV-2 surrogate, bacteriophage phi6,
using parameters (irradiance and treatment distance) representative of practical system deployment.
Importantly, results demonstrate the significant enhancement in phage susceptibility when exposed
whilst suspended in artificial saliva: an important consideration given that the virus is commonly

expelled into the environment within respiratory secretions.

For environmental decontamination applications involving occupied areas, it is essential that low
irradiance (<1 mWcm2) 405-nm light sources are employed such that the illumination produced is
within the limits considered safe for continuous human exposure (ICNIRP, 2013). For this study,
exposures were conducted at approximately 1.5 m below the light source (using an irradiance of
0.5 mW cm?), with these parameters selected as being representative of the illumination expected

within high-touch areas of a typical occupied public setting (Chapter 4).

The results of this chapter demonstrate bacteriophage phi6 can be successfully reduced when exposed
in minimal SM buffer media; highlighting that 405-nm light inactivation is attainable in the absence of
exogenous photosensitisers, as previously demonstrated for SARS-CoV-2 or appropriate surrogates
(Gardner et al., 2021; Lau et al., 2021; Rathnasinghe et al., 2021; Vatter et al., 2021). Due to their lack
of porphyrins, viruses and bacteriophages demonstrate the lowest susceptibility of all microorganisms
to 405-nm light inactivation (Tomb ef al., 2018) and minimal inactivation has previously been indicated
for non-enveloped viruses unless exposed to very high doses or suspended in organically-rich media
(Tomb et al., 2014, 2017b). As previously discussed in Chapter 2, the inactivation demonstrated in these
studies may be the result of low-level UV-A exposure and/or 420-430 nm exposure at the tail ends of
the 405-nm LED emission spectrum, which are known to induce oxidative damage to viral/phage
proteins (Richardson and Porter, 2005; Girard ef al., 2011) and thus over extended time periods will

likely induce such effects. Further, Rathnasinghe et al. (2021) recently demonstrated the significantly
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enhanced susceptibility of enveloped viruses in comparison to non-enveloped viruses, hypothesising
that the lipid envelope may be able to absorb 405-nm light wavelengths and contribute to the
inactivation effect via either consequential ROS production instigating an oxidative effect, or simply
destruction of the envelope. The results of this study can be considered to agree with this theory as,
although significantly lower than that achieved when suspended in artificial saliva (i.e. in the presence
of exogenous photosensitisers), statistically significant 0.06 and 0.83 logio reductions of low- and high-
density populations, respectively, were observed when exposed in SM buffer, after 24 h exposure
(P<0.05); suggesting the inactivation effect is likely somewhat accountable to light interactions with the
phage envelope. In addition, the doses required for a 1 logio reduction of high-density populations were
found to be within the same orders of magnitude to that previously established for bovine coronavirus
as a surrogate for SARS-CoV-2 exposed in PBS, which is also absent of photosensitive material (57.5
J em™ in comparison to 43.2 J cm found in this study) (Lau et al., 2021). Further investigation into the
interactions of viral envelopes with 405-nm light, although beyond the scope of this thesis, will be

essential in advancing understanding of its viricidal efficacy. It is also important to note

This chapter additionally evaluated the potential enhancement in phage susceptibility when exposed in
artificial saliva; selected as it represents a significant vector media in the transmission of SARS-CoV-2
(Huang et al., 2021). The mucins of saliva (or porcine stomach mucins as substituted in this thesis)
contain light-sensitive chromophores that are likely predisposed to 405-nm light photosensitisation, and
the potential for enhancing viral inactivation to 405-nm light has been previously demonstrated (Tomb
et al., 2017b). The hypothesis is that the photosensitive components within nutrient-rich media, such as
saliva, can act as exogenous photosensitisers, absorbing the 405-nm photons and initiating Type I and
Type Il photodynamic reactions resulting in the local release of ROS which can impart oxidative
damage to viral and phage structures in close proximity (Tomb et al., 2014, 2017b). The results of this
study are consistent with this theory, with 405-nm light inactivation significantly enhanced when
exposed in artificial saliva compared to when in SM buffer: 83.3-87.5% and 50% less dose was required
for a 1 logio reduction of phi6 at low and high seeding densities, respectively. These results are
comparable with that of previous findings (Tomb ez al., 2014, 2017b), which demonstrated 88-89% less
dose was required for a 1 logo reduction of both feline calicivirus and phage ¢C31, at similar population

densities of 103 and 10° PFU mL"!, respectively, when exposed to 405-nm light in organically-rich
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media in comparison to minimal media. The dose requirements were significantly higher for feline
calicivirus and ¢C31 in comparison to phi6 in this study (Tomb et al., 2014, 2017b), however, it should
be noted that both feline calicivirus and C31 are non-enveloped and the increased susceptibility of
enveloped vs non-enveloped viruses and bacteriophage to visible light inactivation is previously
described (Hessling et al., 2022). It is also of interest to note that the authors utilised significantly higher
irradiances for viral and phage exposure than those employed here (155.8 and 56.7 mW cm?,
respectively (Tomb et al., 2014, 2017b)), suggesting this enhancement effect is apparent regardless of

the light delivery method.

The logio reductions and GE values shown in Table 7.1 indicate that lower irradiance 405-nm light is
more efficient on a per-unit-dose basis for phage inactivation in comparison to that of equivalent higher
irradiance exposures. At high seeding densities in both media, 0.5 mW cm exposures achieved 2.07-
5.79 greater logo reductions and 2.18-16 times greater GE values than that of 50 mW cm™ exposures.
Similarly, in artificial saliva at low seeding densities, 0.5 mW cm™ exposures achieved a 2.35 greater
logyo reduction and a 28 times greater GE value than that of 50 mW c¢m exposures. This trend was not
demonstrated for low density exposures in SM buffer, with similar inactivation and GE values observed:
this is most likely due to the fact that the time to apply this required dose using 50 mW cm light (57.6
min) was, in this case, still sufficient to achieve complete inactivation of low-density populations and it

is likely that sub-lethal doses would elucidate greater variation.

