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ABSTRACT

Healthcare associated infections are one of the most frequent adverse events to occur during healthcare
delivery, affecting 715% of patients with an estimated mortality of 10Bfbe healthcare environment

plays a significant role irthe transmission of pathogens which can instigate such infections.
Environmental decontamination technologies which uselight or chemicals can be employed to
control infectiorinducingpathogerspreadbutare limited to episodiasein vacant roomslue to safety
restrictions Antimicrobial 405nm violetblue visible lighthas emerged as an alternative technology,

due to itdnherent safty at low irradiance levelgnabling its use forontinuous deantaminaion of air

and exposed surfaces within occupgeadtings The research of this PhD generated new information

pertaining to low irradiance 40&m lightandits efficacy for environmental decontamination.

Initial experiments investigated the bresgectrum bactericidal efficacy of 4@8n light at exposure

l evels typically employed for dnéecorf), twithmresals t @ on i
indicaing successful inactivation of surfaseeded nosocomial bacteria within practical exposure
times. Bactericidal efficacy was then evaluated under exposure conditions emulating realistic clinical
deploymenfi namely, exposure to a range of possible illumirgatmadiances; desiccated on clinical
surfaces; associated with biological substrates; and presented as biofilitis results indicating
significant inactivation in all instancessingi r r adi anc e s 2(0bsdl@est expevimentsn
established an eahcement in the germicidal efficiency of 406 light, on a peunit-dose basis, when
employed using low irradiances, analogous to levels employed for environmental decontamination, in
comparison to higher irradiances; highlighting the energy efficiensudi lighting systems. Further
testing demonstrated the ability of low irradiance 405 light to inactivate a SARS0V-2 surrogate

in both minimal and biologicallyelevant media, with reductions significantly enhanced in the latter,
likely due to the pesence of photosensitive components; overall indicatinghtsty to control

transmission of SAR®0V-2, and potentially other respiratory viruses, within occupied environments.

This research significantly advances fundamental knowledge of the germicidal efficiency of low
irradiance 40.nm light, furthering clinical delivery of this novel environmental decontamination
technology which holds potential to reduce healthcare assbdmgetion acquisition and thus address

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

| nt r odauncdt 1 FbpelSiems C h

1.0 Overview

Healthcareassociated 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 co@t$CE, 2016) It is wellrecognised that the healthcare environment
plays a significant role in the transmission of pathogens which can instigate such inf@tinoer,

2009, 2014) and an estimated 70% of HAIs are considered avoidable with improved infection
prevention and control measures (WHO, 2022&)socomial 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
surface (Mitchell et al, 2015; Shamst 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 procedy(i&$10, 2011) As a consequence, there is an increasing
necessity for novel and improved strategies to effectively decontaminate healthcare envgdoment

prevent HAls and enhance public safety.

In response to such concerns, a novel disinfection techndkrgyed the 40Hm light Environmental
Decontamination System (EDS), has recently been developed for continuous environmental
decontamination(Anderson et al, 2008; Macleanet al, 2010) The violetblue 405nm 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 celeath(Hamblinet al, 2005; Macleart 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 enviro(mel@sonet 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(Macleanet al, 2010, 2013a; Bachet al, 2012a, 2018a; Murredit 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 typicallgd.5 mWcm? (Andersoret al, 2008; ICNIRP, 2013)The

majority of studies which have thus far exemplified the fundamental antimicrobial action-oh#05

light inactivation, however, have typically utilised higher irradiance lewgist¢ approximately200

mW cn?) to demonstrate such effe¢tdamblinet al, 2005; Guffey and Wilborn, 2006; Murdoeh

al., 2012; McKenzieet al, 2014; Tomket al, 2014; Moorheaét al., 2016b) As such, further evidence

is required to fully determine the antimicrobial efficacy of low irradiance-@5light, 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 broadpectrum antibacterial efficacy of the 408 light EDS

(2) Investigating the antibacterial efficacy of the 4@% light EDS under bacterial exposure
conditions representative of those associated with practical clinical deplgyment

(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 dosealnasis

(4) Investigating the antiviral efficacy of the 408n 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 amtrobial 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 27 Background and Literature ReviewdiscussesiAls, common routes of transmission and
current methods of environmental decontamination in healthEaeechapter theimtroduceghe novel
405nm light EDS and, more broadly, 40Bm light in terms of its mechanism of action, antimicrobial

efficacy, and researajpsyet to be addressed.

Chapter 37 GeneralMethodology provides details of the microbiological cultivation and preparation
techniques, lighsources and optical equipment, and data and statistical analysis techniques required to

conduct experimental studies within this thesis.

Chapter 41 Antibacterial Efficacy of the 405nm Light EDS. characterises the optical irradiance
output profile of a ceilingnounted 405 m light EDS when installed in a typical room setting, and then
quantifies the broadpectrum bactericidal efficacy of 408n light within this irradiance range for the
inactivaion of nosocomial bacteria. This chapter also investigates the effects of contaminant position
from the light source on inactivation efficacy, employf@taphylococcus aurewmnd Pseudomonas

aerughosaas model organisms.

Chapter 57 405-nm Light EDS Operational Considerationsexpands upon the work conducted in the
previous chapter by investigating the bactericidal efficacy of therd®fight EDS using contaminant
exposure conditions representative of those likely to be encountered in dynamic healthcare
environmentsThis includesexposures: tthe lower range of irradiance levels produced by thert5

light EDS in a typical roonsetting whenbacteria arsuspended in minimal, organic and biologically
relevant media, andeeded onto clinicallyelevant surfaces; and whdracteria arepresented in
monolayer ananature biofilms formed on microtiter plate wells and clinicaijevant surfaces. To do

this, a miniatuised 405-nm light EDS was designed and profiled such that exposures could be

conducted practically on a laboratory bench.

Chapter 6 i Bactericidal Efficacy and Energy Efficiency of Low Irradiance 40&m Light:
investigates thebroadspectrumbactericidal efficacy and energgfficiency of low versus high
irradiance 405 m light, on a per unit energy basier the inactivation osurfaceseeded and liquid
suspended ESKAPEENterococcus faecium,. @ureus, K pneumoniae, Acinetobacter baumannii,

Pseudomonas aeruginosa and Enterobacter cloppathogens. Based on these findingssociated



mechanisms of damage elicited in response to such exposaseexamined fos. aureusand P.

aeruginosa

Chapter 771 Antiviral Efficacy of Low Irradiance 405nm Light: investigateshe antiviral efficacy of

the 405nm light EDS forinactivation of a SARSCoV-2 surrogate, bacteriophage phi6. The
susceptibility of phis investigated at both low and high seeding densities and when suspended in both
minimal and biologicallyrelevant suspension medito additionally determine the influence of
population and suspension media on viral susceptibHity.comparison, gliminary investigations

into the susceptibility of phi6 to higinirradiance of405-nm lightare also included

Chapter 81 Conclusions and Recommendations for Future Wodummarises the key findings from
each experimental chapter, overall highlighting the pertinence ohdD%ight for environmental
decontamination and its potential to augment clinical infection control practices. Recommendations for

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



CHAPTER 2

Background and Literature

2.0 Overview

The healthcare environment plays a significant role in the transmission of nosocomial infectbns
this chapterprovides background abobealthcareassociated infections, common routes of infection
transmission within healthcare settinigsvith a focus on environmental transmissiomnd current
methods of environmental decontamination in healthcare. Further, and more specificalhgptes
will then introducethe novel 405nm light EDS and, more broadly, 40Bm light in terms of its

mechanism of amn, antimicrobial efficacy, anflndamentatesearchljuestions yet to be addressed.

2.1 Healthcare-Associated Infections

HAIls 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 uafiler discharge, and occupational infections acquired

by staff(WHO, 2011)

HAIls are the most frequent adverse event to occur during healthcare delivery woMiivi@e 2011)

The acquisition of HAIs is associated with prolonged hospital stays;téwnyg disability, increased
resistance towards antimicrobial treatments, additional medical expenditure and excessive morbidity
and mortality in hospitalised patier{tSICE, 2016) On average, one in evetgnaffected patients will

die as a result of their HAI (WHO, 2023)he 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 undeported due to a lack of efficient surveillance systems

particularly inlow-to-middleincome countries (LMICs}Vilar-Compteet al, 2017 WHO, 2022).



From the available datdye WHO recently reported thain estimated5and 7% ofacutecarepatients

in LMICs and highincome countries (HICs), respectively, are thoughadquire at least oneAl

during their stay \WHO, 2011 20224d). The implications of HAIs are heightened within LMICs
compared to HICs due tfewer effective infection prevention and control programnzesack of
professional training, insufficient medical supplies and diagnostic tools, inadequate organisational
infrastructure and poverelated factors including basic sanitati@ardossy and Zervos, 2016; Viar

Compteet al, 2017 WHO, 2022).

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 stayECDC, 2017) with rates heightened for patients in intensive care, where approximately

one in everyive are affectedeCDC, 202). 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 heal thcWHE® 20419 Is thesUKdhmiotal anndalrcgst t o (0 7
of HAIs on the NHS is estimated to be £774 millidlanoukian,et al.,2021).In Scotland alone, an

estimated 5% of inpatients will acquire a HAI during their qtdgalth Protection Scotland, 2012)

accounting fo58,000extra bed stayand costs of £46.4 million annuallilanoukian.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 (BSls) and lower respiratory
tract infections (LRTISYWHO, 2011) In Scotland, the prevalence of these infections in acute adult

hospital inpatients is 24.5%, 16.5%, 8.7% and 23.9%, respecti¥edlth Protection Scotland, 2017d)



Table 21 Common HAIs, 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 1 One of the rast common HA[Tan 1 ~70-80% attributable to urinary catheters | § Predominant uropathogenEscherichia coli | T Antibiotics: 6680% of inpatients
involving any part of and Chlebicki, 2016). (Nicolle, 2014) (Kucheriaet al, 2005) othersinclude with an indwelling catheter will
the urinary tract 1 Associated with frequent infection 1 Although often essential~17.5% of Klebsiella pneumonia&taphylococcus 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 damageyoung treatmen{Zarbet al,, 2012)i urinary Enterococcus faecali®roteus mirabilis reoccurring or becoming chronic,
and/or kidneygTan children, preterm birth and catheters can result in bacteriuria and Pseudomonas aerugings&cinetobactespp. frequent retreatment or losigrm
and Chlebicki, 2016).|  complications with frequent biofilm colonisation; increasing morbidity | andCandidaspp.(Mandalet al, 2012; antibiotic prophylaxis is common

antimicrobial us€FloresMireleset and mortality rates in hospitalised patient{ ~FloresMireleset al, 2015; Tan and (Nicolle, 2014)
al., 2015) (FloresMireleset al, 2015) Chlebicki, 2016).

SSi An infection which 1 Second most common HAI in Europe| Typically, attributable to either: From each source, respectively: 1 Good patient preparation, aseptic
occurs O30 affecting>500,000 people and costinf fPat i ent 6s endogenol| TS.aureugaccounting for 2680%), with the practice, attention to surgical
following a surgical ~019 bil I(WHOn2018Rm n 1| mucous membranes or hollow viscera involvement of MDR pathogens, particularly  technique and antimicrobial
procedur e | {Associated witmorbidity, mortality, (Reichman and Greenberg, 2009) methicillin-resistancé&. aureufMRSA), prophylaxis(BerriosTorreset al.,
days if an implanthag  readmission, reoperatioimtensive 1 Environment, surgical personnel or tools |  increasing drasticallj&tHO, 2018) 2017
been placed) and care unitadmissions, prolonged pest brought into the sterile field during the 1 S. aureuscoagulasenegative staphylococci, | 1 General heating, ventilation and ail
affect the area of the operative hospital stays and high procedure Enterococcuspp. ancE. coli (Spagnolcet conditioning systems to control
body in which the economic burdefOwens and al., 2013) airborne transmission of infectious
surgery was Stoessel, 2008; Cassiii al., 2016; particles(Spagnolcet al, 2013
performed ECDC, Badiaet al, 2017)
2017c).

BSI An infection defined | { In Europe, ~1.2 million episodes of | { Intravascular devices, particularly central| 1 Bacteria of the skin microflora includirg} 1 Antibiotic treatment is standard
by the presence of BSls occur each year, accounting for]  venous catheters (CVCs), represent the aureus P. aeruginosacoagulase negative 1 Technologies incorporating
viable bacterial or over 157,000 deaths (Goto and Al most common caug&ahlotet al, 2014a) staphylococciE. coli, K. pneumonia@andA. catheters and dressings infused wi
fungal Hasan, 2013) 1 CVC insertion can significantly increase baumannii(Parameswaraet al, 2010) antiseptics or antibiotics have
microorganisms in 1 BSls are the costliest HAI/ case in hospital costs and lead to prolonged leng|  Patients in occupied rooms are more likely recently been developgGahlotet
thebloodstream Scotland due to associated hospital of stay, with an associated mortality rate {  develop a BSI than those in private rooms, |  al., 2014a)

(Viscoli, 2016). stays, averaging 11atditional days 12-25%(CDC, 2011) suggesting measures to reduce environmer
(Manoukianet al., 2021) spread are essential
LRTI | Aninfection localised| § Amongst acute Scottish inpatients, Hospitatacquired pneumonia is the most |  ESKAPE pathogenaccount for 80% of all 1 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 thir(
of antimicrobials prescribed for
infections(Health Protection Scotland
2017)

commonly reported LRT(Health Protection
Scotland, 201d) and is predominantly
caused by intubation and mechanical
ventilation which interferes with host
defence mechanisms and encourages biofi
formation on the inner tube surfa@edair et
al., 1999; Zolfagharet al,, 2011; Hunter,
2012; Miettoet al, 2013)

ventilatorassociated LRT(Chi kaleet al,
2012; Sandiumenget al, 2012)

1 Early onset infection typically caused by

antibiotic-sensitive bacteria such as
Streptococcuspp.,S. aureus, E. cqlK.
pneumonia@ndEnterobactespp; late

onset infection typically caused by MDR
bacteria such as MRSAcinetobactespp.,

P. aeruginosand ESBL(Hunter, 2012;
Kalanuriaet al, 2014)

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

1 Novel preventative measures with
focus on poor infection practices
and contamination of respiratory
equipment are essenti@oeniget
al., 2006)




2.2 Nosocomial Pathogens and their Transmission

The causation and spread of HAIs are dependent on a linked sequence ofezmedsthechain of
infection (Figure 2.1) which will be discussed in theection 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

A

< { 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, cariex and infect a susceptible h¢gin Seventer and Hochberg, 2016)

2.2.1 Infectious Agents

Variousnosocomial pathogens are capable of inducing infection within healthcare sdépending
uponpatient populatios) healthcare facilities and tliareenvironment. Given the scope of this thesis,

this sectionwill detailbacterial and viral species associated with $1Al

2.2.1.1 Bacteria

Bacteria are responsible for approximately 90% of all reported Kt&tian et al, 2015) In a recent
Scottishsurvey, 40.4%f HAIs reportedvere caused by Gramegative bacilland 20.2% bys. aureus

(Health Protection Scotland, 2017dhe ESKAPE pathogen@able 2.2) collectively represent the

leading cause of nosocomial infections worldw{8antajit and Indrawattana, 201& LMICs, they

are associated with theighest mortalityrisks and healthcare costs of aiDR infectious agents

primarily due to their notorious resilience to common antibiotics and antibacterial trea{fFamsu
etal,2017) The WHO recently published a Iist of gl obal
greatest threat to human healihd urgently require researemd development of new antibiotic

treatments or other infection control interventi8H0, 2017) Therein, the ESKAPE pathogens were

appointed high and critical priority statQ&/HO, 2017)



Table 2.2 ESKAPE pathogens, associated clinical disease, their common healthcare reservoirs, resistive characteristics andifitinives sig

Bacteria Gram Stain/ | Associated Clinical | Healthcare Reservoirs Resistive Characteristics Clinical Significance
Morphology Disease
Enterococcus | + UTI; Intra-abdominal f Skin and gut microbiota MDR, including: vancomycin, 1 Up to 46.3% and 80% of clinical isolates in Europe anc
faecium Cocci and Pelvic Infection; {1 Contaminated environmental ampicillin, linezolid, teicoplanin, US arecurrentlyvancomycin resistant, respectivéBhou
Wound Infections; surfaces piperacillin, cephalospori(De Oliveira | et al, 2020)
Bacteraemia; (Pendletoret al, 2013) et al, 2020) 11 1/3 of mortality in European hospitals associated with
Endocarditis; Neonatal Enterococcuspp.HA-BSI between 2012020 were
Sepsis; Meningitis attributed to VREBrinkwirth et al, 2021)
Staphylococcus | + LRTI; SSt Bacteraemia;| f1Skin and mucosmicrobiota | MpR, i ncl udi ng:- a| fThe mostcommonly isolated H&husing ESKAPE
aureus Cocci Pneumonia; 1 Contaminated environmental |actams, chloramphenicol, trimethoprin pathogen in Scotland, responsible for 20.2% and 25% of
Cardiovascular surfaces macrolides, tetracycline, infections in acute adult and paediatric inpati€@@irnset
Infections (Pendletoret al, 2013) fluoroquinolonegDe Oliveiraet al, al., 2018)
2020) 1 In the UK,~5-25% of MRSA strains are resistant to
oxacillin (Leeet al, 2018)
Klebsiella - Neonatal Septicaemia; | 1Respiratory tract and gut Pandrug and MDR, including: 11~32.8% of global nosocomial infections are due to MDI
pneumoniae Bacillus Septicaemia; microbiota polymyxins, carbapenems, K. pneumoniagsolates(Asri et al, 2021)

Bacteraemia;
Pneumonia; Wound
Infections;SSI

1 Contaminated environmental
surfaces
(Pendletoret al,, 2013)

fluoroquinolones, 3rdjen.
cephalosporins, aminoglycosides,
tetracyclinegDe Oliveiraet al, 2020)

1 Mortality rate of carbapenem resist&tpneumoniae
infections (42.1%) double that of carbapersmsceptible
K. pnumoniaénfections (21.2%]JXu et al, 2017)

Acinetobacter

BacteraemiatJTI;

{ Contaminated environmentg

MDR, including:carbapenems,

1 Extremely persistent in the environment, with evidence

baumannii Coccobacillus| Pneumonia; Wound surfacegPendletoret al, 2013) | 5 o | y my Jadtams, tigedycline, its ability to survive on dry inanimate surfaces for up tc
Infections ceftazidime, fourtkgen. cephalosporins| months(Krameret al, 2006)
(De Oliveiraet al, 2020) 1 The mortality rate of nosocomidl. baumanniinfections
has been recorded high as44%(Alrahmanyet al, 2022)
Pseudomonas | - Wound Infections; 1 Skin, respiratory tract and MDR, including: first and secongien. | { Responsible for700,000 deaths per ye@in et al,
aeruginosa Bacillus Meningitis; Uti; digestive tract microbiota cep_halospori_ns, pipe_racillitazobactam, 2022) _ o _
Necrotising Pneumonia;| Contaminated water sources| aminoglycosides, qumo_lones, o 1 The most frequently isolated organism in Katiquired
SSt Bacteraemia (e.g. sink drains, toilets, etc) | carbapenems, polymyxirf®e Oliveira | pneumonigECDC, 2016)
1 Contaminated environmental €t al, 2020)
surfaces
(CDC, 2019)
Enterobacter - LRTI; UTI; fGut microbiota Pandrug and MDR, including: 1 Currently resistant to almost all available antimicrob
spp. Bacillus Gastrointestinal Tract | T Contaminated water sources| carbapenems, fourten. drugs, except tigecycline and colisti(Santajit and

Infections

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

cephalosporins,

Fl uor oqu Hactamsone s ,
polymyxins(De Oliveiraet al, 2020)

Indrawattana, 2016)

TE. cloacag which causes 909% of Enterobactel
infections in humans, is associated with an inpati
mortality rate of 15.1%Songet al,, 2010)




2.2.1.2 Viruses

Viral pathogens account for8% of all HAl-inducing pathogenAitken and Jeffries, 2001gnd are
typically transmitted via blood products, faecal matter or respiratory roMd®, 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, 2001with 30% of these due to failures following infection control procedures
(Singhet al, 2022) Pathogens transmitted via the faeg@dl route, including rotavirus, calicivirus,
hepatitis A and EAitken and Jeffries, 2001)ypically replicate in the intestinesd are spreattirough
improper hand hygiene practices or failures in sanitation syqi@erda, 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, 2009and represent a major cause of mortality, causimgroximatel\2.7 million deaths
worldwide in 2015(Troegeret al, 2017) In light of the recent Coronavirus Disease 19 (COMI®)
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 diseasmusing microorganism develops the ability to survive exposure

to an antimicrobial agent which would have previously been considered an effective tresitient

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 tq#iO, 2021a)in 2019,approximatelyl.27

million global deaths were directly attributable, and it is predicted to cause 10 million deaths by 2050;

matching the global death taif cancef O6 Nei | I , 2016; Anti microbi al Re s
Antimicrobial Resistance Mechanisms in Bacteria

The moderr® a nt i b ii mauguatecewithati®e 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 (i@éfice for National Statistics, 2017jlowever,

this was followed bya cyclic pattern of antibiotic production and subsequent drug resisynctke
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1950s, penicillin resistance was a significant clinical probleee Ventola, 2015)Novel betalactam
antibiotics were developed in responisewever, cases afiethicillin-resistansS. aureu§MRSA) were
identified less than a year lat@flarkinset al, 2017) This urged development of vancomycin; which
was followed by the discovery of vancomyesistanenterococc{Cetinkayaet al, 2000) Resistance
has been observed to the vast majority of antibiotics currently avajlad#e/entola, 20154nd, since

the 1980s, the production of novel antibiotics has significantly decré¢dsé&overnment, 2019)

Bacteria typically demonstrate either intrinsic resistance, due to general adaptive processes not
necessarily linked to a specific class of antimicrobifds deruginosafor example,is resistat to
common antimicrobials due to its low outer membrane permeability, expression of efflux pumps which
can expel antibiotic materials, and ability to produce antibiogctivating enzymegPanget al,

2019); or acquired resistance, typicatlyrough genetic mutation or acquisition via horizontal transfer
from another strain/ speciésvith mechanisms includinthickening of cell wal, encoding proteins to
preventdrugpenetration and onset of mutants lacking porin chana@ibit influx of chemicalqJori

et al, 2006)7 due to evolutionary pressure to evade antimicrobial susceptifitieygaert, 2018)

Examples of thesmechanisms are presented in Figure 2.2.

%

Activation of drug Enzymatic drug
efflux pumps (y degradation/
—\ alteration

Alternation of

drug target S~
1o 4 @ Inhibition of drug
uptake

Figure 2.2 Antimicrobial resistance mechanisms in bacterial cells. Image credte@ioRender.com.

The rise and spread MDR bacterichavec r eat ed a new generation of hos
increasingly difficult to treat with existintherapeuticsEmerging strains of. aureus for example,
haveshown resistance wardsvancomycin, whiclwasconsidered a last line of defen@mithet al,
1999)and MRSA is associated with high global mortality rat@®unouet al, 2017) Carbapenem

resistant and ESBproducing Grammegative bacteria are also of concern, accounting for all critical
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organi sms on the WHOG6s recently publ i shWidO,I i st

2017) In Europe, on¢hird of HAI -causingbacteriaare believed to be MDR phenotyg&CDC, 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 amtil}; and some have high mutation rates during their
replication cycle, increasing the likelihood of clinical resistaiMare Hodge and Field, 2015urther,

viruses with segmented genomes, such as influenza, can generate resistance through genetic
reassortment upon infecting a host cell; producing progeny viruses with novel gefuereesiodge

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 fact@®@srasfeld and Chou, 2010n light of the COVID19
pandemic, the potential for SARS0V-2 to confer resisincemechanisms 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 ueetteathospitalisedCOVID-19 patients

(Szemielet al, 2021)

Clinical Impact

Althoughnaturally occurringAMR can be accelerated Ifgctors includingthe misuse and overuse of
antimicrobials lack of access to clean drinking waterd sanitation limited quality diagnostics and
treatmentspoor infection control practicea lack of appropriate legislation enforcemeagricultural

useof antibioticsin livestock feedstuffincreased global travellingnd poor educatiofDadgostar,

2019; WHO, 2021aHAl instigated by MDR pathogens, compared to sensitive pathodeulles the
likelihood of complication development and triptée likelihood of deatliCecchiniet al, 2015) and

is associated with greater healthcare costs dpedionged hospital stayadditional diagnostic tests

and therajgs(SerraBurriel et al, 2020) Without action, AMR is estimated to account focumulative
economic output of $100 trillioglobally by 2050( O6 Ne i I|.lAs the2aftitni@rpbial pipeline
continues to decrease and MDR pathogens continue to emerge, the end of the antibiotic era is imminent

and development of noveierapeuticsvith minimal likelihood of tolerance developmeistcrucial
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2.2.2  Sources of Infection

Nosocomiapathogengommonlyarise from eitheanendogenous sourceiichag he pati ent 6s n

microflora, or exogeneous sources, primarily through contact transmi@sianet al, 2017)

Endogenous Sources

Human skin acts as a physical barrier to prevent invasion of foreign pati@yed<t al, 2018) It

also hosts various microorganisms, with up to one million residing on just one square centimetre
(Weyrichet al, 2015) The majority are harmless commensal microbiota which protect against foreign
pathogens by both acting on the hostodés i mmune s\
inhibiting growth via production of antimicrobial products and competition fitrients and adhesion

sites(Byrd et al, 2018; Kharet al, 2019) Saphylococcugpidermidis for example, which is the most
commonly isolated bacteria from healthy h-uman sk
defensins which initiate an enhanced immune response and inhibit growth of invading pathogens
including S. aureugLai and Gallo, 2010)Skin microbiota can, howevenduce infection if immune

responses are hampem@df the skin surface is breach@thanet al, 2017) S. aureusfor example, is

a commensal which asymptomatically colonises the skin/ mucosal surfaapprokimatelyl in 3
individuals(Gorwitz et al, 2008) however, upon entering the body, is the leading cause of bacteraemia,
infective endocarditis, skin, soft tissue and devilated infectiongTonget al, 2015; Grogaret al,

2019)

Exogenous Sources

Approximately20-40% of HAIs arise due to cross infection iealthcare workerdHCWs) handsvia

direct patient contact or indirect contact with contaminated surfeberet al, 2010) Various
surfaces/ objects within the 6patient zoned can s
on factors including surface type/ orientation, environmental conditions and frequency of contact
(Suleymaret al, 2018) High-t o u sutiades in close proximity to patierie thought t@rovide the

biggest risk of HAI transmissn (Otteret al, 2013; Suleymaset al, 2018)and thusshould be cleaned

more frequentl{CDC, 2023)Huslageet al. (2010)recently defined, based on observations of contact
frequency, théed rail, bed surface, supply cart, cbed table and intravenous puragthe top five

most frequently toucheldospitalsurfacesWater sourcearealsoa prominenteservoir for pathogens
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includingPseudomonaspp., which can be transmitted from sinks to hands during handw#Bhamgo

et al, 2020)

Nosocomial bacteriaften survive on healthcare surfacdsr extended periods of timdue to their
aptitude for the temperate hospital environm@ditamer et al, 2006; Dancer, 2014)Certain
microorganismssuch asS. aureuspersistbetterunder low humidity conditionsvhilst certainGram
negative bacteria survive better at high humiditymarily due tahecell wallenabling higher tolerance
of dry conditions(Kramer and Assadian, 20148uspension media can also be influenf@dorenko
et al. (2020)recently reportedsignificantly higher levels 06ARS CoV-2 survival on glass surfaces
when suspendeith evaporated saliva microdroplets comgzato minimal mediaywith saliva proteins
believed to offer the virion protectioBacterial endosposealso survivdonger tharntheir vegetative
counterpartgOtter and French, 200%he outer spore layers detoxify chemic#igspore coat protes
from heat and desiccatiandthe inner spore membramestrict access of toxic chemica({Setlow,
2014) Bacteriacan alsodevelop biofilmsi an assemblage of surfa@essociated microbial cells
enclosed in an extracellular polymeric substance (EPS) niatnixesponse to environmental stress
which structurallyaid survival:growth rate is reducethehydratedEPS preverstdesiccationexchange
of extrachromosomal DNAccurs quickerand the umand dowrregulation of specific gende confer
resistance against environmental influen@snlan, 2002)The ESKAPE pathogens have been found
to survive orcommonhospital surfaces for up to foureeks(Katzenbergeet al, 2021) MRSA, often
shed from infected individuals, has been shown to resist desiccation and surhiespitalsurfaces
for up to one yeafWagenvoortet al, 2000) Further,vancomycinresistantEnterococci(VRE) has
been shown teurvive several yearsnsurfaceqSuleymanet al, 2018)andis the most frequently
isolated MDR bacteria in nosocomial transmission evéats et al, 2016) The risk of infection is
additionally heightened for individuals admitted tooms previously occupied hipfected patients

(Huanget al, 2006)

2.2.3 Modes of Transmission

Infectious particles can be transferred and instigate infectismmultiple routes of transmission

including contact dropletand airborne transmission
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2.2.3.1 Contact Transmission

Contact transmission either direct or indirect is the most frequentnode ofnosocomialinfection

trarsfer (NHS, 2022) Direct contact transmission typically occurs via direct physical contact between
the skin or mucosa of an infected individual and that of a susceptiblévansseventer and Hochberg,
2016) This includes bacterial and viral conjunctivitis and respiratory viruses such asGAR3 (van
Seventer and Hochberg, 2016; Leung, 20BLiring regular care activities, such as lifting patients and
taking vital signs, HCW hands can easily become contamii@gstwell and Phillips, 197,Avith up

to 300colony forming units CFU) of bacteria previously found on HCW fingertips following direct
patient contac{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 complicationg®hmadipouret 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 educafiittet, 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 emironment via the skin or excretion/secretion of bodily fluids such as vomit, faeces, blood
and respiratory droplets, which can then settle on environmental surfaces. Contamination of hospital
surfaces in patient areas via this shedding is widely repirfgely an important role in the development

of HAIs (Weberet al, 2010) HCWs frequently touch patients and surfacaad thuscan act as
transmissionvectors if the environment is contaminated and hygiene measures are not adhered to
(Huslageet al, 2010) Haydenet al (2008)found 70% of HCWs in a tertiargare teaching hospital

who touched VREpositive patients and their immediate environment contaminated their hands or
gloves; with 52% becoming contaminated following contact with the environment only. Further,
Sasahar&t al (2016)found 76% of HCWSs hands in a tertiacgre hospital were contaminated with
either Bacillus subtilis, Bacillus cereus and ®©stridium difficile spores (mean of 468.3 CFU haid
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 Transmissionthrough the Air

Infectious pathogensan bedispersed from an infected individuhtough various expiratory activities

In response to the COVHD9 pandemic, the WHBaverecentlyupdated their official terminology used

to describe the transmission of pathogens through thia airder to bettereflect the complexities
associated with such transmission and enable claademore effectiveommunicatiorof public health
strategieYWHO, 2024) Comprehensivelypathogensnay be transmitted through the aia either
airborne transmission/inhalation or direct deposidfHO, 2024) Airborne transmission/inhalation
occurs whenpathogensexpelled into theair, as described aboventer, through inhalation, the
respiratory tract of another individu@HO, 2024) In such instances, the infectiouarficles canravel

various distances before being inhaled by the (41O, 2024. Direct deposition occurs when a
pathogen expelled into the air follows a shamge semballistic trajectory and is then directly
deposited orthe exposed facial mucosal surfaces of another indiviW&lO, 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) Prolongedsuspension time enables wide distribution of aerosolised particles throughout
hospital buildings, and as such, ventilation conditions play a considerable role in trans(Bisgigs

2003) Most aerosolisedinfectious particles in healthcare settingee generated from infected
individuals via expelled respiratory droplets or medical aergsnkrating procedurgsvVHO, 2014)
Dougallet 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 hyaitingies, when more than

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

Various predisposing factorsincluding those related to the patient, healthcare delivery and the

environmentmay increase the likelihood of HAI acquisition.