This enhancement in susceptibility observed with lower irradiance treatments is consistent with data
gathered in previous studies. Vatter et al. (2021) exposed a 107 PFU mL™! phi6 population in SM buffer
to 405-nm light at a higher irradiance of 78.6 mW cm™ and the dose required to achieve a 3 logio
reduction was significantly higher than that required in this study: approximately 1300 J cm™? in
comparison to approximately 129.6 J cm™. This is further corroborated by the recent findings of
Rathnasinghe ef al. (2021) who demonstrated that 405-nm light at a lower irradiance of 0.035 mW cm’
2 could achieve a 1.03 logjo reduction of 10> PFUmL"' SARS-CoV-2 following 24 h exposure
(3.024 J cm?); a lower dose than that required at 0.5 mW cm? for similar 1 logio reductions of
103 PFU mL"! populations (>129.6 J cm?) and 107 PFU mL"' populations (43.2 J cm?) in this study.
This effect has also previously been demonstrated for nosocomial bacteria suspensions in Chapter 6

(Figures 6.4, 6.8 and 6.9), with evidence demonstrating up to six times less energy required to achieve
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complete/near-complete (>95.1%) inactivation when exposed using 5 mW cm™? compared to 150
mW cm?, on a per-unit-dose basis. This is the first time, however, the enhanced efficacy of low
irradiance 405-nm light, on a per-unit-dose basis, has been proposed for bacteriophage inactivation. It
is suggested that delivering an identical 405-nm light dose using low irradiances over a longer exposure
time may provide adequate time for either the 405-nm or low-level UV-A light exposure to evoke an
antimicrobial effect on bacteriophage populations; whilst high irradiances over a shorter exposure time
(up to 4.5 h in the case of Vatter ef al. (2021)) may be insufficient. The results of the present study, both
independently and when compared to the results of relevant earlier studies, provides fundamental
evidence of the enhanced susceptibility of bacteriophage phi6 to 405-nm light when exposed at lower
irradiances, further strengthening the proposal of visible violet-blue light systems for environmental
decontamination of SARS-CoV-2. Further investigation into the associated photochemical mechanisms
involved in 405-nm light inactivation of bacteriophage phi6 is required to further elucidate these

findings and augment clinical translatability of this technology.

The high and low population densities utilised in this study were selected to represent the typical viral
loads presented in the saliva of individuals infected with SARS-CoV-2 at day 0 (~107 copies mL™!) and
at day 24 (~10° copies mL"!) post-symptom onset, respectively (Zhu et al., 2020). The greater dose
requirements for complete/near-complete inactivation at higher densities shown in this chapter has
previously been demonstrated for the Strepfomyces phage ¢C31 (Tomb et al., 2014) and also in bacterial
studies (Maclean et al., 2009; Bumah et al., 2013). For exposures in artificial saliva, the dose
requirements for a 1 logio reduction in low and high phi6 populations were similar (P>0.05), and this is
comparable to the levels of ¢C31 inactivation at population densities of 103, 10° and 10’7 PFU mL"!
previously studied (Tomb et al., 2014), suggesting bacteriophage density has little impact on the
viricidal properties of 405-nm light when suspended in a nutrient rich medium. This is potentially due
to the external photosensitisers present in the saliva, which are likely to elicit inactivation in a similar
mechanism to bacterial inactivation and so would thus demonstrate similar levels of antimicrobial
efficacy regardless of population density (Tomb et al., 2018). Interestingly however, this same effect
was not observed in minimal media: the dose required to achieve an initial 1-logio reduction was
significantly less for the higher population density in comparison to the lower population density (24 h

exposure in comparison to 72-96 h exposure; P<0.05); however, once the higher density population was
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reduced to an approximate 10°** PFU mL"! population, akin to the lower density population, the dose
requirements for the final 3-logio reduction of both populations were identical (48 h exposure; (P>0.05).
A possible explanation for this observation is that, at higher seeding densities, there are a significantly
higher number of phage particles available to interact with the light photons, and so it is likely the
maximum quantity of phage particles will be interacting with available photons at any given time, thus
maximising the efficiency of photoinactivation. As populations become reduced, there will be fewer
phage particles available to interact with light photons, and so it is likely that a larger proportion of
photons will not be targeting a phage particle in the media and will be disengaged from the
photoinactivation process, due to a lack of photosensitive material in the suspension media, reducing
the efficiency of inactivation. Further research into this observation is required to fully understand the

interaction and inactivation of phage particles upon 405-nm light exposure.

For all exposures, ambient light control populations were found to decrease significantly over time in
comparison to their starting populations (P<0.05), with decay occurring significantly earlier in saliva
compared with SM buffer suspensions (P<0.05). These findings are consistent with previous work by
Tomb et al. (2014), who demonstrated that broadband lighting was also capable, albeit much less
efficiently than that of 405-nm light, of inducing photosensitiser excitation for phage inactivation. It is
expected that phage populations will naturally decay over an extended time period (DSMZ, 2014), and
this effect will likely be enhanced in the presence of external photosensitisers. This theory was further
corroborated by the inclusion of controls held in complete darkness in this chapter, which showed no
significant decay in SM buffer (P>0.05), and some decay in saliva (P<0.05), albeit significantly less
than that observed in ambient lighting (P<0.05). These results are encouraging as they suggest that, not
only will the 405-nm light inactivation of SARS-CoV-2 occur more efficiently when exposed in saliva,
SARS-CoV-2 will also be unlikely to survive for extended periods of time in occupied environments
irrespective of treatment. Regardless of decay observed, exposed populations were significantly lower
than that of control populations for the durations of treatments (P<0.05) and so it can be deduced that