Patientrelated factors

Higher risk age groups includbe elderly, due to greater likelihood of letegm care facily stays

ageassociated cmorbidities, chronic irdwelling devices and extensive healthcare deliexgosure
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(Gruberet al, 2013) Neonates are also of higher rigkimarily due to the immaturity of their immune
system frequent use of broaspectrum antimicrobials, extended hospital stays andtimmg use of
invasive deviceglLegeayet al, 2015) Immunocompromised patients alsoat higher riskprimarily

due tothe severity of theiunderlying conditions and consequential ongoing diagnostic, monitoring and
therapeutic procedure@dim, 1997; AlTawfig and Tambyah, 2014)with a recent study ifding
vulnerable patients admitted cottishhospitas for cancer, cardiovascular disease, chronic renal
failure and diabetes wew significantly higherisk thanall other patient¢Stewartet al, 2021)The

risk of HAI is substantiallyheightenedwith increasingduration ofhospital staysa casecontrol study

in an emergency department found for every extra hour thatngergencyntubatedblunt trauma
patiert stayedin hospital, the risk of developingealthcareacquired pneumoniacreased bywround

20% (Carr et al, 2007) Minimising unnecessary hospitalisat®iis a significant problem, with
approximately350,000 patients across NHS England currently spending over three weeks in acute

hospitals each yedNHS England, 2019)

Healthcare deliveryrelated factors

Therisk of HAI development heightens upon increasing exposure&sive devicegvan der Kooiet

al., 2007) Central venous cathe{CVCs)pose the greatessk, and are the main cause of bacteraemia
and septicaemia in hospitalised patigi@shlotet al, 2014) During surgical proceduregathogens
mayenter open incisiorisfurtherexacerbated by prolonged exposures and inadequacies in the surgical
scrub or antiseptic preparation of the si@headle, 2006) with SSIs estimated to account for 16.5%

of inpatient HAIs within NHS Scotlanid 2019(ARHAI Scotland, 202Q)Infections instigated by MDR
bactera areassociated withincreasd severity for example, MRSA infections are associated with
greater cemorbidities,complicationshospital staysandmortality comparedd methicillin-sensitiveS.

aureus(MSSA) infections(Cosgroveet al., 2003; Hanbergest al, 2011; Chatterjeet al, 2018)

Environmental factors

HAI prevalence is highest imtensive carainits (CUs) compaedto all other hospital ward@VHO,
2011} anational point prevalencgurveyin Scotlandfound 11.4% of ICU patients had a HAI at any
given time, compadto just 4% of medical patients and 6.5% of surgical patigtesilth Protection

Scotland, 2017d)Globally, an estimated 30%nd 88.9%of adult ICU patients in HICsral LMICs,
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respectivelyare affected by at least one HAI during their f4$HO, 2011) This isprimarily dueto

greater likelihood of emergency admissions, prolonged hospital stays, intravenous material placement
and immunesuppressed and neutropenic patients (WHO, 2@Lihs @tientsarealsoat significantly

higher risk due to breakdown of the skin bafifemunosuppression when exposed to significant
thermal injuriegChurchet al, 2006) If patients survive the initial 72 h after a burn injury, infections

are considered the mastmmon cause of death therélirachiewiczet al, 2017)

Stiller et al (2016)additionally observed strong correlation between ward design and HAI rates,
identifying single patient rooms and hand rub dispensers near patient beds as inmfedon control
facilitators. Air-conditioning systemsan harbour dust and moistyrancreasing contamination risk:
HEPA filters areefficientin reducing contamination, however are typicalhly usedin high risk areas
instead ofgeneral wards and clini¢sVu et al, 2021) Mitchell et al (2018)alsofound a decrease in
staffing levels measured in terms of nurggpatient ratio or nursing hours per patient day, inciease
the risk potentially due tdhigh levels of burnout ledag to lapsesin 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 completeradication is unfeasible and unrealistic, implementation of efficient
and stringent control measures to hinder infection acquisition is essential for improving patient

outcome and relieving financial burden on healthcare syst@fieslth Protection Scotland, 2019)

2.3 Environmental Decontamination in Healthcare

High standardof decontaminatiorplay an important role in minimising the rislad controlling
outbreaksof HAIs (Dancer, 2009a, 2014however, the discussedcomplexities associated with
contaminationsubstantites the ned for a multidisciplinary appraa. This section discuss both
standardand 6 wh-0 o ® mdé madd foio duine @and terminabecontamination ofhospital

environnents.
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2.3.1 Routine and Terminal Decontamination

NHS Scotland 8pulatesboth routine and terminal environmental clegnmust be conducted to
minimise environmentakontamination(Healthcare Associated Infection Task Force, 208@utine
cleaning is conducted on a regular bési®t in response to an outbreialand mostly targets surfaces

with higher risks of contamination, i.e. those close to the patient area and frequently touched by patients
and HCW9qCobradcet al, 2017; Health Protection Scotland, 2017id)ese are mmmendediaily or

at increased frequency in higisk patient aregsuch as ICUsaccident and emergenand neonatal

units and very highkrisk areasincluding theatres and transplant and bone marrow \(Hiéslth
Protection Scotland, 2017djerminal 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 sucteitat reafé for the next
patient (Healthcare Associated Infection Task Force, 20@jce the patient has been transferred,
discharged ois no longer considered infectious, all healthcare wdiabeicsand laundryis removed
reusable noiinvasive care equipmeisicleanedn the room prior to removaand, using @ appropriate

method all surfacesare 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 cleanirgneutral or neameutral pH solution detergent shouldused to
physically remove organic matter and microorganisms from surf@deslth Protection Scotland,
2017) This alone can be sufficient in lessk settings, such as offices and corridors; however, within
patient care areas, surfaces and-adtical items, such as bed rails, bedpans and blood pressure cuffs,
must subsequently be treated with disinfectants, sudicasol, chlorine, sodium hypochlorite and

gquaternary ammonium compounds, to inactivate any remaining path@tgata and Weber, 2013)

Although essential for reducing contaminatjonanual cleaningsingdetergent&lisinfectantan be
considereduboptimal Despite improvements itleaning performance in recent yeangdcessibler
difficult-to-clean surfacesan still bemissed or cleaned ineffectively, witindings demonstratindlat

surfacessuch as countertops and bedside talaes cleaned morduly than small, vertical surfaces
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such as doorknobs and light switcli@®odmaret al, 2008; Aliet al, 2016 Parryet al.,2022. Further
surfaceswhich arenot routinely cleanedsuch as walls and electronic equipmere still likely to

harbour pathogens for transmissigiMaclean et al, 2015) Although low-level disinfectants
demonstrate rapid efficacy; these can often be irritants, cause material damage, and be affected by
organicmatter (Rutala and Weber, 2013, 2016éhdividual cleaning performance catsovary and

there is a potential lack of compliance amongst cleaning staff, often accredited to inadequate staffing or
excessive workloa(Dancer, 2009a; Goodmart 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 VREnests
common (Shamset al, 2016) and recenfiindings indicatepatient admitted to rooms previously
occupied by individuals infected with MRSA, VRE, difficile, MDR AcinetobacteandPseudomonas

spp. were at a significantly higher risk of infectidvitchell et al, 2015)
2.3.3  Whole-Room Decontamination Methods

As a consequence of the issues associated with traditional getrene has beemaipsurge in the

useof O6wholmé technol ogies which arcleanigardifegtiored t o
control proceduresind enhane environmental decontaminatioffhis section will discuss thkey
technologies currentlyommercially available arnder development for this purposeluding gaseous

and lightbased disinfection methods.
2.3.3.1 Steam Cleaning

Steam cleaning systems for environmental decontamination dptiessurised superheated (4 0 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 dtreal proteins and enzymdfutalaet al, 2008;

ARHAI Scotland Infection Control Team, 2021} is rapidly microbicidal and sporicidal, with
evidenced ability to successfully remove nosocomial pathogens, including N&R8#etobacteand

C. difficile spores, from clinical surfacéslHS England, 2008)rhe 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 tire®nsuming (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 bong@Kohli, 2018) Care must be taken not to apply the steam over electrical sockets

(NPSA, 2009) and fire/smoke detectors often require disengaging prior ttNk8® England, 2008)
2.3.3.2 Hydrogen Peroxide

Hydrogen peroxidéH-O.) produces free hydroxyl and ferryl radicals that induce oxidative damage in
cellular lipids, proteins and nucleic aci@®tter and French, 2009; Linlegt al, 2012) It is
microbiocidal andsporicidal] and thusis commonly employed for terminal decontamination in
healthcare. Two varieties of,8, basedsystems areurrently usedaerosolisedH,0. (aHP) systems

andvapourphaseH.0: (VPHP) systems.

aHP systems, such as the GLOSAMR 400 system(ASP, 2015)and OxydPharm Noco
( Oxy 6 P h a; Figure 23}, fr@dlice a pressugenerated fine mist @.5-20 um diametedroplets

by aerosolisingH-0; (5-6%) with additives such aslver ions(<50 ppm) and deionised water (95%)

(Otteret al, 2019) A 6 mL n1® 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 -p@sitment is not

typically required. The technology has demonstrated >g legluctions in organisms isolated from

ICU patients in <3 l{Herruzoet al, 2014) however, there is concern regarding its efficacy given the

ability of certain pathogens to produce catalase, which degkhfesKelly et al (2022)found aHP

systems reduced bacterial contamination within an ICU by 50.7%, however, othdraggt methods

achieved 9@®% reductions.

VPHP systemsincluding the Steris 1000ED mobile generator (8XERIS, 2021aand Bioquell -4
mobile generator unifBioquell, 2021 Figure 24), deliver a heatenerated vapour of aqueodsO;
through a highkvelocity airstream to uniforiy decontaminatiorthe air and surfaces withienclosed
areas(Boyce, 2009; Fuwet al, 2012) Steris systemgontinually dehumidify the air andeliver a
controlled concentration of dry VPHP without reaching the dew point; thus, ensuring vapour and/or

toxic residues do not condense on surfd&EERIS, 2021h) In contrast,Bioquell systemsio not

21



incorporate prior dehumidification, and instead deliver VPHP at an uncontrolled concertiegtiom
the dew point until thenclosure becomes saturated &h@, begins to condense @urfaceqOtteret
al., 2019) VPHPsystems have demonstrategllog:o reductiondgn nosocomial pathogens includiy
difficile spores, MRSA, VREA. baumanniiand SARSCoV-2 surrogategOtter and French, 2009;
Berrieet al, 2011; Barbuet al, 2012; Goyakt al, 2014) VPHPis morewidely usedor wholeroom
decontamination than aHP due to its highenetrating power and distribution abilitfolmdahlet al.
(2011)reporteda singleVPHP system wasnore effectivethan twoaHP units; andFu et al (2012a)
found VPHP safer and more efficient than aH®ith O 2og;o greater reductions MRSA, C. difficile

andA. baumannii

Figure 2.3 aHPsystems: (A) Glosair 400 and (B) OxyPharm Nocosfra&y SP, 2015; Oxyo6Phar m,

\ ,"'.'\
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Figure 2.4 VPHP systemBioquell L-4 mobile generator un{Bioquell, 2021)
Although effective H,O; is extremely toxic due to its neselective oxidising natur@nd inhahtion can
irritate the nose, throat, respiratory tract and, in severe ceagsebronchitis or pulmonary oedema.

Decommission and adequate sealing of rooms is thus essential prior to treatment, with experienced

operator supervision required throughouépBrted cycle timesan be up to 8 [Ray et al, 2010)
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which could potentially reducadmission capacity and prolong bed turn over ti@dgeret al, 2009)

and isinfeasiblein wards which offer 24h emergency car@ancer, 2014)Using VPHP systems$j,0,
levels can reach450 ppm(Murdochet al, 2016)i with shorttermoccupational KO, exposure limits
being2.0 ppm(HSE, 2020} and thus aeration peseatment to catalyse the conversio’V&HP into
non-toxic by-products is essenti@éfall et al, 2007; Rutala and Weber, 2018fficacy has also shown

to be impededby residual debrignd soft materials, withepeated use shown to encourage erosion of

plastics and polymer surfac@3ancer, 2014)
2.3.3.3 Chlorine Dioxide

Chlorine dioxide (CIQ) is an EPAregistered 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 manuallHealth Protection Scotland, 2017H)is highly potent and fast

acting against bacteria, viruses and fungi due to its ability to selectively attack cellular congtlafents

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 peptiddiszticziuset al, 2013) As such, it demonstrates broad
antimicrobial capabilitie Li et al (2012)demonstrated 1-8.6 logo reductions inC. difficile spores

from six clinicallyrelevant materials within 3 h of treatmehirasakiet al (2016)demonstrated
complete inhibition o6. aureusandEscherichiacoli growth from an 87 flab room following 23 h
exposure; and clinically,owe et al. (2013)demonstrated-10 logic reductions of nosocomial bacteria
including A. baumannijiE. coli, andS. aureusrom a patient care suite in a similar time frafibere

are, however, limitations associated with its use: the gas is highly explosive, limiting its ability to be
stored commerciallfJin et al, 2009) as a potent oxidiserooms must be decommissiorsshled,

which, as discussed, can negatively impact healthcare defieajth Protection Scotland, 2017ahd

it also induces material degradatidncorrosion unless employed aktremelylow (<0.9 mg/nd)

concentrationgNing et al, 2020)
2.3.3.4 Ozone

Ozore (G) is highly unstable and is believed to induce oxidative darhagéh a very high oxidation

potentiali to bacterial cell walls and cytoplasmic membrafiseret al, 2006; Zoutmaret al, 2011)
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and viral capsid proteins and nucleic adiiseng and Li, 2008)l'he technology is not yet widely used

in clinical settings; however, its faatting antimicrobial efficacy has been demonstrated in the
literature Moatet al (2009ademonstrated its ability ioactivate clinicallyrelevant bacteria, including

S. aureusE. coli, B. cereusandC. difficile spores, by >3log in a small testing room in <1 More
recently, an automated systeashievel >4 logio reductions of SARS0V-2 surrogateson room
surfaceqFrankeet al, 2021) Its synergistic effect in combination with other established technologies
has also been demonstrat@hutmanet al (2011)observedO 6 14 redgctions of surfacseeded
nosocomial bacteria in 90 min using-BPm ozone and 1% VPHP; ahd et al (2014a)ound ozone
andultraviolet C UV-C) irradiation together were significantly more effective at redugisigergillus

niger spores in comparison to each technology aldwespite its antimicrobial efficacy, there are
limitations associated with its us&s a strong oxidier, ozoneis extremely toxic and can irritate and
damage the respiratory tra¢dealth Protection Scotland, 2017dyaining and respiratory protective
equipment is required for all operators, and rooms must be vacated, decommissioned and sealed during
the proceduréMocciaet 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 treatmen{Mgeleet al, 2009) Further,
Doanet al (2012)compared the effectiveness of eight disinfection methods and found ozone to be the
most expensiva costing approximately£116 per usdé rendering it infeasible for widespread

application.
2.3.3.5 Cold Atmospheric Pressure Plasma

Cold atmospheric pressure plasma (CARPan emerging technaly with potential applications for
environmental decontaminatiofCAPP consiss of an assortment otharged particlesradicals
(including atomic oxygen, ozone, superoxide and oxides of nitrogen), intense electric fields and UV
radiation which are typically generalen the air at room temperatuséa a plasma jet or dielectric
barrier dischargé O 6 C oetab, @014) This procesoftenproduces a combination of these elements,
inducing microbial damage through various targets: positive and negative ions electrostatically disrupt
bacterial cell wallsradicalsetch cell walls, interfere with cellular transport and induce DNA lesions;
intense electric fields induce electroporation; and UV radiation induces DNA and intracellular protein
damaggCabhill 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
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potential efficacy.Cahill et al (2014)demonstrated..7-5 logio reductions in nosocomial bacteria
including MRSA, VREE. coliandA. baumannion clinical surfaces following just a 1.5 min treatment.
Zimmermannet al (2011)demonstrated up to 6 lagreductions 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/-2 droplets(2 x 10° PFU in 25uL) depositecbn

various surfacemcluding plastic, metal and cardboarch O @hemtherdevice was held at a distance

of 15 mm (Chen et al, 2020) CAPP can be considered advantageous over other wbahe
technologiegyiven itleaves no harmful residues and can be applied at room temperature; however,

further studies are required to assess its safety and scalgb@lity C oat al,@014)
2.3.3.6 Ultraviolet Light Systems

UV-C wavelengths in the region of 2200 nm(peaking at 254 nmare germicidal againstucleic
acid-based pathoger{€obb, 2016)These wavelengths aserongly absorbed by DNRNA base pairs

and induce damage primariflgrough dimerization opyrimidine moleculegDai et al, 2012b)which
interrups DNA replication, transcription and translation; compromising cellular function and leading
to microbial cell death(Ploydaenget al, 2021) Due to its broagpectrum antimicrobiahature
artificial UV-C light has been widely implementéor terminal ram decontaminationysing either

continuous or pulsed U light (Ploydaenget al, 2021)
Continuous Ultraviolet Light for WholRoom Decontamination

Continuous UV (CUV) room decontamination typicallgeseither a monochromatizgs54 nmlow-
pressure or a polychromatic medium pressure mercury [@ahg.TruD Smart UVC devicdFigure
25) i which pioneerectlinical UV-C disinfectionin 2007 and continues tme one of the most widely
usedtodayi is mobile fully automated calculats the precise dose requireahdthen achieve this
from a single cyclandposition(Tru-D, 2024) with adose of 12 mJ crirecommendetbr inactivation
of vegetative bacteria and 22 mJ -tmecommendedor bacterial sporegMahidaet al, 2013) Its
efficacy in eradicating nosocomial pathogens frenxposed surfacdsas been widely demonstrated:
Rutalaet al (2010)demonstrate99 8% reductionsn vegetativébacteria and sporésllowing 15 and
50 min of use, respectiveliNerandzicet al. (2010)demonstrate®3%redudions of MRSA and VRE

and 80%reductions inC. difficile spores in isolation rooms following patient discharge but prior to
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standard cleaningandMahidaet al (2013)reportedO 4 14 redgctions of VRE, MDRAcinetobacter
spp.and Aspergillusspp from intensive therapy units in <1 lhowever, thisvasachieved on surfaces

in direct sight of the devigendthe system was less effecti{de7-2.3logio reduction} in shaded areas.