405-nm light exposure did significantly decrease phi6 populations in all cases.
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7.5 Conclusions

Overall, the findings of this chapter have successfully demonstrated the ability of low irradiance
antimicrobial 405-nm light systems to inactivate bacteriophage phi6 populations, as a surrogate for

SARS-CoV-2. Key findings associated with this chapter are detailed as follows:

e Complete/near-complete inactivation of bacteriophage phi6 suspended in minimal media was
successfully demonstrated within 4 days for low-density populations (3.1 logio reductions) and
6 days for high-density populations (6.3 logio reductions); suggesting 405-nm light viral

inactivation is possible in the absence of exogenous photosensitisers.

e The susceptibility of phi6 to inactivation was significantly enhanced when suspended in
artificial saliva, which is known to possess photosensitisers, in comparison to minimal media
(requiring 83.3-87.5% and 50% less dose for a 1 logio reduction at low and high seeding
densities, respectively). These findings suggest photosensitive components within artificial
saliva can act as exogenous photosensitisers and impact localised oxidative damage to phage

structures in close proximity.

e  Comparisons indicated, on a per-unit-dose basis, lower irradiance (0.5 mW cm?) 405-nm light
was more efficient for phage inactivation than that of higher irradiance (50 mW c¢m-2) light

sources, with up to 28 times greater GE demonstrated.

The exposure conditions used in these instances were chosen to replicate those employed for the
decontamination of whole-room environments and as such, findings enhance understanding of the
antimicrobial capabilities of low irradiance 405-nm light systems. In conjunction with its established
safety benefits, this furthers the implementation of this technology as a novel approach to achieve
widespread decontamination within occupied settings and help tackle environmental transmission of
COVID-19, and potentially other common viral infections such as influenza and the common cold. An
evaluation of the efficacy of 405-nm light for the inactivation of aerosolised SARS-CoV-2 without the
use of a surrogate, across a greater range of irradiances likely to be produced by these systems in a
typical room setting, will be essential to further implementation of low-irradiance 405-nm light systems

for environmental decontamination purposes.
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CHAPTER 8

Conclusions & Recommendations for Future Work

8.0 Overview

This thesis was conducted to generate new information on the antimicrobial efficacy and GE of low
irradiance 405-nm light technology, with specific regard to its application for continuous environmental
decontamination. This chapter will summarise the key findings from each section of this thesis, and

discuss recommendations for future work to augment clinical translatability of the technology.

8.1 Conclusions

8.1.1  Antibacterial Efficacy of the 405-nm Light EDS

The experimental work in Chapter 4 sought to characterise the irradiance output profile of a 405-nm
light EDS, and then establish the broad-spectrum antibacterial efficacy of irradiance levels within this

range for the inactivation of clinically-relevant bacteria.

Optical output profiling of the 405-nm light EDS installed centrally in a typical 32 m? room recorded
irradiances in the range 0.001-2.066 mW c¢m; with values shown to decrease as both linear and angular
displacement from the light source increased. From these results, the irradiance level recorded at a
distance of ~1.5 m below the light source (~0.5 mW c¢m) was employed for subsequent bacterial testing

to represent the typical distances between the light source and high-touch surfaces within public areas.

The broad-spectrum antibacterial efficacy of the 405-nm light EDS using 0.5 mW c¢cm? was successfully
established, with >93.28% inactivation (~2 logio reductions) demonstrated within exposure times
realistic of those employed for environmental decontamination (2-16 h; 3.6-28.8 J cm™). Spatial
analysis of the decontamination efficacy indicated that shorter treatment times were required for
significant levels (P<0.05) of inactivation when exposed closer to the light source, thus at higher

irradiances; however, on a per-unit-dose basis, inactivation efficacy was enhanced when exposed at

197



lower irradiances. Despite variation, significant reductions (P<0.05) were achieved in all cases — using
irradiances <0.021 mW cm? — suggesting these factors will unlikely have a substantial impact on the
overall inactivation achieved, and that longer exposures may be required for adequate decontamination

of surfaces further from the light source.

Overall, these findings provide a comprehensive laboratory evaluation of the broad-spectrum
antibacterial efficacy of the 405-nm light EDS for surface-simulated decontamination. This furthers the
work of previous studies which have demonstrated the clinical efficacy of the 405-nm light EDS, as
discussed in Section 2.4.2, by elucidating the inactivation kinetics of key clinical pathogens exposed to
405-nm light using irradiances (<1 mW cm) and exposure distances (up to 2.56 m) typically expected
with practical deployment. These findings, in combination with its inherent safety benefits, furthers the

understanding of this technology for environmental decontamination applications.
8.1.2  Operational Considerations Associated with the 405-nm Light EDS

The experimental work conducted in Chapter 5 sought to build upon the results of the previous chapter
by investigating the efficacy of the 405-nm light EDS for inactivation of microbial contamination under

a range of conditions representative of those likely to be encountered within dynamic clinical settings.

A miniaturised 405-nm light EDS prototype was developed to enable bench-top testing of the range of
irradiance levels (0.001-2.066 mW cm™) typically emitted from the ceiling-mounted EDS. Testing
evaluated the antibacterial efficacy of 405-nm light at the lower range of irradiances produced within a
whole room setting (<0.31 mW cm™), and in all cases, results demonstrated greater reductions upon
increasing dose (P<0.032); implying that with continuous use, consistently low levels of contamination
have the potential to be maintained. An exception to this was exposures to 0.001 mW cm? - the lowest
irradiance tested - where no significant reductions were demonstrated within 7 days (P>0.089); implying

the ROS produced were within levels capable of being detoxified by antioxidant defence mechanisms.

Inactivation of bacteria suspended in clinically-relevant substances known to contain photosensitisers
was additionally established, with susceptibility significantly enhanced when exposed in artificial
human saliva compared to PBS (P<0.001). Significantly longer exposures were required to achieve
significant reductions in whole blood and faeces, which was likely due to the limited penetrability of

405-nm light. The efficacy of the 405-nm light EDS was then established for bacteria dried onto
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common healthcare surfaces, with results indicating >0.59 logio reductions following 4 h exposure and
>2.0 logio reductions following 24 h exposure on all materials investigated; providing a more
comprehensive understanding of the practical exposure times likely required to achieve adequate
inactivation on healthcare surfaces. These studies emulated realistic clinical deployment, whereby
bacteria are likely to be either suspended or associated with biological substrates, which may contain
photosensitive media capable of enhancing ROS generation and inactivation; or stressed via desiccation

on surfaces, thus likely enhancing their susceptibility to inactivation.

This study was then furthered to assess the efficacy of the 405-nm light EDS against bacterial biofilms
- both in terms of the potential to inhibit the formation of, and inactivate established, monolayer and
mature biofilms, on inert surfaces. Results indicated that exposure to 0.5 mW cm? 405-nm light
inhibited the development of both monolayer and mature biofilms on all surfaces by 0.35-0.94 and 2.8-
4.6 logo, respectively; and inactivated formed monolayer and mature biofilms by 0.92-1.71 and 0.78-
2.41 logio, respectively, following 24 h exposure. Contact angle measurements of the four clinical
surfaces indicated that wettability may be influential on the adherence and subsequent inactivation of
bacteria using 405-nm light; however, it is likely that other surface characteristics, such as roughness,

will also be influential.

Overall, these findings provide further insight into the efficacy of the 405-nm light EDS under
conditions more tangible to those expected within dynamic healthcare environments, which will be

crucial in augmenting clinical translatability.
8.1.3  Bactericidal Efficacy and Energy Efficiency of Low Irradiance 405-nm Light

On the basis of the aforementioned results, Chapter 6 sought to establish the GE of low irradiance 405-
nm light in comparison to that of higher irradiance exposures, on a per-unit-dose basis, for bacterial
inactivation. Testing, using the ESKAPE pathogens, focused initially on inactivation of surface-seeded
bacteria at various population densities — representative of differing degrees of surface contamination —
but also expanded to establish the efficacy of 405-nm light for inactivation of bacteria in suspension,

coupled with investigation of the associated cytotoxic responses within the exposed bacteria.

Complete/near-complete (>96%) inactivation was demonstrated in all cases for lower irradiance

(<5 mW cm?) exposures. Comparisons indicated, on a per unit dose basis, that significantly lower doses
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were required for significant reductions of all species when exposed at lower irradiances: 3-30 J cm’
2/0.5 mW cm compared to 9-75 J cm?/50 mW cm for low density (102 CFU plate™!) surface exposures
and 22.5 J cm*/5 mW cm™ compared to 67.5 J cm?/150 mW cm? for low density (10° CFU mL"") liquid
exposures (P<0.05). Similar patterns were observed at higher population densities — excluding S. aureus
exposed at 10° CFU mL"!, whereby light transmission was shown to be significantly hampered in
comparison to that of both lower densities and P. aeruginosa — suggesting bacterial density, at levels

likely to contaminate healthcare environments, has minimal influence on decontamination efficacy.

In terms of bacterial cytotoxic responses to such exposures, greater levels of intracellular ROS were
indicated in P. aeruginosa when exposed to a fixed dose using lower irradiances, corresponding with
the inactivation data. However, enhanced nucleic acid leakage was demonstrated for P. aeruginosa
when exposed to a fixed dose using higher irradiances, suggesting the cellular membrane may not be
the target of low irradiance 405-nm light inactivation. Results for S. aureus were more variable,
highlighting the potential species-specific differences in response to 405-nm light treatment and the
necessity for further study to clarify this effect. These studies required exposures of 10° CFU mL"!
bacterial suspensions; which for S. aureus, demonstrated different inactivation trends to those
performed at lower densities. It is thus important to consider the potential bearing this may have had on
results, and that testing at lower densities, better representative of typical contamination levels within

the environment, may have produced differing findings.

Overall, these studies provide fundamental evidence of the enhanced susceptibility of ESKAPE
pathogens to low irradiance 405-nm light, on a per-unit-dose basis, at normally occurring environmental
contamination levels. This enhanced efficacy was associated with higher levels of ROS and lower levels
of membrane damage for P. aeruginosa, with results for S. aureus less conclusive. In conjunction with
its established safety benefits, these findings further promote use of the technology for environmental

decontamination, or indeed any treatments involving exposure of sensitive tissues or materials.
8.1.4  Antiviral Efficacy of Low Irradiance 405-nm Light

Given its clinical relevance at the time of this thesis, the experimental work in Chapter 7 aimed to assess
the antiviral efficacy of the 405-nm light EDS for the inactivation of bacteriophage phi6, as a surrogate

for SARS-CoV-2. The influence of population density and suspension media on viral inactivation was
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additionally assessed, and preliminary investigations into the comparative efficacy of higher irradiances

of 405-nm light for phi6 inactivation were conducted.