Figure 2.5 Tru-D Smart UVC devicéTru-D, 2024)

Pulsed Ultraviolet Light for Whol®oom Decontamination

To reduce risks associated with mercuhgere has been interestpualsed polychromatic xeneoased
UV-C flashlampsvhich emits UV wavelengths (26820 nm) in short and high energy pulses, resulting
in faster and more ecologicdecontamination than CUWVanget al, 2005; Jinadathet al, 2014)
The Light Strike Gerrzapping Robots produced by Xendar example, ard300 times more intense
than amercury lamg(Xenex, 2022)which significantly shortastreatmentfor a typical isolation room,
complete decontamination can be achieved in 18(dmradathaet al, 2014) At a distance of 1 min a
laboratory room, the device has shown to ind81@e9.1 logo reductions ofS.aureus K. pneumoniag

A. baumanniandP. aeruginosan 5 min and complete eradication (7.27 {egeduction) ofEbola virus

in 1 min(Stibich and Stachowiak, 201&immonset al (2021)demonstrated >4.1 lggreductions of
SARSCoV-2 o laboratorysurfaces within 5 nm of use Clinically, a 2 min cyclehasshown to
eliminate O70% more surface contamination in oper

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

Clinical use of UVC light is primarily limited to unoccupied environments due the hazardous

carcinogenic and cataractogenic properties associated with 254 nm exposure of human skin and tissue
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(Van Kuijk, 1991; Matsumura and Ananthaswamy, 2004gre has been recent interest in the use of
far UV-C (206230 nm)light for decontaminationwhich, compared to conventional U¥ light,
posses similar germicidal propertieswing to their similar mechanism of microbial inactivati@sai

et al, 2012b) however, ardess penetrate in biological material§Brenner, 2022and,giventhe size
difference between microbial and mammalian cells (typicallylQun versus >10 pm diameteigJess
toxic to mammalian cell§Coohill, 1986; Hesslingt al, 2021) Far UV-C wavelengths can typically
only reach the outermost stratum of the corneum layer afkimeepidermidis, which consists of dead
keratinocytes that absorb the majority of the radiation (Hesslira, 2021) and he human eye tear

layerabsorbs radiation and shields the corneal epithelium from dafdagizuet al, 2019)

Such devices predominantly us222 nmexcimer lamps filled with KryptoiChloride (KrCl) gas
(Hesslinget al, 2021) These wavelengths have proven effectiveidactivaton of variousMDR and
susceptible bacteria and viruses on surfaces, in liquid suspension and in g&tatafisnovaet al.,

2008; Wanget al, 2010; Buonannet al, 2017, 2020; Welchkt al, 2018; Kitagawaet al, 2021; Eadie

et al, 2022) with evidence suggedsg they arejust asgermicidal as conventional UV, andnore
efficient forbacterial endosporéblaritaet al, 2020) Although promising, there is limited evidenie

the antimicrobialefficacy of far UV-C within wholeroom environmentsEadieet al (2022)recently
demonstrated for the first tinthe ability of far UVC toinactivate aerosolised pathogens in a 323 m
bioaerosol chamber designed to replicate a realistic room environment by means of controlled air flow,
temperature and humiditfive ceilingmounted lampseduce aerosolised. aureudy 92% in just 15

min at intensities sufficiently lower that ICNIRP exposure limits, thus rendering it safe for human
exposureFurther study to establish the efficacy of these wavelengths for swbmhe decontamination

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

A summary of the wholeoom decontamination technologies discussed in Sections 2233316 are
presented in Table 2.3. Although undoubtakfifective 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

methodf environmental decontamination which can be safely employedcimpied settings.
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Table23Compari sorm omfmdo vdheccloent ami nat i foomMacleandt @ (2016)gi e s .

'Il?gccr?gé?g;;r/]anon . gg\?;ig’g:sl Operational Disadvantages
A generator releases hydroger| { Broad antimicrobial 1 Episodic use
peroxide which forms oxidising  efficacy 1 Exposure is toxic to people
hydroxyl and ferryl free 1 Effective for terminal |  Rooms must be vacated, sealed and out o
radicals and inactivates miero |  decontamination commission before use to prevent chemice
organisms by penetrating cell | § pecontamination exposure or leakage
':,gg?(?;g walls and reacting with achieved quickly 1 Requires experienced operators and trainit
Vanour | membrane lipids, proteins and|  Effective for whole | { Rooms can quickly become-centaminated
p nucleic acids to prevenF prope room 1 Risk of material damage
function and halt reptation decontamination of | ¢ Requires active catalytic conversion to aid
and infection (Aliet al, 2016). air and surfaces decomposition of hydrogen peroxide into
1 Environmentally norttoxic by-products
friendly
A generator releases chlorine | { Broad antimicrobial | { Episodic use
dioxide vapour which efficacy 1 Exposure is toxic to people
inactivates micrebrganisms by | { Effective for terminal | § Rooms must be vacated, sealed and out o
oxidising intracellular decontamination commission before use to prevent chemice
Chlorine | compounds and the membrand q Decontamination exposure or leakage
Dioxide | surface to disrupt cell achieved quickly 1 Requires experienced operators and trainit
Vapour | metabolism. The direct reactio] ¢ Effective for  Rooms can quickly become-centaminated
with disulphide b(_)nds in the decontamination of 1 Risk of material damage
cellular amino acids and RNA | ajr and surfaces 1 Limited commercial storage due to explosi
3 halts replication and infection | (including hard to properties of chlorine dioxide
e (Shirasakiet al, 2016). reach areas)
[ A generator releases gaseous| { Broad antimicrobial 1 Episodic use
E ozone which inactivates micro| efficacy 1 Exposure is toxic to humans
3 organisms by inducing 1 Effective for terminal |  Rooms must be vacated, sealed and out o
& oxidative damage to the cell decontamination commission before use to prevent chemice
8 wall and cytoplasmic 1l Decontamination exposure or leakage
Ozone | membrane of bacteria and fun{  achieved quickly 1 Requires experienced operators and staff
and lipid peroxidation and 1 Effective for whole training
subsequent lipid envelope and|  room  Rooms can quickly become-centaminated
protein shell damage of virusey  gecontamination of | { Risk of material corrosion damage
(Boeret al, 2006; Murrayet air and surfaces 1 Requires active catalytic conversion to aid
al,, 2008). decomposition
Release reactive oxygen and | 9§ Broad antimicrobial 1 Episodic use
nitrogen species (e.§0,, Oz efficacy 1 Safety implications are not yet established
capp | @nd NQ)which disrupt 1 Effective for all 1 Likely to require experienced operators an
bacterial cell wallsviral surface types training
capsids and damagucleic 1 No established systems in place at presen
acids (Cahillet al, 2014).
Steam technology uses 1 Broad antimicrobial 1 Episodic use
superheated dry steam efficacy 1 Cannot be used in the presence of people
(<140°C) delivered under 1 Effective for terminal | { Disruptive to normal hospital routine
pressure at a temperature decontamination 1 Rooms can quickly become-centaminated
Steam | sufficient to inactivate micro | q Decontamination 1 Cannot treat air and ineffective for fabrics
Cleaning | organisms and loosen dirtand|  achieved quickly 1 Only accessible surfaces can be treated
sticky oils from surfaces fl Incorporates vacuum| q Incompatible with sensitive electronic
(Oztopraket al, 2019). extractionto also equipment
remove dirt, water
and contaminants
UV-light systems illuminate 1 Broad antimicrobial | 1 Episodic use
micro-organisms using either efficacy 1 Uses radiation which is toxic to peofile
continuous or pulsed light 1 Effective for terminal | damaging to human skin and eye tissues
K sources within the UVC region|  decontamination 1 Rooms must be vacated and out of
9 (240-260 nm) and the 1 Decontamination commission during treatment
[ ) absorption of these photons by achieved quickly 1 Rooms can quickly become-centaminated
= UV-Light | DNA and RNA base pairs 1l Effective for whole | { Microbial resistance can develop to UV ligt
5 induces the formation of room illumination
p thymine dimers and other decontamination of | q Materials may become damaged by
mutations which ait microbial | ajr and surfaces photosensitive degradation
replication (Sinha & Hader, {1 No production of 1 Efficacy limited byshort range of UV
2002). toxic residues wavelengths
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2.4 405nm Light Environmental Decontamination System

To address current challenges associated with effectual decontamination of elmicahments, a
novel disinfection technology, termed the 49% light EDS, has recently been develop@tie
antimicrobial nature of the 468m light EDS, discussed in greater deptBaéation2.4.3, is owed to its
emission of violeblue visible light wavelength exposure to these wavelengtiith peakactivity at
405nm, induce photoexcitation of porphyrin molecules within microbial celésulting in the
production of ROSvhich damage and inactivate microlflamblinet al, 2005; Macleart al, 2008a)
This section provides an overview of the 4@ light EDS with regard to its design, characteristics and

efficacy in healthcare.
2.4.1 System Overview

The 405nm 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 envirq@meatson

et al, 2008) For clinical use, it is designed to be implemented as a complimentary disinfection approach
used in conjunction with conventional infection control meas(#keslersonet al, 2008; Maclearet

al., 2010, 2013a; Bachet al, 2012a) These ceilingnounted light sources consist of a matriXight
emitting diodegLEDs) which emit violetblue visible light within a narrow spectral profile centred at
405nm (Andersonet al, 2008) blended with white LED$0 ensure that the illumination produced is
predominantly white and blends with standard clinical room lighting systisfasléanet al,, 2010)

The system is designed to continuously emit-lonadiance violetblue light across aapproximatel0

m? area at irradiances @pproximately0.050.5mW 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 expogAredersonet al, 2008; Bacheet 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 IndigoCléaithey have produced a range of products which

incorporate the technology, from standard room to operating theatre lighting (Figure 2.
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Figure 2.6 Commercial 405.m light EDS in (A) antimicrobial blue only mode and (B) blended nit@mall
Manufacturing, 2017)

2.4.2 Clinical Efficacy

The antimicrobial nature of 46&m light is discussed comprehensively in Sectigh32this section
focuses primarily on studies which examine clinical efficacy of ther#8ight EDS. In all cases, the

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

Initial studies byMacleanet al (2010)assessed levels of staphylococcal bacteria on frequently touched
surfaces ira singlebed isolation room housing an MRS#fected burns patient with two 4@%n light

EDS installed and switched on faroundl4 h/day. Findings indicated increasing reductionsg5%)

over 5 days of use and rising level8 26%) in the 6 days following use; confirming the recontamination
effect posttreatment and the necessity for a continuous disinfection app¢btatieanet al, 2010)
SubsequentlyBacheet al (2012)evaluated its efficacy for reducing surface staphylococcal bacteria
contamination in a singlbed isolation room housing a burns inpatient and a burns outpatient clinic.
Inpatient studies demonstrated -25% reductions over 2 days of use, and outpatiendies
demonstrated 61% reductions over an 8 h clinic; indicating the decontamination effect is neither patient
nor room dependarfBacheet al, 2012a) Efficacy has also been demonstrated in-patient clinical
areas, such as nursesd stations and preparation r

plate! has been show{Coyleet al, 2011)

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

levels returning to préreatment and higher level€875% increase) post treatmeiMacleanet 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 them and not just on surfaces in close
proximity (Macleanet al, 2013a) Further,Bacheet al, (2018)investigated the effects of irradiance

and exposure time ostaphylococcal 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, witb®@% 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 (<1 m\¥)amhilst exposure times can span several

days, it ipossible that exposure time is more critical in the decontamination @@getteet al, 2018a)

Kendall Manufacturing sdigoClean™ is available in a multitude of fixtures which emit low levels of
405-nm light (0.20.2 mW cn?) to decontaminate surgical rooms, procedure rooms, patient bathrooms,
ORs and healthcare pharmacfgnall Manufacturing, 2017)ts efficacy was first demonstrated by
Sandhuet al. (2016) who observed 88.8% and 94.9% reductions (2456 to 275 and 14 CFY, plate
respectively) irS. aureusontamination on ICU surfaces following 2 and 3 weeks of use, respectively.
Further,Suttonet al (2016)investigated its efficacy within a level Il trauma roeran environment
which cannot easily be seal adbomidd deltwsnt aemndat 5 0:r
challengingi with results demonstrating reductions in mean bacterial counts acroesekS of use

(24.5 to 5.2 CFU platy despite mean patient minutes in the room increasing (254 to 490); highlighting
its efficacy even during periods of increased room actifdtytalaet al (2018)demonstrated its ability

to reduce surfacseeded MRSA, VRE and MDRcinetobacteby (80% in 24 h exposure to irradiances

of 0.3-:0.4 mW cn?. In a randomised control trialyarrenet 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 contaminatiolevels within clinics substantially increased throughout the G&y%),

and thus longer exposures may be necessary to achieve adequate decontgdiMaatoet al, 2020)

Although these studies have successfully demonstrated reductions in environmental contamination,

infection prevention guidelines do not currently include the use -0buch disinfection technologies,
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such as the 406m light EDS, primarily due to a lack of evidence to demonstrate ensuing reductions in

HAI development(Health Protection Scotland, 2017&ecently, howeverMurrell et al (2019)

assessed the efficacy of a 40 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 redie81% and SSI rates reduced from 1.4% in the

year preinstallation to 0.4% in the year pesistallation(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 bagctal levels were reduced by 49% and SSI rates reduced from 1.2% to 0.3%;
believed to be due to the positioning and shared
the systemdbs efficacy f oMurréletals 2019y Athougb promisiing, ai r bor

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 liglstivated chemical substance, termed a
photosensitiser, and low intensity visible light, of specifiw@angth, are combined in the presence of

oxygen to produce cytotoxic species which induce localised destruction of a target cell or organism
(Hamblin and Hasan, 2004pPDT was first reported bfRaab (190Q) who discovered the lethal

combined effects of acridine red and visible light Reramecium caudatunwith ensuring studies

discovering the necessity of oxygen in the proc@ssy Tappeiner, 1904)However, PDT for
antimicrobial purposes was noti instead emeygingi anml e me n't
malignancy treatmeritwh en it was realised that thegJorfieenti bi ot
al., 2006) Compared to conventional antibiotics, PDT is an advantageous alternative: Hsigauific

and so one photosensitiser can act on various microorganisms; efficacy is independent of microbial
resistance patterns, with an improbability of resistance dpwent; it has high selectively for
hyperproliferating cells including microbes; and its effects are localised, minimising damage to host

tissue and/or mutageneqillitzan et al, 1992; Cassell and Mekalanos, 2001; Jrial, 2006)

Traditionally, PDT employs netoxic 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 hal
Bengal, phenothiazinium dyes, such as toluidine blue, and porphyrin derivatives, such as
hematoporphyrirfWilson and Yianni, 1995; Wainwright, 1998; Bertolatial, 2000; Tanieliaret 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 suobatdriplet quantum yield to maximise ROS

production; and are relatively cheap/ easy to mass manufgéturghamse and Hamblin, 2016)

Researchover the last 20 yearfiowever, has indicated photosensitive additaesnot necessarily
required forPDT, and that violeblue visible light possess the ability to excite naturally occurring
intracellular photosensitive molecules, namely porphyrins, within microblid (Papageorgioet al,

2000; Ashkenazét al, 2003; Hambliret al, 2005; Maclean, 2006; Guffey akdilborn, 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 tatgstareactiongGoldoni, 2002) They

each consist of a basic organic porphine macrocyclic ring framework (Fig)revith specific type

and function derived from sidehain 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) wlitydnogen atoms

or groupgLesageet al, 1993; Milgrom, 1997; Josefsen and Boyle, 2008)

Figure 2.7 Molecularstructure of porphine (fgH14N4) which consists of a t&tom ring containing four nitrogen
atoms obtained by linking four pyrrole subits with four methine bridges (Josefsen and Boyle, 2008).

Porphyrins preserdistinctive absorption characteristics in the ultraviefistble (UV-Vis) spectrum

(Figure 28). Maximum absorption, termed the Soret band, is demonstratggpaiximately400 nm,
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and four weaker absorptions, termed the Q bands (I, II, lll and 1V), are demonstrapgidaadmately
450-700 nm(Goldoni, 2002; Josefsen and Boyle, 200B)e relative intensities and wavelengths of

each are associated with the type and position of porphine subst{@enannetti, 2012)
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Figure 2.8 UV-Vis absorption spectrum of porphyrirsdapted from(Josefsen & Boyle (2008)

Absorption of 405nm 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; Macleanret al, 2008a) The ability of endogenous porphyrins to act as
photosensitisers eliminates the requirement for chemical additives, required in traditional PDT, to

actuate microbial inactivatiohis mechanism of photoexcitatigfigure 29) is described as follows.
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Figure 2.9 Jablonski diagrardemonstrating the photoexcitation of endogenous porphyrins upenM@ight.
Straight arrows represent radiative energy transitions; curved arrows represesdiative energy transitions.
VR: vibrational relaxation; IC: internal conversion; ISC: ingstem crossing.
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In their natural ground singlet state),$orphyrins have a stable electron configuration comprising two
unpaired electrons in its outermoaslectron orbitals with opposite spin bearing null net angular
momentum(Vatanseveret al, 2013) Absorption of aviolet-blue light photon provides sufficient
quantum energyo transporta porphyrinelectron fromits ground state to one of many unstable and
shortl i ved excit ed (Baietray2082t) Expdsiad tapproximat@ywo0 nm results in
strong electron transmission from ® S, giving rise to the Soret band; and phstonulation at
approximately450-700 nm results in weaker transmission fromt& S, giving rise to Q bands
(Goldoni, 2002; Josefsen and Boyle, 2008; Biaal, 2012a) With an electron in anxeited singlet

state porphyrins will rapidly endeavour to lose this excess energy and retugiricoBler to regain
stability (Abrahamse and Hamblin, 2016)in a high vibrational level of an excited state, the electron
will fall to the energetically lowest level of that stéteough vibrational relaxation (VR); releasing heat

to its surroundingéPlaetzeret 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 surrounding@Plaetzeret al, 2009) When at the energetically lowest level af ®e porphyrin

will partake in one of three energgleasing mechanisms: the electron may returg by 8uorescence,
which involves energy release through secondary photon emission of lower expggpximately630

nm) than that used for photoexcitation; the electron may returp by 8; or, most importantly for
cellular inactivation(Dai et al, 2012a; Vatanseveet al, 2013) the electron may participate in
intersystem crossing (ISC), which involves spin reversal of the excited electron and subsequent
transportation from Sto its triplet excited state (J (Plaetzeret al, 2009; Abrahamse and Hamblin,

2016)

In Ty, the spin reversal of the excited electron produces parallel spin to its former paired electron, and
net angular momentum is no longer equal to £8toDeniset 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 Prin@ipenkel, 193Q)Accordingly, the
electron can either: change its spin orientation, which is a relatively slow process, and return to S
through photon emission (phosphorescence); or interact with molecules abundant in the immediate
environmeniDai et al, 2012a) Although less energetic than, 31 is much more stable and provides

a significantly longer lifespan (microseconds versus nanoseconds) for molecular int€Baitietral,,
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2012a) Based on the selection rules, which specify that tripigiet interactions are permitted whilst
triplet-singlet interactions are forbiddgfrrenkel, 1930) porphyrin in T can readily interact with
molecular oxygen3Q;), which, uniquely, is one of few molecules inherently found as a triplet in its

ground statéDai et al, 2012a)

The interaction of porphyrins wittQ; is crucial to the production of ROS, which comprise superoxide
(025, H0,, hydroxyl radical §OH) and singlet oxygen'@,). ROS are natural bygroducts 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; Baet 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
(Rayet al, 2012; Vatansevegt al, 2013) In Ty, porphyrins can readily interact witd, to produce

ROS by one of two photooxidative reaction pathways.

Type | pathway involveslectron/hydrogen atom transfer from porphyrin intd?0; to produce 02
(Plaetzeret 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 @8duces extremely
reactiveOOH via the HabelWeiss and/or Fenton reacti¢@astanaet al, 2004; Plaetzeet al, 2009)

Type Il pathway involvesransfer ofexcitationenergy, aopposed to electrons, from porphyrin in T

to 30,. This inverses the spin of an outermost electroi®gfresulting in the production 30, which,

due to its electron configuration instability, is extremely shioed and reactivgSt. Deniset al,

2011a)

Both pathways occur concurrently and in competition, with the relative proportions of each thought to
be dependent on photosensitiser structure and reitvoonmen{Plaetzeret al, 2009) Production of
ROS is mechanically simpler via the Type Il pathw@atanseveret al, 2013) and porphyrins
composed of a tetrapyrrole framework tend to predominantly produce TyPe dver Type | ROS

(Abrahamse and Hamblin, 201&0Sinduced cellular damage is strictly localised given the shor half
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|l ife (nanoseconds) and diffusion distance (20

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

Given its nomspecific nature, overproduction of RO$enerated during the violbtue light
photodynamic inactivation process, can indaagide range oflamage tanicrobial cells This section
provides an overview of the current understanding of the cellular taagdtthe damage induced by

violet-blue light exposure.

Early studies bjvicKenzieet al (2016)indicated exposure to 4a%m light (65 mW cr? for OL80 min)

reduced the membrane integrity of b&haureusaandE. 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 Giecieet al,

2017; Kim and Yuk, 2017; Chet al, 2019; Jeffeet al, 2020; Kim and Kang, 2021; dos Anjesal,

2023) Of theseBieneret al (2017)observed that, for MRSA exposure to 4&% light (135 mW cm

2for B0 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. Intel@stingly,
Anjos et al (2023)indicated, upon exposirg. aureusk. coliandP. aeruginosao 410nm, sublethal

doses induced measurable membrane permeabilizatithre Bramnegativespecies however much

higher doses were required for this same effe.imureug45.8 versus 549.6 J cf)) suggesting

damage is likely dependent on spesipscific variances in antioxiddm@NA repair mechanisms.

Damage to acterial DNA has alsdeen found followingd05-nm light inactivation, with previous
studies indicating increasing DNA oxidation levels, disorganisation of chromosomes and ribosomes, A
DNA cleavage and DNA fragmentation upon exposi@emahet al, 2013; Kim and Yuk, 2017;
Djouiai et al, 2018; Jeffetet al, 2020; dos Anjo%t al, 2023) dos Anjoset al, (2023)indicated
differences in the extent of DNA damage in different species: using @866s5 J cri?, known to
induce complete inactivation, significant levels of DNA degradation were demonstrated i%.both

aureusandE. coli, but none was demonstratedinaeruginosaThe authors suggested this may be due
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to damage instigated upon the membrarfe. aferuginosaipon 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 damagelos Anjoset 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-ligid: mediated inactivation, with previous
studies indicating that lipid peroxidation, particularly towards unsaturated fatty acids, are associated
with cellular inactivation(Chu et al, 2019; dos Anjoset al, 2023) Further, Fila et al (2017)
demonstrated, for the first time, lethal 468 light exposure can inactivate multiple virulence factors

of P. aeruginosaandKim and Kang (2021indicated 40&nm light exposure results in a loss of cellular
respiratory activity. Together, these studies demonstrate that damage induced Hyluedight likely

involves multiple cellular components, with many likely being targeted at any given tim

2.4.3.3 Antimicrobial Efficacy

Violet-blue light withinthe region of 4051m demonstrates widespread antimicrobial efficacy towards
various micro-organisms including bacteria, fungi and virusepresented in liquid suspension, on
surfaces and in aerosgMacleanet al, 2008a, 2008b, 2009, 2013b; Murdaathal, 2010, 2012, 2013;
Endarkoet al, 2012; McKenzieet al, 2013, 2014; Tomket al, 2014, 2017b; Moorheaet al, 2016a;
Dougall et al, 2018) Given the context of this thesis, its antibacterial and antieffadacy will be

discussed in the following sections.

Bacterial Inactivation

The ability of violetblue light to inactivate bacteria without requiring external photosensitisers was
initially observed inHelicobacter pylori Propionibacterium acnesS. aureusand P. aeruginosa
(Papageorgioet al, 2000; Ashkenazit al, 2003; Hambliret al, 2005; Maclean, 2006; Guffey and
Wilborn, 2007) theorised to be due tthe presencef photosensitiveporphyrins within exposed
bacteria. Macleaet al demonstrated that, within the visible spectrum, greatest antibacterial activity
occurs at 405 = 10 nrfMacleanet al, 2008a)and that the presence aixygenis essentiafor the
photoinactivatiorprocesgMacleanet al, 2008b) Multiple studies have since confirmed the presence
of endogenous porphyrins at levels sufficient to elicit inactivation in numeroussbiciated bacteria

(Dai et al, 2013b; Zhanget al, 2014, 2016; Kumaet al, 2015; Wanget al, 2016) and violetblue
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light inactivation ofa broadspectrum of HAlinducing bacterial species, including ESKAPE pathogens,
has been demonstrat@@uffey and Wilborn, 2006; Enwemekéaal, 2008; Macleaet al, 2008a, 2009;

Hoenest al, 2021; Amodeet al, 2022)

This broadspectrum efficacy is believed to be primarily due to theselactive and nespecific nature

of damage incited by RO8Maisch, 2015) Unlike antibiotics, which act specifically towards one
cellular targef{Maisch, 2009) the photodestructive oxidative burst following 48%n 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 developrfdatleanet al, 2014) As such, successful
inactivation of MDR bacteria, including MRSA,. baumanniiK. pneumonia@ndb-lactam resistant

E. coli, has been demonstrat@dacleanet al, 2009; Barneclet al, 2016; Halsteaét al, 2016)

The efficacy of 405hm light inactivation is thought to be dependent on spespesific differences in

the distribution and quantity of porphyrins produced by bac{®li@an et al, 2004; Maclearet al,

2009; Kumatret al, 2015) Coproporphyrin I, protoporphyrin IX and uroporphyrin Il are considered
primarily responsible for inactivatiofAshkenaziet al, 2003; Feuersteiat al, 2005; Maclearet al,
2008a, 2008b; Daét al, 2013b) with coproporphyrin most significant as it produces the majority of
free radicals. Whilst examining inactivation of bacteria-pre e at ed miwn o ha&vud i ni ¢
ALA) 1 a naturally occurring metabolite which increases uroporphyrin, coproporphyrin and
protoporphyrin production through the heme synthesis patl{itaginedy and Pottier, 1992) and
exposed to 40420 nm light,Nitzan et al. (2004)found, although total porphyrin content was higher

in Gramnegative bacteria than tlsgphylococcal strains investigated, the coproporphyrin content of
staphylococcal strains waspproximately3 orders of magnitude greater, and exposure to 1002 cm
decreased cell viability bgpproximatelyb orders of magnitude greater, than that of the Gragative
bacteria. More recentljKumar et al (2015)found coproporphyrin to bapproximately3 orders of
maghnitude higher in Graipositive species compared to Grammgative species examined; and
exposure to 360 J cfachieved 1.9 logip reductions inGram-positive specigscompared to 0.6

logio reductions in Grammegative species. However, no correlation was found between coproporphyrin
content and inactivation efficacy within bacterial classes: for Gyasitive, coproporphyrin was
significantly higher irB. cereusompared t&. aureusyetS. aureusnactivation was higher; for Gram

negative, coproporphyrin was significantly lower h coli than in S. typhimurium yet E. coli
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demonstrated higher inactivatigiiumaret al, 2015) suggesting other cellular factors are also likely
to be influential. Certainpeciesspecific structural differences in the cell envelope, for example, have
shown to protect againdight penetration(Murdoch et al, 2012) Further, bacterial endospores,
although successfully inactivated by 408 light, require higher doses than their vegetative equivalent,
which is proposed to potentially be due to reduced levels of heme proteglrish are members of the

porphyrin famiy 7 intheformef Abad Lozano and Rodr i ga,e@l3byal er a,
Viral Inactivation

Given their lack of endogenous porphyrins, the mechanism eh#Dbght viral inactivation is yet to

be fully understood; however, recent studies have indicated that viral inactivation Joyndi@ght is

still possible in the absence of external photosisess. Proof of concept results demonstrated the

ability of 405nm light to inactivaté&treptomyces act er i ophage &€ C3 %nvelegped a surr
doublestranded DNA viruse@ ombet al., 2014) and feline calicivirus (FCV), as a model for norovirus

(Tomb et al, 2017b) In both cases, enhanced susceptibility to light treatmenB8¥488 less dose

required for 1 log reductions) was demonstrated when microbes were exposed in Rutrient
rich/biologically-relevant media as opposed to minimal suspensions; likely owing to the fact that the

latter typically contains constituents predisposed to-A0blight photosensitisatignsuch as mucins

present within salivaand thus can aid in the inactivation effect by impacting local oxidative damage to

fundamental structures in the baagehage or virugTombet al, 2014, 2017h)

Thel ower susceptibility of &€C31 and FCV in mini mal
photosensitisers within viral structures; however, viral reductions were still observed, suggesting
inactivation in these cases was likely due to a differimgchanism(Tomb et al, 2014, 2017h)

Inactivation may be due to thew-level UV-A exposure at the tail end of the 4081 LED emission
spectrum(Tomb et al, 2014, 2017h)which, over extended periodsjll likely cause an extent of

oxidative damage to viral/phage prote{i&rardet al, 2011) or due to the small portion of 42£B0

nm light exposure in the 468m LED emission spectrum, which has previously shown to induce

damage to the viricassociated reverse transcription complex of murine leukaemia virus upon extended

exposurgRichardson and Porter, 2005)
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As expected, viruses and bacteriophages are less susceptiblentm 4i§bt inactivation than vegetative
bacteria, with a recent review article highlighting that, from data analysed from 79 sources, the mean
dose of 388420 nm light required for a 1 legreduction is in the region of 100 J for bacteria; with

up to 1 kJ cni required for viruses and bacteriophg@embet al, 2018) Despite this, inactivation of
various HAlrelevant viruses, such as HIV, adenovirus and norovirus, upon-biolketight exposure

has since been demonstratgdngsley et al, 2017; Terrosiet al, 2021; Ragupathgt al, 2022)
Further, given the relevance of the COVID pandemic, there has been a recent upsurge in research
which has demonstrated its ability to inactivate SARS/-2 or appropriate surrogatéBiasinet al,

2021; Enwemekat al, 2021; Gardneet al, 2021; Lauet al, 2021; Rathnasinghet al, 2021; Vatter

et al, 2021, Singtet al, 2023) Recent studies have additionally indicated an enhanced susceptibility
of enveloped versus nemveloped viruses to 4&8m light inactivation; suggesting the lipid envelope

may be capable of instigating damg&athnasinghet al., 2021)
2.4.4 Benefits of the 405nm light EDS

The 405nm 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 variousindéding pathogens
(Macleanet al, 2008a, 2009, 2013b; Murdodh al, 2012; Halsteaet al, 2016; Moorheadbt al,
2016a; Tomket al, 2017b) without chemical additiveszurthermore, recent studies have indicated a
higher sensitivity of bacterial cells to 4@8n light inactivation than mammaliarells meaning 405

nm lightcan be employed at bactericidal levels without harming human {is&i2onaldet al, 2011;

Dai et al, 2013a, 2013b; Ramakrishnahal., 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, 4@%m light is of much lower photon energy and, although less
germicidali requring doses in the order of joules compared to millijoules to achieve inactiviation

is not associated with detrimental effects affiliated with UV exposure, which includédomgnaterial
degradation and radiative effects to the human eye/$¥en Kuijk, 1991; Matsumura and

Ananthaswamy, 2004; Andraay al, 2023) Violet-blue light is intrinsically safe for human exposure,
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with irradiancessing in the EDSelected in harmonisation with relevant international safety guidelines
(Andersonet 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 resfiitacleanet al, 2013a) and are considerably lower than blue

light wavelengths known to negatively impact human health, which is typically arountid4photo

retinitis) and 46480-nm (mood and circadian rhythrfockley et al, 2003; Macleart al, 2014)
Continuous Decontamination Effect

The ability to induce microbial inactivation at levels inherently safehfonan exposurenables the
system to advantageously be used continuously in the presence of room occupa#@&rirhdight

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 andMatitteanet 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 askellén reatime and between manual cleanimgnich

is particularly useful during periods of intense room activity, such as bed/ dressing changes and visiting
times, which are associated with high bacterial transmiqditatieanet al, 2013a; Dougalkt al,