Findings indicated phi6 could be successfully inactivated upon exposure to low irradiance 405-nm light,
at both low and high seeding densities in SM buffer and biologically-relevant artificial saliva. Successful
reductions in minimal media indicated the ability of 405-nm light to inactivate a SARS-CoV-2 surrogate
in the absence of external photosensitisers; hypothesised to be due to light interactions with the phage
envelope (Rathnasinghe et al., 2021). Results indicated enhanced inactivation —requiring 50-87.5% less
dose for a 1 logjo reduction — when exposed in artificial saliva compared to SM buffer, hypothesised to
be due to photosensitive components within the suspension acting as external photosensitisers. These
findings were of particular clinical significance given saliva represents a common vector media in
SARS-CoV-2 transmission (Huang et al., 2021). Significantly longer exposure times — approximately
1.5-2.3 times greater — were required for complete/near-complete (99.4%) inactivation of higher density
populations; however, the dose requirements for a 1 logio reduction were similar regardless of seeding
density; suggesting potential efficacy of the technology to inactivate SARS-CoV-2 at various viral

loads.

The efficacy of higher irradiance 405-nm light for phi6 inactivation was established and compared to
that of the lower irradiance exposures conducted, with findings indicating enhanced inactivation (2-28
times greater GE) in all cases when exposed using 0.5 mW c¢m compared to 50 mW cm2. This was
potentially due to either the extended exposure periods associated with the lower irradiance regimes
providing greater time for the light exposure to evoke an antimicrobial effect, or currently unknown
differences in the response of photosensitive materials to low irradiance/longer exposure periods

compared to higher irradiance/short exposure times.

Overall, these studies successfully demonstrated the ability of low irradiance 405-nm light to inactivate
bacteriophage phi6 populations at both low and high seeding densities in both minimal and biologically-
relevant media, with susceptibility significantly enhanced when exposed in suspension media known to
contain photosensitisers. These findings indicate the potential for this novel technology to reduce

environmental levels of SARS-CoV-2, and thus subsequently reduce COVID-19 transmission, within
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indoor public spaces, along with its potential capacity to inactivate a range of other viral infections such

as Influenza (Rathnasinghe et al., 2021).

8.2 Recommendations for Future Work

8.2.1  Mechanism of 405-nm Light Inactivation

To better understand the suitability of 405-nm light for different applications, it is essential that further

research to elucidate the exact inactivation mechanisms for both bacteria and viruses is conducted.

Studies conducted in this thesis have indicated that the cytotoxic responses of bacteria to a fixed dose
of 405-nm light likely differ when exposed using low irradiance/long duration times versus high
irradiance/short duration times. As previously discussed in Chapter 6, this thesis performed a
preliminary investigation into the damage inflicted upon microbial cells in response to such exposures,
however it is essential that future work further establishes the mechanisms accountable for these
differences in order to enable treatments to be tailored for specific applications. It is firstly
recommended that levels of intracellular oxidative stress produced in response to such exposures is
further explored using additional methods for detection of ROS, such as OxyELISA™ analysis (Krisko
and Radman, 2010) and measurement of glutathione oxidation (Ramakrishnan et al., 2016), and also
for the detection of individual ROS; to comprehensively enhance understanding of the levels of
oxidative stress, and the relative contribution of each species, generated in bacterial cells in response to
such exposures. It is also recommended that microbial antioxidant levels are measured, using
spectrometry or chromatography techniques for example, to better understand how cellular ROS
defence mechanisms comparatively react to a fixed dose of 405-nm light delivered using relatively
gentle oxidative stress levels for a prolonged time period, versus higher levels of oxidative stress
delivered over a shorter time period. As previously discussed in Chapter 6, the ROS detection methods
utilised in this thesis could only provide an indication of ROS levels at the time a measurement was
taken. Samples were collected from bacteria exposed to identical doses to ensure adequate comparisons
could be made; however, given the different irradiances employed, this resulted in bacterial populations
being exposed to light treatments for substantially different time periods before measurements were

taken (varying from minutes to hours). Given the short diffusion distance of ROS, it is likely that any
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ROS produced prior to measurement would have decayed and thus be no longer detectable, with this
effect likely to be heightened over longer exposure periods (and thus lower irradiances). The inability
to characterise ROS production continuously and cumulatively was a limiting factor in these studies,
and it is therefore of interest to measure oxidative stress levels over extended periods when exposed
using low irradiance/long duration times versus high irradiance/short duration times. This could
possibly be achieved using electrochemical sensing methods, which are growing in popularity for the

real-time measurement of ROS at the single-cell level (Zhang et al., 2017; Ma et al., 2023).

It is also suggested that, upon exposure to a fixed dose of 405-nm light using low irradiance/long
duration exposures versus high irradiance/short duration exposures, the extent of damage exerted on
precise cellular targets is further examined by employing additional assessment techniques. To provide
a more comprehensive understanding of how these exposures affect the cell membrane, it is
recommended that differences in permeability, efflux activity and transmembrane potential are
quantified and compared (McKenzie et al., 2016; Biener ef al., 2017). It is also important that other
cellular elements are examined, including DNA, lipids and proteins, using techniques such as lipid
peroxide assays, SDS-PAGE, the Comet assay and Western blotting (St. Denis et al., 2011b; Oh et al.,
2015; Kuchatova et al., 2019). A greater understanding of these mechanisms will be essential in the

appropriate design of light treatments for specific applications.

As previously discussed in Chapter 6, experiments performed in this thesis to assess damage
mechanisms associated with exposure to a fixed dose using low irradiance/long duration times versus
high irradiance/short duration times were limited in that they required exposure of bacteria at densities
of 10° CFU mL™! — much higher than typically expected environmental contamination levels — such that
the techniques employed to measure oxidative stress and membrane damage could yield quantifiable
results. The bacterial inactivation kinetics at this density level demonstrated differing characteristics to
those at all other seeding densities, most likely due to the limited penetration of light through the
samples. It is thus suggested that future studies assess cellular damage using techniques which would
not require work to be conducted at such a high seeding density, such as measuring the loss of salt and
bile tolerance as an indicator of membrane damage (McKenzie et al., 2016), in order to better understand
bacterial responses to such exposures at levels better representative of those likely to be found as

contamination in clinical settings.
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The mechanisms associated with 405-nm light inactivation of viruses is still relatively unknown, and
various research questions pertaining to the antiviral efficacy of 405-nm light require attention. It is
initially important to establish the exact mechanism of viral inactivation in the absence of external
photosensitisers. It is suggested that future studies expose viruses to a broadband UV-visible light source
and employ a selection of narrow bandpass filters to identify the causative wavelength range associated
with viral inactivation. This would facilitate an enhanced understanding as to the comparative
contributions of UV-A exposure at the tail end of the 405-nm light emission spectrum, and 405-nm
wavelengths individually, in the antiviral effects observed. Further, previous studies have indicated an
enhanced susceptibility of enveloped versus non-enveloped viruses to 405-nm light inactivation, likely
due to cytotoxic interactions with the envelope (Rathnasinghe ef al., 2021), and it is thus of interest to
further examine the mechanisms associated with inactivation of both viral sub-types. It is suggested that
levels of ROS generated in both enveloped and non-enveloped viruses in response to identical light
exposures is measured to indicate if 405-nm light is indeed absorbed by the envelope, and if this induces
oxidative stress. Further, it is recommended that the exact viral targets of 405-nm light inactivation are
identified. This could be achieved via integrity assessment of viral genomes, nucleocapsids and
envelope proteins, using techniques such as scanning and transmission electron microscopy, PCR, gel
electrophoresis and OxyELISA analysis, for example. These findings would ultimately enhance
understanding of the antiviral mechanisms of 405-nm light exposure, and better justify its

implementation for broader infection control applications.

Furthermore, studies conducted in this thesis have indicated variations in both bacterial and viral
susceptibility to 405-nm light inactivation when exposed in the presence and absence of external
photosensitisers, and thus it is recommended that future work further establishes the contribution of
such additives to cellular inactivation. To indicate damage imparted by exogenous photosensitisers on
microbial cells, the extent of damage to various cellular targets, as previously discussed, could be
comparatively assessed when microbes are suspended in both minimal media and nutritious media
known to contain photosensitive components. It will be of interest to determine whether ROS generated
outside the cell primarily imparts damage to exterior microbial structures, such as cellular
membranes/envelopes, in comparison to more interior structures such as DNA or RNA structures, given

the short lifespan and diffusion distance of ROS (Moan, 1990). Given the likelihood that biological
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fluids known to contain photosensitive components will constitute vector mediums for microbial
transmission, an enhanced understanding of the influence of external photosensitisers on 405-nm light

inactivation will be crucial in evaluating the technology for practical infection control applications.
8.2.2  Antibacterial Efficacy of the 405-nm light EDS

Studies conducted in this thesis have successfully demonstrated the broad-spectrum antibacterial
efficacy of the 405-nm light EDS. There are, however, additional areas of research which require

addressing to support widespread implementation of this technology.

It is firstly recommended that clinical studies investigating the broad-spectrum antibacterial efficacy of
the 405-nm light EDS are conducted to substantiate the findings of the laboratory studies conducted in
this thesis. As discussed, previous clinical investigations of the 405-nm light EDS have primarily
demonstrated general reductions in bacterial contamination levels using contact agar plate sampling of
staphylococcal-type organisms or total viable bacterial counts (Maclean et al., 2010, 2013a; Bache et
al., 2012a, 2018a; Murrell et al., 2019); however, identification and quantification of the reductions in
distinct nosocomial pathogens within hospital areas will be essential in demonstrating clinical
translatability of the studies conducted in this thesis. In addition to using Baird Parker contact plates for
detection of S. aureus contamination as indicated in the aforementioned studies, it is recommended that
future studies employ additional contact plate types for surface microbial monitoring, such as violet red
bile glucose for the detection of Enterobacteriaceae or TSA for general bacterial detection, followed
by a bacterial identification technique, such as PCR or MALDI-TOF, to quantify individual species.
This would be useful in providing an indication of the comparative susceptibility of individual bacterial

contaminants in the clinical setting, to ensure it aligns with that demonstrated in the laboratory.

It is recommended that such studies also monitor HAI rates following implementation of the 405-nm
light EDS. Reductions in the instances of HAI is the utmost goal of any healthcare disinfection strategy,
and thus establishing the translatability of reduced environmental contamination as a result of 405-nm
light EDS exposure into reduced HAI rates therein is of paramount importance to achieving widespread
implementation of the technology. A longitudinal study with an equivalent ‘control’ environmental area
would be necessary to do this, ensuring all ward activities were accounted for. As discussed, Murrell et

al. (2019) successfully demonstrated this effect within an operating room — with both microbial surface
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contamination and SSI rates therein shown to be reduced — however, it is essential that additional
investigations are conducted to corroborate this effect in other hospital settings and for reductions in

other prominent HAIs, including UTIs, BSIs and LRTIs.

As previously discussed, although bacterial tolerance to 405-nm light inactivation is unlikely to develop
given its non-selective and multi-targeted approach, it is essential that the comparative susceptibility of
MDR and susceptible bacterial strains to the 405-nm light EDS is further established, given the

increasing emergence of MDR strains in healthcare settings.