2019) This combination of attributesnablesthe technologyto uniquely and safelylower levels of

microbial contamination within healthcare settimg®fforts to minimisehe riskof 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 aestablished(WHO, 2021a) Conventionalantibiotic treatments act
specificallyon one distinct subcellular targeth r o u g h-h b h e 6 6 jmmdibacteria pdvesthus
developed mechanisms to resist these specific damage appr@delseh, 2009; Reygaert, 2018y
contrast, violeblue light employs a norselective and muHliargeted damagapproach in which no
specific porphyrirreceptor interactiomarenecessary and no specific target structures are the focus of

the oxidative burgtMaisch, 2015)Light-inducedROSinsteadpervade th@athogerand incitedamage
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upon various cellular structur¢slacleanet al, 2014) thus making it more difficult for resistance to

develop

Several studies have demonstrated an unlikelihood for bacteria to develop resistance towands 405
light exposure, primarily by exposing bacteria to repeatedethibl light treatments and reporting no
change in the subsequent susceptibility of bacteiiigactivation(Zhanget al, 2014; Aminet al, 2016;
Tombet al, 2017a; Leanset al, 2018; Wanget al, 2019) Following 10 cycles of sulethal blue light
exposure (1420 mW cn¥) and cultureZhanget al (2014)demonstratednincreasen susceptibility

of MDR A. baumannito treatmenandAmin et al. (2016)demonstrated nchangen susceptibility of
MDR P. aeruginosdo treatmentTombet al (2017a)exposedMSSA and MRSA 15 cycles okub

lethal 405-nm light (180 Jcm?; 60 mW cnv?) and found no significant differend®>0.05)between
reductions achieved before (1.3 1ggand after cycles (1:2.4 logo), 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 repeatedethhl exposurefGuffey

et al, 2013; Rapackadonczyket al, 2019, 2021; KruszewskKdaczket al, 2023) Bacterial cells have
developed several mechanisms to overcome oxidative stress within their immediate envi(Casesnt

et al, 2011) ROS productioris antagonised byarious cellular antioxidant defence mechanisms
includingthe glutathione system, SOD, catalase, peroxidase and lipoamide dehydrogéicsare
up-regulatedin response to oxidative stress to detoxify R@&isch, 2015) Also upregulated are
antioxidant enzymessuch as tryptopharand cysteamine which aid in ROS quenching and
detoxification(Henderson and Miller, 1986; Warg al, 2001) RpoH sigma factqmwhich stimulates
expression of defence factor proteins involvedRidS quenching and detoxificatiofBraatschet al,

2004) and heat shock proteins, which egsponsible fovariouscytoprotective mechanisniscluding

acting as intrecellular chaperones for other proteifislding and assisting in protein conformatjon
preventing unwanted protein aggregation and helping to stabilise partially unfolded pgiRtelriguez

et al, 2016) Useful at low oxidative stress levels, these cellular responses are often limited as oxidative
stress increases to levddsyond their capacity for recovefi{essel and Oleinick, 2009k urther, it
typically takes 510 min forsuch cellular responses to commeifdlf et al, 2008) and so often

irreversible cellular damage will have already occurred within this timeenAROS generiain is
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sufficiently high,fundamentatiefence protein levels will be insufficient to scavenge ROS and bacteria
are unlikely to surviveThese mechanisms suggest an unlikelihood that bacteria will develop resistance
to 405nm light inducedROS production. Although studies have indicated tolerance formation is
possible, it is important to note that resistance formation to Widlet light has yet to be described. It
should, however, be considered that a balance likely exists betweamdlightinactivation and RG-

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 40Bn light EDS, and key fundamtl concepts associated with
antimicrobial 405nm light exposureThe antimicrobial nature of 46&m light is still a relatively recent
scientific discovery and there are still various aspects which require further reSe¢asctinesis aims

to generatemportant novel information on 48%m light technology, with specific regard to itse at

low irradiance levels foenvironmental decontaminati@pplications by investigating aspects of its
fundamental photochemical inactivation mechanism. To achieve this, the follahamgers will
investigate low irradiance 4@%m light at levels analogous to that employed for environmental

decontamination in terms of:

(1) broadspectrum antibacterial efficacy

(2) key operational considerations associated with praatitatal implementation

(3) germicidal efficacy and mechanisms of inactivatiarcomparison to that of higher irradiance
exposure®n a peiunit-dose basisand,

(4) antiviral efficacy against a SARSoV-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

Gener al Met hodol ogy

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 theadatd 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 Bacterid strainsemployed in this thesis and their associatgtlirerequirements. [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 MrMgSQwand 25
5 MCaCkh)
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3.1.2 Cultivation and Maintenance of Bacterial Stock Populations

Where necessary, bacterial strains were purchased from the redektard collection as freezéried

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 instr¢B@ds], 2015;

DSMZ, 2014; NCTC, 2019)0nce reconstituted, bacterial cultures were held for-teng storage on

Microbank™ beads (Prd_ab Diagnostics Inc., UK) a0 °C.

To provide asource of inoculum for experimenttdsting stock cultures of each bacterium were
preparecht the outset of investigatiofsr shortterm storage onto agar plates and slopeglo 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-P4h (Table 3.1). Once cultured, bacteri@re streak plated and
incubatd at theequired temperature for 48} h to obtain single colonies (Figure 3A)olony of this

pure culture was then swdultured onto agar slopes and incubated at the required temperature for 18
24 h, before storingt 4°C These slopes were then used as the regular source of inoculum for daily
experimental testing. All bacterial strains cultured on agar slwpesrestreaked everg-6 weeksand

purity was checked by Gram staining

Figure 3.1 Streakplate method used to obtain singl@onies 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 cmmdit(120 rpm;C24 Incubator Shaker, New
Brunswick Scientific, USAat the appropriate temperature (Table 3.1) feR4& to obtain a bacterial

cell density of approximately 2€CFU mL?™.
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3.1.3 Re-Suspension and Serial Dilutions

Following bacterial cultivation, suspensions were centrifuged at 89B89or 10min (Heraeus
Labofuge 400R Centrifuge; Kendro Laboratory Products, UK). For experimental use, the supernatant
was discarded and the bacterial pellet wasugpended in 10@L phosphate buffered saline (PBS;
Oxoid Ltd, UK), providing a stock suspsion of 18 CFU mL* which was then serially diluted (Figure

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

1 mL

Imto 4
9 mi. PES 1 mL 1 mL mL 1 mL 1 mL
- into nto inta into into
9 mlL PBS 9mL PBS 9 mL PBS 9 mL PBS % mL PBS

108006

100 mL 1:107 1:10# 1: 10%

bacterial
SUSpension
in PBS

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

use. Imagereated with BioRender.cam

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 ageeded bacterial samples, bacterial suspensions
were spread plated onto agar plates. To do thisplLGamples were pipetted onto the agar plate, and

manually spread using andhaped spreader to evenly distribute the sample across the plate surface.

For experiments which involved exposure of bacterial suspensions, followingréghents, 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, theng\gerially diluted prior to platingThe drop plate
technique was used in instances where multiple dilutions were required to be plated in order to determine

bacterial populations. To do this, @ droplets of bacterial sample were pipetted onto an plgde,
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and left to dry before incubating. Using this method, upighitbacterial samplewereplated onto a

single agar plate, an exgle of which is shown in Figur&3.

Sample plates were incubated for248h at the appropriate growth temperatutellowing incubation,
bacterial colonies were enumerategsing a colony counter (Thermaisher Scientific, UK)with counts
expressed agolony-forming units per millilitre (CFUmL™?) for exposures conducted in liquid

suspensionandCFU per plat€CFU plate®) or CFU percouponfor exposures on surfaces.

100 | 10
CFUmL"} CFUmL"

100 1 108
. CFUmL": CFUmL"
. i %

Figure 3.3 Drop plate technique for bacterial enumerationulOdropletsof bacteria were pipetted onto an agar
plate, left to dry and then incubated before subsequent enumehatégre ceated with BioRender.com

3.2 Bacteriophage Methodology

The bacteriophage studies conducted in Chapter 8 of this thesis utilised the bacteriophage phi6é and host
bacteriumPseudomonas syringa&his 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 phi6é samples employed for experimental testing.
3.2.1 Cultivation and Maintenance of Host Bacterium Stock Populations

The host bacteriurR. syringag(DSM 21482) wastored as detailed in Seati8.1.2 For experimental
use,P. syringaewas inoculated in 100 mESBand cultured at 25°C under rotary conditions (120 rpm)

for 18-24 h giving a bacterial cell density of approximatelyxL0° CFUmL™.
3.2.2 Propagation and Maintenance of Bacteriophage Stock Populations

Bacteriophage phi@©OSM 21518)was purchased as a 1 mL liquid suspension of badtegaysates

in the hostds growth medium. Upon arrival, all ba
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suspension after lysis, by centrifugation and subsequent filtration through ausegtellulose acetate
membrane with a 0.2 um pore si@@omed 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.aahightitre phage stock solution was
established through plate lysis and elutiBor propagation, the bacteriophage liquid suspension was
serially diluted in SM buffer (1:10 dilutions; 0.1 mL into 0.9 mL) and al0®olumeof each dilution

was mixed with 100 uL of 8. syringaeculture,which had been inoculated into TSB and incubated at
25°C for the 1824 h prior. The bacteriophagmst bacterium solution was thartubatel at 25°C for

10 min to dow bacteriophage attachmetiotbacterialcells. 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 28C. Postincubation, 5mL SM buffer was added to the plates which demonstrated confluent
lysis and complete bacterial clearance, and these were then stored on a platform shakeinferi#h0

slow agitatiorto allow elution to occur. Following this, the 5 mL liquid was transferred to a sterile tube
and was filtered through a singlse 0.2 um cellulose acetate membrane. This phage stock was then

stored at 4°C for future experiments.
3.2.3 Assessment oBacteriophage 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 volumeof each dilutiorwas then mixed with 100 pL of
syringaeculture,which had been inoculated into TSB and incubated & && the 1824 h prior. The
bacteriophagéost bacterium solution was thercubatel at 25°C for 10min to allowattachment of

the bacterophage to thébacterialcells. 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 incubatétifat 28-24 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 bacteriophe oncentration in plague forming units per millilitre (PFU ®L
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Dilution: 1:10 1:100

Confluent lysis Confluent lysis Confluent lysis
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1:10¢

Countable

Figure 3.4 Appearance of phi6 plaques®seudomonasyringaelawns from serial dilutions (1:10) of the
bacteriophage stock in SM buffer. [TNTC: too numerous to count; TFTC: too few to count].

3.2.4 Co-Incubation and Enumeration

The number of active bacteriophage in a given population-gqggisure was determined via-co
incubation withP. syringaethrough a double agar overlay plaque assay method, as shown in Figure
3.5. Briefly,a100pL bacteriophage sample (sequentially diluted in SM buffer if necessary) was added
to 100uL of an overnighP. syringael SB culture and 3 mL enriched soft TSA. The solution was mixed
and poured over theentreof a 93mm enriched TSA plate, which was then swirled and left to dry. The
plates were thecaoincubated at 25°C for 184 h. Posincubation, surviving bacteriophage populations
were calculated through enumeration of plaques in the bacterial &vdssirviving phageload was

expresseas PFU mt2.

100 pL
bacteriophage
sample =

—
-~ N W

x - .

= N ]

-~
P N

<

100 pL P
syringae

overnight
culture

3 mL molten
enriched soft
agar

Figure 3.5 Double agar overlay plaque assay method for enumeration of phi6é bacteriophage populations in
Pseudomonasyringaebacterial 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 m

autoclaving Dixons, ST 222Bat 121°C for 15nin prior to use.

For some experiments in this thesis, bacteria/phage wereekglosed 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 bacteriophageaiammd, respectively. PBS was prepared using
distilled water in accordance with the manufact

sterilised by autoclavingXixons, ST 2228at 121°C for 15 min prior to use.

For experiments using organisms suspended in biologicglyant media, artificial human saliva,

defibrinated whole blood and artificial faeces were employed.

9 Artificial human saliva was prepared based on the methodology usetiolyb (2017) which
was a modified version of that used l\argomenouet al (2000) Given the heasensitivity of
various components within artificial human saliva, distilled water was sterilised prior to the aseptic
addition of constituents. An artificial salihanly control was prepared on each day of experiments
to check for contaminin. Once preparethe artificial saliva media was adjusted to pH 7 (pH210
Microprocessoibased Bench pH/m¥ meter, Hanna Instruments, YKo replicate the typical
conditions ofhuman saliva. This media was prepared immediately prior to experimsetahd
wasstored at 4C between uses on the same day.

9 Defibrinated ovine whole blood with 30% packed cell volume was obtained from E&O
Laboratories Ltd, UK, and was stored &C4until required.

1 Artificial faecal sampleswere prepared following the methodologsed byColénet al (2015)
To simulate real human faeces, inactivagatccharomyces cerevisiagas 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 ¢Quigmtet al, 2015) Once

preparedartificial faeces samples were sterilised by autoclaving prior to use.
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Table 32 Growth media and their constituents required for microbial cultivation.

Media Constituents Quantity Manufacturer Product
Used Code
Nutrient Broth N/A 13 g/L Oxoid Ltd, UK CM0001
Tryptone Soya | )\ 30g/lL | Oxoid Ltd, UK CM0876
Broth
Nutrient Agar Nutrient Broth 13 g/L Oxoid Ltd, UK CM0001
Agar Bacteriological 15¢g/L Oxoid Ltd, UK LPOO11
Tryptone Soya Tryptone Soya Broth 30 g/L Oxoid Ltd, UK CMO0876
Agar Agar Bacteriological 15¢g/L Oxoid Ltd, UK LPOO11
Tryptone Soya Broth 30g/L Oxoid Ltd, UK CMO0876
Enriched Agar Bacteriological 15g/L Oxoid Ltd, UK LPOO11
;rgy;tone Soya ?Mn;hs/lal\/ll)agnesmm Sulfate 0.6 g/L Acros Organics, UK 413485000
5 mM Calcium Chloride (Ca@) | 0.56 g/L | Thermo Scientific, UK | 10515671
Tryptone Soya Broth 30g/L Oxoid Ltd, UK CMO0876
Enriched Soft Agar Bacteriological 6 g/L Oxoid Ltd, UK LPOO11
Tryptone Soya | 5 mM Magnesium Sulfate 0.6g/L | Acros Organics, UK | 413485000
Agar (MgsSQy) ' '
5 mM Calcium Chloride (Ca@) | 0.56 g/L | ThermoScientific, UK | 10515671

Table 33 Suspeding media and their constituentsisedfor experimentatesting.

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 786492
NAHCO3 5.29 g/L Acros Organics, UK AC217125000
NacCl 0.88 g/L VWR Chemicals, UK 27800.291
o K2HPQy 1.36 g/L BDH Chemicals Ltd, UK 9266
Artificial Human ) )
sali KCI 0.48 g/L Sigma Aldrich, UK 208000
aliva .
UAmylase 2000 U Sigma Aldrich, UK A3176
Mucin from Porcine
2g/L Sigma Aldrich, UK M1778
Stomach
Defibrinated Ovine )
N/A N/A E&O Laboratories Ltd, UK DSC050
Whole Blood
Distilled H20 800 g/L N/A N/A
Dried Inactivated )
o 60 g/L Marigold, UK N/A
Yeast §. cerevisiap
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
NacCl 4 g/lL Thermo Fisher Scientific, UK| 10428420
KCI 4g/L Sigma Aldrich, UK 208000
CaCbk 2g/L Sigma Aldrich, UK 746495
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3.4 405nm Light Exposure Systems

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

1 a ceiling mounted 468m light EDS prototype system;
1 aminiaturised 405 m light EDS prototype system (for low irradiance betaghtesting); and,

1 an ENFIS PhotonStar Innovate UNO 24 LED array (for high irradiance Hepdesting)

An overview of the light systems is provided in the following sections, with each system based on LED
array(s) which emitted violdilue light with a peak output at approximately 40% with bandwidths

of 16-23nm at fulkwidth halfmaximum (FWHM). Emissio 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 &perimental demands. All irradiance readings waesasured 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, USApnd recordeéh milliwatts per centimetre squared (mah?).
3.4.1 405nm light EDS

The 405nm light EDSis a prototypelighting unit developed at the University of Strathcly@kevice
patent numbers: EP2211914B1 (Europe) and US8398264B2 JUB#se systems are designed to be
retrofitted in place of a ceiling tile and emit low irradiance vidiiete light (typically <ImwW 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 experimer@hapter 4 comprisedfour light
apertures (configuration Eigure3.7A) and the second, which was used for antimicrodiglosures to
405nm light at irradiances of 0.0211 mW cm? in Chapters 47, comprisecthree light apertures
(configuration 2figure3.7B). Despite the slightly different configurations, the systems were designed
to provide the same optical outmitapproximatelyd.5 mWcm? at a distance of 1. from the source,

providing comparable antimicrobial effedtsthat achievedithin a typical room setting.