Studies performed in this thesis primarily assessed efficacy of the 405-nm light EDS for surface
bacterial contamination, given that high-touch surfaces in the patient area constitute the biggest risk of
HAI transmission (Dancer, 2009; Huslage et al, 2010; Shams et al., 2016). However, airborne
transmission of HAI-inducing pathogens is increasingly prevalent given the overburdened nature of
healthcare settings and the presence of immunosuppressed patients (Shrivastava et al., 2013). As such,
it is recommended that the efficacy of the 405-nm light EDS for inactivation of aerosolised bacteria is
assessed. Dougall ef al. (2018) previously demonstrated >99% inactivation of aerosolised bacteria
within a suspension chamber following 30 min exposure to 22 mW c¢cm of 405-nm light; however, its
efficacy at irradiances similar to that employed by the 405-nm light EDS is relatively unknown. The
aforementioned study by Murrell et al. (2019), investigating the efficacy of the 405-nm light EDS with
an operating room, additionally observed reductions in contamination levels/SSI rates in an adjacent
room with no light source but a shared circulatory system, indicating its likely antimicrobial effect on
bacterial aerosols. Further, studies assessing the efficacy of the 405-nm light EDS within a hospital
isolation room have demonstrated decontamination of surfaces in areas of the room which were
indirectly exposed to the light source; suggesting the installation position of the light source may not be
critical as the inactivation of airborne bacteria, which will sediment at random within the room, will
contribute to general reductions in surface bacterial levels (Bache ef al., 2018). Further studies to
quantify the relative inactivation effects of bacteria on surfaces and suspended in the air upon 405-nm
light EDS exposure is essential. Eadie e al. (2022) recently demonstrated the ability of far UV-C to
inactivate S. aureus within a laboratory-controlled room-sized chamber; which could serve as a
promising mode of testing in this instance prior to clinical investigation. Studies which monitor levels

of environmental airborne contaminants, using a sieve impactor sampler for example, at regular
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intervals before, during and after use of the 405-nm light EDS in various clinical settings, will be

essential to fully quantify its effect.

It is also recommended that the efficacy of the EDS for the inactivation of bacterial biofilms is further
elucidated, by investigating its ability to inactivate biofilms of varying and of mixed species, at varying

stages within the biofilm life cycle, to better comprehend its realistic clinical efficacy.
8.2.3  Antiviral Efficacy of the 405-nm light EDS

on the Hazard Group classification of SARS-CoV-2 (HG3) and the containment level of the laboratory

utilised (BSL2), experimental

With regards to the antiviral studies conducted in this thesis, work was limited by the necessity to
employ a SARS-CovV-2 surrogate species given the Hazard Group classification of SARS-CoV-2
(HG?3) and the containment level of the laboratory utilised (BSL2). Although bacteriophage phi6 is a
well-established surrogate species for coronaviruses (Fedorenko et al., 2020; Rockey et al., 2020;
Bangiyev et al., 2021; Ordon et al., 2021; Vatter et al., 2021; Ahuja et al., 2022; Baker et al., 2022;
Dey et al., 2022; Gomes et al., 2022; Karabdce ef al., 2022; Zargar et al., 2022), it is recommended that
further work is conducted to establish the efficacy of low irradiance 405-nm light for the inactivation
of SARS-CoV-2 without the requirement for a surrogate species, to further justify its clinical efficacy.
Further, given the likelihood that contaminants will be presented at various distances from the EDS, and
thus illuminated at various irradiances, it is important that efficacy is established across a range of
irradiance levels typically expected within a whole-room setting (~0.001-2.066 mW cm; as established

in Chapter 4).

SARS-CoV-2 is known to be transmitted in both respiratory droplets and aerosols (WHO, 2020c). It is
therefore recognised that a limitation of the work provided in this thesis is the absence of data
demonstrating the ability of low irradiance 405-nm light to inactivate phi6 suspended in the air. Due to
the sensitivity of the surrogate species employed and time constrains, a robust methodology for exposing
and quantifying reductions of aerosolised phi6 was unfortunately not developed in this instance;
however, it is essential that future studies establish the inactivation efficacy of the 405-nm light EDS
against aerosolised SARS-CoV-2, such to better comprehend its ability to reduce COVID-19

transmission. It is suggested that initial studies of this nature are performed in a small-scale laboratory
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aerosol chamber, using a similar methodology to that employed by Dougall et al. (2018), before then

expanding to clinical studies.

It is additionally recommended that clinical studies assessing efficacy of the 405-nm light EDS, similar
to those conducted previously for bacterial contamination (Maclean et al., 2010, 2013a; Bache et al.,
2012a, 2018a; Murrell et al., 2019), are conducted to assess the ability of the technology to inactivate
SARS-CoV-2 in practical settings. The current study demonstrated the ability of low irradiance 405-nm
light to inactivate the employed surrogate at various viral loads associated with infection progression
(Zhu et al., 2020), and so it is likely that similar reductions would be observed clinically; however, it is

important that this is properly established given the dynamic nature of healthcare environments.

It is also proposed that the antiviral efficacy of the 405-nm light EDS is established for additional viruses
associated with HAI development. Tomb et al. demonstrated the ability of low irradiance (0.5 mW cm”
2 405-nm light to inactivate both bacteriophage phi C31 and feline calicivirus, as a surrogate for
norovirus (Tomb, 2017); however, it is important that is additionally demonstrated for other HAI-
associated species, including influenza, rotavirus and adenovirus, as this could significantly enhance

the applicability of the technology for public health decontamination applications.

8.3 Overall Summary

Comprehensively, this thesis presents novel findings pertaining to the low irradiance application of

antimicrobial 405-nm light for continuous environmental decontamination. Key findings include:

(1) The broad-spectrum antibacterial efficacy of low irradiance 405-nm light exposure, at levels
analogous to those produced by the 405-nm light EDS, has been established for a panel of
clinically-relevant bacteria (Sinclair et al., 2023b).

(2) The antibacterial efficacy of the 405-nm light EDS under exposure conditions representative
of those likely to be encountered with practical system deployment (low-level light exposures,
suspended in biological media, dried onto inert surfaces and presented as biofilms) was
demonstrated; furthering insight into clinical translatability.

(3) An enhancement in bactericidal efficacy and GE in response to low irradiance 405-nm light

exposure, in comparison to that of higher irradiance exposures, was demonstrated on a per-
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unit-dose basis; further validating its employment at these levels for infection control
applications and the energy efficiency of such lighting systems (Sinclair et al., 2024).

(4) The antiviral efficacy of the 405-nm light EDS for the inactivation of a SARS-CoV-2 surrogate
was established at various seeding densities in both minimal and biologically-relevant media;
demonstrating the potential for this technology to be used to reduce the spread of SARS-CoV-

2 and other viral infections within the clinical environment (Sinclair ez al., 2023a).

These findings advance fundamental knowledge and development of this platform antimicrobial
technology, which has the potential to reduce microbial transmission, and thus subsequent HAI rates,

across the infection control sector.
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APPENDIX A

OPTICAL CHARACTERISATION OF THE 405-NM LIGHT EDS

This appendix contains the irradiance distribution produced by the 405-nm light EDSina2 x2 x4 m
area, with measurements taken with the photodiode detector angled towards the light source to examine

the irradiance levels likely to illuminate aerosolised matter in each area, as detailed in Chapter 4.

Optical characterisation in this configuration (Figure A.1) produced a total of 324 readings, with emitted

2, with highest irradiance values were

irradiance values within the range of 0.001-2.066 mW cm’
collected at the closest measurements taken to the 405-nm light EDS (directly under the light source at
a distance of 0.5 m) and the lowest irradiance values were generally collected at maximum distances in
X and Y directions from the light source, similar to that demonstrated for measurements taken with the
photodiode detector held horizontal to the light source (Figure 4.5). Irradiance values gathered with the
photodiode detector held horizontal to the 405-nm light EDS were overall lower than those gathered
with the photodiode detector held angled towards the 405-nm light EDS: considering irradiance
measurements for both X and Y planes, angular measurements were shown to be overall significantly
greater than horizontal measurements at distances equal to or greater than 1.5 m from the light source
(P=<0.001, 0.005, 0.187, 0.152, 0.8, 0.408, 0.124, 0.004 and <0.001 in the X plane and P<0.001, 0.004,
0.155,0.495, 0.818, 0.368, 0.092, 0.002 and <0.001 in the Y plane, for distances of -2, -1.5, -1, -0.5, 0,
0.5, 1, 1.5 and 2 m from the light source, respectively). At distances less than 1.5 m from the light source
in X and Y directions, no significant difference was overall found between horizontal and angular
measurements. When considering the Z plane, statistical analysis demonstrated no significant difference
overall between the measurements at each distance in the Z direction taken with the photodiode detector
held horizontally and angled towards the 405-nm light EDS (P=0.396, 0.537, 0.579, 0.626 for distances
0f 0.5, 1, 1.5 and 2 m from the light source, respectively). Despite this, variation was still demonstrated
between horizontal and angular measurements in the Z plane: at a distance of 0.5 m from the light
source, the sum of all irradiance measurements was found to be 3.661 mW cm™ for horizontal

measurements and 4.367 mW cm? for angular measurements; these values were found to be 3.935 and
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4.687 mW cm?, respectively, at a distance of 1 m; 3.998 and 5.02 mW cm™, respectively, at a distance

of 1.5 m; and 3.913 and 5.454 mW cm, respectively, at a distance of 2 m.
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Figure A.1 Irradiance distribution produced by ceiling-mounted low-irradiance 405-nm light EDS at
distances of (A) 0.5 m, (B) 1 m, (C) 1.5 m and (D) 2 m in the Z direction, with measurements taken
with the photodiode detector angled to the light source (please note that the scale is different for each

graph).
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APPENDIX B

405-NM LIGHT INACTIVATION OF ESKAPE PATHOGENS ON SURFACES

This appendix contains displays agar plates seeded with E. faecium (Figure B.1), K. pneumoniae (Figure
B.2), A. baumannii (Figure B.3) and E. cloacae (Figure B.4) at population densities of 10'-108

CFU plate™! and exposed to 0.5 mWcem™ 405-nm light for 16-h (28.8 Jem™) and 24-h (43.4 Jem™), as

detailed in Chapter 6.
108 107 10 108 10¢ 10° 10 10t

CFU plate CFU plate CFU plate* CFU plate CFU plate CFU plate™ CFU plate CFU plate?

Figure B.1 Appearance of E. faecium at 103 — 10" CFU plate’!, after exposure to 0.5 mWcem? 405-nm light for
16 h and 24 h (28.8 and 43.4 Jcm-2, respectively). CG represents plates with confluent growth of bacteria.

108 107 108 10° 104 10° 102 10t
CFU plate? CFU plate* CFU plate? CFU plate* CFU plate? CFU plate* CFU plate? CFU plate*

Oh

Figure B.2 Appearance of K. pneumoniae at 108 — 10" CFU plate™, after exposure to 0.5 mWem 405-nm light
for 16 h and 24 h (28.8 and 43.4 Jem-2, respectively). CG represents plates with confluent growth of bacteria.
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108 107 108 105 104 10 102 10
CFU plate? CFU plate? CFU plate? CFU plate? CFU plate? CFU plate? CFU plate* CFU plate?

24h

Figure B.3 Appearance of A. baumannii at 108 — 10! CFU plate™!, after exposure to 0.5 mWem2 405-nm light for
16 h and 24 h (28.8 and 43.4 Jem-2, respectively). CG represents plates with confluent growth of bacteria.

102 107 108 10° 10% 10° 102 10t
CFU plate? CFU plate? CFU plate? CFU plate* CFU plate? CFU plate? CFU plate* CFU plate?

16h

Figure B.4 Appearance of E. cloacae at 108 — 10" CFU plate”!, after exposure to 0.5 mWem2 405-nm light for
16 h and 24 h (28.8 and 43.4 Jcm-2, respectively). CG represents plates with confluent growth of bacteria.
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