For operation, thd05nm light EDS prototypesvere driven by a lowoltage270W power supply

(15V at 18A). The LED matrices of each aperture were covesedn optical lens syste(rigure 3.6)
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comprising a Fresnel lens and diffuser, whiedre positioned to aid in light distribution and scatter,
respectively(Andersonet al, 2008; Endarko, 2011and a heat sink and fan for thermal management
Both prototypes were encased in a 5929.2 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 46&8m light EDS

For clinicallcommercial use as an overhead light souttee 405nm light EDS includes both 46&8m

LED arrays, forantimicrobial activity, and also wiei LEDswhich produce illuminance of at least three

times that of the 468m 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 blevitfing

standard room lightingnd ensur@o visual disturbance to room occuparts.thisthesisfocusedon

anti bacteri al efficacy, al |l experiment alont gdti ng

mode usingonly the 405nm LEDs wth the white LEDs disconnectd&igure 3.7C).
3.4.2 Miniaturised Bench-top 405nm light EDS

The miniaturised 40Bm light EDS (Figure 3.8A) is a prototype lighting system designed, developed

and built at the University of Strathcly@radley, 2022) This light source was designed to miniaturise

the original 405nm light EDS prototype such that laboratory testing at the irradiance levels ordinarily
produced by the original system within a typicak 4 x 2 m room could be conducted on a smaller,

bencht op scale. This |light source, which was empl oy
mW cm? in Chapter 5, was mountaxh polyvinyl chloride(PVC) housingwhich 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 approximatetlyrd@Lnm 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 24LED array

The ENFIS PhotonStar Innovate UNO-RPED 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-850 mWecnv2. This single light array consisted of 24 vieldtie LEDs
powered ly a 62 VLED driver (Philips, Netherlandsyvhich were connected to a heat sink and fan for
thermal management. The system was mounted?dfCahousingvhich held the array via a connecting

metal pole above hase 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 wasamjusted,
the irradiance was measured. The light source delivered light to sampkespedk output of

approximately 405m (16-nm FWHM, Figure3.9C).

In all instancesthe proportion ofight in the optical emission spectrum of edigint sourcerecordedn

the rangse of 440 nm and 46880 nm, which, as discussed in Chapterr2,known to negatively impact
human healthwere between-0.66% and0-3.15%, respectivelyand so can be considered to have
negligible effectgshroughout the experiments performed in this thdsisther, the proportion dight

in the optical emission spectrum of each light soumcehe range o#420-430 nm,which isknown to

induce damagm viral structureg¢Richardson and Porter, 200%)asfound tobe5.49-9.94% ofall light

output.
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Figure 3.7 405nm light EDS prototypesllustrating: (A) configuration 1 and (B) configuration 2 refitted in
place of a ceiling tile for the purposes of environmental decontamination; and (C) the optical emission spectrum
of each source measureddrb tound y 6, captarddsesing an HR4000 spectrometer (Ocean Optics, Germany)
and Spectra Suite software version 2.0.151
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Figure 3.8 Miniaturised405-nm light EDS lllustrating: (A) LED arrays, (B) lightource 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 39 ENFIS PhotonStar Innovate UNO 24D array. lllustrating: (A) 24.ED 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 spectrophotom@eega 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 tmdDbght at varying irradiances and
exposure timesThe applied dose of 408m light received by each sample was calculated using

Equation B.1):
0¢ i @ha Ol 1 OQQAIEOO'Q OmN € i "FRAMQ M E & Qi (3.1)

Quantitative bacterial inactivation data is typically presented as distwderial countshe percentage
surviving bacterial population in comparison to rexposedequivalent control populations or

reductions in logy CFU mL* or CFUmML™?, or as germicidal efficienc{GE) values.The gesentation
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of dataas percentage surviving bacterial population in comparison texposed equivalent control
populationsor asGE valueswas performed as a means to normalise datasets and enable more accurate

comparisons to be madas describeth the relevanthapters.

GE is defined as the lagreduction of a bacterial population by inactivation per unit dosecim?
(Maclean et al., 2009) and was calculated by lag(N/Ng), where N and N represent bacterial
populations pe and post exposure, respectively, divided by the applied dosegnir?,Jrequired to
achi eve 09 5, %spreseatedtingbnatni(3.251 n

"0Q1 & "QOWLD Q66 (3.2)

For analysiof low-density microbial populations exposed on surface$ CEU platé ) and in liquid
suspension (FOCFU mL 3, complete/neac o mp |l et e i nacti vation was consi

in 405nm light exposed populations in comparison to-e@posed equivalent control populations.

In certain instances, enumerated bacterial samples were below the limit of detection (10 CEU mL
however, this data has been included to demonstrate the complete-oomgdete inactivation effect

achieved.
3.5.2 Statistical Analysis

Experimental data points represent the mean valstandard deviatio(SD) of replicate independent

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

All data storage handlingand calculations were performeding Microsoft Excel versior2021.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 ReleaseS19.gni fi cant di fferen
between datasetsere calculated at the 95% confidence level using either two sastesestor one
way ANOVA with Tukey postoc test, depending on the data being analy$bése significant

differences are highlighted using an asterisk (*igures.
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CHAPTER 4

AnbactEeffiatcacynmfl ikt 48D

4.0 Overview

As discussed isection 24.2, there are a number of publications demonstrating clinical efficacy of the
405nm light EDS for decontamination of clinical environmefMscleanet al, 2010, 2013a; Bachet

al., 2012a, 2018a; Murrekt al, 2019) however it is important to build an understanding of the
fundamental antimicrobial efficacy of the low irradiance light levels used in the sy3teisichapter
aimed to demonstrate the bresglectrum antibacterial efficacy of the 408 light EDS atheights
typical of hightouch surfaces within occupied settinfyg a panel of key nosocomial bacteria.
Additionally, antibacterial efficacwt variousdistances below the light sour@nd thus illumination
levels, was evaluated. Findingsovidefundamentakvidence of the efficacy of low irradiance 408

light for bacterial inactivation, within a controlled laboratory setting.

4.1 Introduction

For use in occupied indoor environmeritss essential that the violkdtue light wavelengths employed

by the 405nm light EDSare delivered at sufficiently low irradiance (<1 ndn?) such that they are
within levels considered safe for continuous human expd$0MIRP, 2013) Much of the literature
investigating the fundamental antimicrobial properties of wiblee light have typically used
considerably higher irradiance levels than that employed by thesdiht EDS (up t@approximately

200 mW cn?) to achieve a rapithactivation effec{Hamblinet al, 2005; Guffey and Wilborn, 2006;
Murdochet al, 2012; McKenzieet al, 2014; Tombet al, 2014; Moorheact al, 2016b) Further,
although clinical studies evaluating the performance of thed®%ight EDSI as previously described

in Section 2.2 (Macleanet al, 2010, 2013a; Bachet al, 2012a, 2018a; Murrekt al, 2019)71
established generabductions 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 dynamichealthcareenvironmentsin addition to the variation in irradiance levels from the EDS
at different positions in the roanThe 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 charactieeiggtical irradiance output profile of
low irradiance 405m light systems within a typical room setting, and quantify, for the first time, the
bactericidal effect of 408m light at these irradiances for the inactivation of-lewnsity populations

of surfaceseedednosocomialbacteria, comparable with typical contamination levels found on
environmental surfaceander controlled laboratory conditior3ifferences in inactivation kinetics, and
how bactericidal efficacy is affected spatially by varyingdiance exposures, was investigated, with
particular focus ors. aureusandP. aeruginosa selected due to their significance as causative agents
of HAI, and to serve as a Grapositive and Granrmegativebacterialrepresentative, respectively. The
findings of this chapter provide a comprehensive laboratory evaluation eimdight systems for
environmental decontamination and present evidence of its4{spmdrum antibacterial efficacy at the
low irradiance leved which must be employed by 488 lightEDS units in order for it to comply with
exposure safety guidelinesuch tobuild a better understanding of the exposure times required for
inactivation of these bacterial pathogens when found contaminating healthcare enviyevivizdmivill

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 495t EDS
within an illuminated wholgoom 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 characterisatiatetailed in Section 3.4.(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 ofrdf8ight was produced from each. The 40%

i ght EDS was s wointleghde dnd,otakingieach #&pbriure én turn, irradiance
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measurements were taken from talirectly below the aperture, in approximately B ntervals, 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 468 light EDS was measured within &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 retffitted in place of a ceifig tile in the centre of this room and an area of 16 m

(4 x 4 m) wasmeasured on the floor, using the position directly underneath themOight EDS as a

centre point, with markings both X and Y directionplaced at approximately Orf intervals (Fjure

4.1). Following this, approximate OrB markings were placed verticalfyn the Z direction) by
attaching thin wire between the markings on the ground and the ceiling, and starting measurements from
the ceiling and extendingr® downwards. This provided a total area ofi®4 x 4 x 2 m) for taking

measurements (Figure 4.2A).

Irradiance measurements were taken at approximate théervals in X, Y and Z directions, with the

Il i ght sour cenluysée dma dheB)&thénsugeuhatehe inactivation data gathered was
accounted for solely by inactivation due to theiramrobial blue lighting component only.
Measurements were taken with the photodiode detector held parallel to the teitegresent the
irradiance levels likely to illuminate surfaces at each particular measured area. These measurements
were additiondy repeated with the photodiode detector held angled towards them@ight EDS to

examine the irradiance levels likely to illuminate aerosolised matter in each particular area, with this

additional data provided in Appendix

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 displademgBigure 4.2B
of each measured point from the source was calculated by applying Pythagoras theorem, shown in

Equation 4.1):

Yi QQ OHHODQQQ 0bHOQ QR 6 HaHDOQ (4.1

The angul ar d Figueld.aBoé eachmdasuredypgint in X and Y directions from the

light source was then calculated using the tangent trigonometric function given in Egaa&iion (

o OA1 4.2

60



L X % ¥ £ 3 3 X
0.5m
x* 7 3
x )
Y 3m b S * .3 r 4
X X >X* 4
X———x% r 3 *x * r 4
v % * X ta) a3 x X
< 3 N
X

Figure 4.1 Floor markings placeéh X and Y directiondor irradiance profiling of 4051m light EDS: (A)
photograph and (B) diagrammatic representation.
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Figure 4.2 3D optical characterisation of the 48/ light EDS: (A) the light source retrofitted in place of a

ceiling tile in the centre of 4x4x2 msizedroomand(B)he | i ght sourcel pypemade ngi i
standard room lighting switched off for irradiance measureniémrt.associated parameters required to measure
the linear (@#9) dasgpl|l acgmleat of a point of interest (i

source aréndicated

4.2.2 Results of the Optical Characterisation of the EDS

The irradiance output of each individual light array of the-d406light EDS is presented in Figure 4.3.
Results indicate similar light levels produced by each individual array, with recorded irradiances of
3.043.24mW cm at a distance of 0.&1 from the source to 0.231285mW cm at a distance of th

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 40 light EDS

The optical characterisation of the ceilingpunted 4051m light EDS within a vacant®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 aheadistance measured in the Z direction
(Figure 4.5). The 406B5m light EDSemitted irradiance values across the areaingnfjom 0.00%
2.066mW cn2. The highest irradiance valsierecollected at the closest measurerse¢aken to the
405nm light EDS (drectly under the light source at a distance ofrf)5and 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 distandbdrlight source increased

in the Z direction; highlighting, as expected, the uniformity of light distribution increases as distance
from the light source increase® a distance of 0.5n from the light source in the Z directidhe range

was found tdoe 2.06 mW cm?. This decreased to 899mW cmi? at a distance of i, 0.4% mW cnr

2 at a distance of 1.5 and 0.28 mW cm? at a distance of &. Interestingly, despite variations in light
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distribution, there was no significadifference found (P=0.998) between the mean irradiance values at

each distance in the Z direction (varied between 6@MA89mW cnr?).

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 £6fui@sd B,
respectively Results inFigure 46A 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 indicati n@41285 Geremlrtrendlaid Bigure6B indichte that thef
highest irradiance levels produced by the-405 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 increashl. significant difference was found between the

irradiance values measured at each angular displacement value for X and Y planes (P>0.05).

L ]
° ° b ® . 2
° ° * o .
L4 ® . [
] ° ® [ ] ™ ° ®
-0.5 - * [} ° [ ° ° L]
L4 ® ® b L ? e L ([ ] . 18
b . * . ° L * . . . * .
. ° b4 [ L4 °
° ° L ] ° e ]
L] ) L ] ° L]
[ ° g °
° ® 16
° b L4
® hd °
° ° L4 ]
. * ® ° ® L
~ ] ° L4 [ ' L4 ] 14
€ L] ° PY L4 [ ° * ®
s . ° ° ° ° .
g . ® ° ¢ . ° ° e o ° °
3 ® ® ° ® . ° °
& L ] 4 [ . L]
z ] ° [ ° ° 2
5 Y ® [ ] ® b4 L] £
3 ® ° ° L] ° L =
£ Y [ ] z
3 [ ] ® £
= L4 . [ ] i 8
S ' ® . ° ° s
E ® L] ° [ ] Y ® ° L] 3
H ° ® ® ° [ ] ™ P L ] £
g-15 ] ° [ ° )
o] ® L ° [ ] ® . ° [ ] ® . ° [ ] 0.8
Y ° [ ] ® ° L ] ® PY L] °
L] ® L4 e L ] ° L4 ° L] ®
[ ] ® [ ] Y [ ]
hd [ ] . L] d o ® 0.6
[ ] . ° P L]
° b .
. o °
° . ° * . b
L] Y ° L ° L4 04
P L] ® ° [ ] Y Py L
2 [ ] Y [ ™ L ]
2 = N L4 [ ] Y L o ® L4 [ ]
1570 o o L] L ® ° ® *
- ® L4 ° ° ® o
1 @ ° L4 ® P [ ] e 02
05 e ° L] ) ° L] e 15 2
0 e ° Y e — & 1
05 =9 L] [ ] @ L 0.5
1T e ® & " 5 0
e " e ,
-15 B = 15 1 0

Distance () from Light Source (m) 2 -2
Distance (X) from Light Source (m)

Figure 4.4 3D irradiance output profile of the ceilimgounted 4051m light EDS modelled on MATLAB
R2022. The ceilingmounted 405 m light EDS was installed at position (0,0,@)th X, Y and Z axes
consistent with those outlined in Figure 4.2.
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Figure 45 Irradiancedistribution produced by ceilinmmounted lowirradiance 4051m light EDS at distances of
(A)0.5m, (B) 1 m, (C) 1.5 m an®®) 2 m in the Z direction, with measurements taken with the photodiode

detector horizontal to the light source (please note that the scale is different for each graph).
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Figure 4.6 Irradiance distributiorwithin 4x 4 x 2 m area plotted as a function of (A) linear displacereatanyl
(B) angular displacemeiip# §in X and Y directions) from the ceilingnounted 4051m light EDS In all
instancesX, Y and Z axes are consistent with those outlined in Figure 4.2.

4.3 Inactivation Kinetics of Bacteria Exposed to 405nm Light EDS

Based on the optical characterisation profile established, the next aim was to demonstrate the broad
spectrum bactericidal efficacy of the 488 light EDS at heights, and thus irradiance levels, typical of

high-touch surfaces within occupied settings.
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4.3.1 Methodology for Bacterial Exposures to the EDS

Antimicrobial testing was conducted using the EDS prototype described in Sectibfc8nfiguration

2; Figure 3.7B). As previously described in Section 3.4.1, although two EDS prototypes with differing
configurations were used fhis thesisboth were designed to produce the same optical output. Bacterial
suspensions o&. baumannij E. cloacae E. coli, E. faecium K. pneumoniagP. aeruginog, S aureus

andY. enterocoliticawere prepared as described in Secti®ri.2and then serially diluted in PBSs
described in Section 3.1.3, to provide populations 6fCIFIJ mL™* for experimental use. From these
suspensions, 1Q0L volumes were aseptically spread onto the surface ofifd0diameter NA plates

(or TSA plates in the case &f faeciun to provide a starting population of approximately B0

CFU plate! (1.6-4.7 CFU cm?) for each microorganism. Sample plates (with the lids removed) were
exposed to increasing doses of 408 light for up to 161 on a surface approximately Irbdirectly

below the Ight source; selected to represent the typical heights oftbigih surfaces within clinical

and public areas (Figure 4.7). The irradiance produced at this distance was found to be 0.5

+0.02mW cm2

Figure 4.7 405nm light EDSexposure of surface e e ded pat homgleynd moad & balttbea di st an

metres from the light source, providing an irradiance at the sample surfacendoM&B12.

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

exposed to standard laboratory lightfiog equivalent durationd?ostexposure, the lids were replaced
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and the seeded agar plates were incubated at 37°C fgriH#8ore enumeratindhé viable bacterial
CFU plate!. Resultsepresent the mean values$D of triplicate replicategn=3), and are reported as

the percentage of survivirgacteriaas compared to the equivalent rexposed control samples.
4.3.2 Resultsfor Bacterial Exposures to theEDS

Figure 4.8 displays the inactivation kinetics of eight nosocomial bacterial species each seeded onto agar
surfaces at an initial population density of TFU plate® and exposed to low irradiance 40 light

at approximately 0.5n\W cnv2, Results demonstrate 093.28% inacti
trends indicating that greater levels of inactivation were observed as exposure time increased. All
bacteria collectively demonstrated broadly linear, and somewhat sigmoidal, inantigatves with

tailing observed.

Of the Grarmpositive species investigate®. 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 afte18J cnm? exposure, and ne@omplete inactivation
(99.3%) achieved aftert¥3.6J cm? exposure. Results indicale faecium(Figure 4.8C) was the least
susceptible Grarpositive species, requiring 1628.8Jcm? to achieve similar levels afeduction

(93.3%).

Collectively, the Grammegative species, demonstrated similar patterns of inactiva#titmaumannii
(Figure 4.9A) andP. aeruginosa(Figure 4.8F) were found to be the most susceptible, each requiring
2 h/3.6Jcnv? exposure to achieve significant (P<0.0001) reductions of 86.5% and 93.4%, respectively.
In contrastK. pneumoniadFigure 4.8E) was shown to be the least susceptible @egyative species,
requiring 8 h/14.4 J crh exposure to achieve a significant (P=0.004) 21.1% reduction, and

16 h/28.8J cm? to achieve neacomplete inactivation (97.4%).

In all cases, bacterial contamination in rexposed control populations displayed no significant decay

throughout the treatment duration (P>0.05).
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Figure 4.8 Inactivationof a range of bacterial pathogens associated with HAIsA{Kjetobacter baumanni({B)
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4.4 Effect of Irradiance and Exposure Distance on Inactivation Efficacy

In addition to its broagpectrum efficacy at heights comparable with Higinch surfaces directly below
the light source, it is also important to consider the efficacy of thexdOkght EDS for the inactivation
of bacterial contamination present at vingyareas within the illuminated region. Using irradiance levels
within the range gathered duritige optical characterisation of the 408 light EDS, the aim of this

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

4,41 Methods for Assessing Effect of Irradiance and Exposure Distance on Inactivation

Efficacy

To determine the effect of irradiance output of the -46% light EDS on bactericidal efficacy,
inactivation kinetics ofS. aureusandP. aeruginosavere established using irradiance levels ranging
from 0.051 mW cm2. 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 dosesnof 405

light at approximate irradiances of 0.05, 0.15, 0.25, 0.5 antVicnm? for up to 24 h.

To determine the effect of distance on bactericidal efficacy, inactivation kinetiSs afireusand

P. aeruginosawereestablished for exposures to the 408 light EDS across a radius ofremeasured

from thecentre of the light sourde the X direction As shown in Figurd.9, seeded plates (with the

lids removed) were positioned approximately h®elow the lighsource, andvere situated in 0.fn
intervals from direct=[l.g§m;ung@®ap ta ahdestance ofyih radialyo ur c e (
( ees2.56m; o 5143), with irradiance measured at each fixed position. For each independent

experiment, samples were exposedhe 405nm light EDS for durations of 4, 8 and B4

For both experiments, control bacterial samples were prepared in an identical manner with the exception
that they werexposed to standard laboratory lightiiog equivalent durationg?ostexposure, the lids

were replaced and the seeded agar plates were incubated at 37°@, foeftBe enumeratindpe viable
bacterial CFUplate!. Resultsrepresent the mean valugsSD of triplicate replicate§n=3), and are
reported as the percentage of surviving or redbeateriaas compared to the equivalent rexposed

control samples.
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Figure 4.9 Experimentaketup todetermine 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

Resultsin Figure 4.10A and B present the inactivation kineticsSodureusand P. aeruginosa
respectively, exposed on agar surfaces to the@tight EDS at varying irradiances (0-@3nW cm

2). Data presented for the inactivationSfaureugFigure 4.10A) was collecteahd providedy Laura
Dougall (PhD student) for analysis. In all cases, a significant downward trend in the surviving bacterial
populations was demonstrated as the exposure time incraasethrexposed control samples showed

no siguificant change throughout treatmd®>0.05). The only exception to this was that of the 5
exposure oP. aeruginosdo 0.25mW cm?, 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 fhadanee
(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; howeweisome instance$gss energy was required on a per unit dose

basis when exposed at lowsadiances.

Considering the inactivation kinetics gathered $oraureugFigure 4.10A), exposure to the highest

irradiance of ImW cm? for 1 h (3.6Jcm?) resulted in a significant 78.53% reduction in comparison
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to nonexposed control populations (P=0.002). In contrast, when exposed at half this irradiance
(0.5mW cn?), double this exposure time K2 3.6Jcm?) was required to achieve a significant

reduction of 70.3% (P=0.008). Likewise, when exposed at the lowest irradiances of 0.15 and
0.05mW cnr?, greater exposure times oh42.16J cn?) and 6h (1.08J 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 tohaeve neaicomplete inactivation were shown to be significantly shorter

when higher irradiance | ihgh2lcmg) avasrrenered toneehieee aus ed (
99.0% reduction at the highestadiance of InWcm?, 4h (7.2Jcm?) and 6h (5.4Jcm?) were

required to achieve similar reductions at irradiances of 0.5 anch®/26m?, respectively, and up to

18h was required to achieve similar levels of reduction at the two lowest irradiances (0.15 and

0.05mW cn?; equivalent to doses of 9.7Zm? and 3.24] cm?, respectively).

For P. aeruginosaFigure 4.10B), inactivation kinetics demonstrate that, simila.t@ureus1 h
exposure to the highest irradiance resulted in a significant 89.5% reduction compareexposad
control populations (P<0.005). When exposed at lower irradiances of 0.5 anui\W.2612, 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 (@%cm?, a 24h exposure was required to
achieve a statistally significant 15% reduction iR. aeruginosgP=0.022). Similar t&. aureusthe
exposure times required to achieve complete/-neamlete (95%) inactivation oP. aeruginosavere
shown to be significantly shorter wheh(ZRicgher irr
2) was required to achieve a 99.7% reduction at the higimadtance of ImW cm?; 3h (5.4Jcm?)
achieved similar reductions (97.5%) using 8%/ cnm?; complete reductions were achieved between 6
and 18n following exposures to 0.2mW cm? (5.4-16.2J cm?) and 0.15mW cm? (3.249.72J cm?);

and complete reduction was not achieved using ®0bcnT? 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 redd:06h (P
and complete/neazomplete (95%) inactivation of botl$. aureusndP. aeruginosaipon exposure to

each irradiance application.
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Figure 4.10 Inactivation kinetics of (A)Staphylococcus aureasd (B)Pseudomonas aeruginosaeded on agar
surfaces and exposed to 408 light at irradiances of 0.05, 0.15, 0.25, 0.5 ameV cnv2. Each data point

representghe mean value + SD (n3). Asterisks (*) represents points where the triplicate CFU -platents

Table 41 Doses required to achiesagnificant reductioa( P OO0 .

were significantly different between test and control samplés.(B).

05)

a n dc ocnopnhpel t eet e(/ On9e5a%)

inactivation ofSaphylococcusureusandPseudomonaaeruginosaupon exposure to each irradiance.

Irradiance | S. aureus P. aeruginosa

(mW cm)
Significant ( P 00. Complete( 095 % Significant ( P 00 . Complete( 095 %
inactivation inactivation inactivation inactivation

0.05 6h/1.08Jcm 18h/19.4Jcrm 18h/19.4Jcri N/A

0.15 4h/216Jcr 18h/9.72JcrA 1h/0.54Jcri 18h/9.72JcrA

0.25 1h/0.9Jcm 6h/54Jcm 2h/1.8Jcm 18h/16.2Jcrh

0.5 2h/3.6Jcm 4h/7.2Jcm 2h/3.6Jcm 3h/54Jcm

1 1h/3.6Jcn? 1h/3.6Jcm 1h/3.6Jcm 2h/7.2Xxm?
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Figures 4.1A and B present the inactivation kineticssxfaureusandP. aeruginosarespectively, on

agar surfaces upon expostwethe 405nm lightEDS at varying raeib@, di st ar
A= 0-51.3) for durations of 4, 8 or Z& Results comprehensively demonstrate that as the distance

from the light source is increased, irradiance decreases, which in turn results in a decrease in the leve

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).
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Figure 4.11 Inactivation kinetics ofA) Staphylococcus aureasd (B)Pseudomonas aeruginosaeded on agar
surfaces and exposed to a low irradiance-d®8ight 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 tripliate CFU platé counts were significantly different between test and costmiples P<0.05)
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WhenS.aureussamples (Figure 4.11A) were positioned directly below the light source (providing an
approximate irradiance of 0.3MW cnv?), reductions of 19.6, 74.7 and 100% were achieved after
exposure to the light source for 4, 8 andh24espectively. In contrast, when the samples were
positioned at this same distance of 1.6 m below the light source, bum afff2centre (providing an
approximate irradiance of 0.02dW cm?), reductions of 0.37, 10.79 and 71.51% were achieved after
exposure to the dht source for 4, 8 and 2¥ respectively. Following a B exposure, results
demonstrate that significant levels of inactivation (reductions ranging frorr2B21%o; P<0.05) were
observed at distances ranging from directly below the light source ta 6ff7centre, where samples

were illuminated at irradiances ranging from G@31mW cm?. Exceeding this distance, where
irradiances il |l umi na tnmWcgr? nohsignificaat mepdct®rss iBseareus OO0 . 15
populations were observed, with the egtion of exposures at distances of 1.3, 1.6 andhl\8here 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 increasedhtosinificant levels of iactivation
(reductions ranging from 8.89.6%; P<0.05) were observed at all distances up tmXrém the light

source, whereby irradiances illuminating samples was as low am@\08n2. Exposures at a distance

of 1.8 and 1.9n resulted in reductions df0.52% (P=0.085) and 8.03% (P=0.223), respectively;
however, exposure at a distance ahZesulted in a reduction of 10.8% which was found to be
significantly different from the neexposed control populations (P=0.026). Following the longest
exposure tne of 24h, significantS.aureusreductions (71.800%; P<0.0001) were observed at all

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

The inactivation kinetics foP. aeruginosgFigure 4.11A) demonstrated that when positioned directly
below the light source (~0.31W cm?), reductions of 27, 19.8 and 71.1% were achieved following

4, 8 and 24 exposure, respectively. In contrast, when the samples were positioned at this same distance
of 1.6m below the light source, but ain? off centre (~0.02imW cm?), reductions of 11.9, 19.4 and

1.9% were achieved after exposure for 4, 8 antl,2¢spectively. Following a |d exposure, results
denpnstrate that significant levels of inactivation (reductions ranging from325P6; P<0.05) were
observed at distances ranging from directly below the light source to 6fficentre, where samples

were illuminated at irradiances ranging from G@31mW cm?. Exceeding this distance, where

irradiances il |l umi namWong no significantredoudtians wewe ebservedd0 . 2 3
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(P>0.05). When exposed for a greater time bf 8ignificant reductions (18.87.9%; P<0.05) were
observed at all distances from directly underneathrtodf centre from the light source. Exposed for
the longest time of 28, significant levels of baatial reduction (16.280.5%; P<0.05) were observed

up to a distance of 1.ih from the light source; beyond this distance, no significant reductions were

observed (P=0.158.621).

4.5 Discussion

The experiments performed in this chapter were designed to provide a characterisation of the optical
output profile of a ceilingnounted low irradiance 46&m light EDS within a typical room setting and
demonstrate the broapectrum efficacy of 48Bm light employed at these low irradiance levels
against a range of significant H&husing 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 facil{fiegamer 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 activitieshsag bed/dressing chang@&ougallet al, 2019) As

such, the ability to implement an infection control technology which addresses bacterial generation and
dispersal in realime is of significant interest. As discussed, recent publications have established the
efficacy of 405nm light EDS units to ragte bacterial contamination levels within clinical settings
(Macleanet al, 2010, 2013a; Bachet al, 2012a, 2018a; Murrebt 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 actiidougall et al, 2019) and the
pathogenic potential of environmental bacteria is largely unknown. Full knowledge of the inactivation
efficacy of the low irradiance 40&m light ranges produced by these systems in wiumen
environments, for the inactivation of key infectiomucing bacteria, however, is required.
Accordingly, thischapteraimed to address this, using surf@eeded bacterial pathogens in a controlled

laboratory setting.
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The optical output profile of a 46&8m 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 seleétedccordance with Health Building Note-03, which
advises that singlbed rooms, and each bed space in rhétl rooms, within general NHS clinical
spaces should be betweer 8 in both length and diameter to enable adequate space for appropriate
facilities and necessary room activiti@epartment of Health, 201.3pf the irradiancéevels produced

within this area (0.002.016mW cm?), 88.2% of measurements were found t&®d mW cn?, 4.6%

were 0.10.2 mW cn, 4.0% were 0.0.3 mW cn?, 2.2% were 0.3.4 mW cn¥ 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 (Figuré®and B, respectively). Results in FiguréA.indicate that
irradiance output decreased linearly as linear displacement from the EDS increased. As demonstrated
in Figure 46B, light irradiance distribution patterns are strongly influenced by angular displacement
from the 405nm 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 withind05-nm light EDSunits arecovered by an optical lens systecomprising a Fresnel

lens and diffuser to aid in light distribution and scatter, respectivelych are designed to be a
sufficient sizeto uniformly treat a surface area of approximately Foatra distance of th from the

unit (Andersoret al, 2008; Endarko, 2011t 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, suggetdtg on

nm light EDS may be just as effective as two if used for a sufficient length of(kitaeleanet al,

2010; Bacheet al, 2012a, 2018a)t 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 so(vtacleanet al, 2013a) In addition, only surfaces which

are directly or reflectively illuminated by the 408 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

establishedcleaning 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 broaspectrum bactericidal efficacy of the 406 light EDS, bacteria were exposed

at adistance of approximately 1B from the light source, which corresponded to an irradiance of
0.5mW cm?, This was selected to represent the approximate distance between the room ceiling and
frequentlytouched, thus likely to be contaminated, surfaces within a typical room environment.
Bacteria were exposed whilst seeded onto surfaces, rather than irsligpiehsion, to mimic surface
contamination within occupied environments. The ability of-A@blight to successfully inactivate high
microbial populatin densities in liquid suspension has previously been indicated in studitsxk®an

et al. (2009) which showed a-8bgio reduction ofS.aureus andDai et al (2013) which demonstrated

an approximate-8gi0 reduction ofP. aeruginosa however, this study focussed on the inactivation of
low-density bacterial populations @GFU plate%/2-5 CFUcm?) to replicate the typical levels of
bacterial contamination likely to be found on environmental surffglecleanet al, 2013a) In

addition, the current study employed low irradiance levels and long exposure times to reflect those used
by 405nm light EDS units within occupied settings to achieve a disinfection effect. As previously
mentioned, 405 m light EDS units are designed sgiecilly 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
detal ed in previous studies whiichO QudssemhiWhacedal ances
inactivation(Hamblinet al, 2005; Enwemekat al, 2008; Macleart al, 2009; Murdoctet al, 2012;
Wassoret al, 2012) However, this study aimed to elucidate the efficacy of low irradiancen®Xcnr

2) 405nm light under conditions representative of those used for whola decontamination.

Exposure conditions play a significant role in microbial susceptibility temt@3ight treatment, with
studies demonstratiran enhanced effect observed when exposed on inert surfaces, including PVC and
acrylic, as opposed to nutritious agar surfadésrdochet al, 2012) and when exposed in biological
media, including saliva, blood plasma and faeessppposed to minimal med{@omb 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 agestadlish a highly reproducible baseline of the
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bacterial inactivation which can be achieved using thent3ight EDS. Althoughhis media may
contain photosensitive material which could augment thend@3ight inactivation process, it also
provides a more nutritious environmevttich supports the growth of a broagectrum 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 surfadeislogical
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 ten#®%ight at an irradiance of ~0rBW cm?
successfully inactivated all bacteria contaminated on agar surfaces, withigthegtiongO 9 3 . 2 8 %
inactivatior) achieved following delivered doses of 28.8J cmr?. 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-a@blight EDS within practical exposure periods. The
demonstration that low irradiance 48m light has wide antimiobial 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 previoysiacleanet al, 2010, 2013a; Bachet al,

2012a, 2018a; Murrelet al, 2019) 405nm light could also be employed for more widespread
disinfection applications associated with environmental cleaning and public h@édthall

Manufacturing, 2017; Hubbell Lighting, 2020)

Comparatively, the Grarpositive and Grammegative species investigated demonstrated relatively

similar patterns of inactivation: for the Grgmsitive bacteria$. aureusequired 2h exposure for near

complete reductions (99.2%), whilst faeciumrequired 1eh exposure for a 93.3% reduction; and the
Gramnegative bacteria required-@h to achieve neac o mp | et e reductions ( 096
exception ofk. pneumoniaavhich required 16 to achieve a similar reduction (97.5%). Interestingly,

this contrastsvith previous studies investigating 405 light susceptibility of high population bacterial

densities (>19CFU ml?) in liquid suspension, which reported an increase in the susceptibility of Gram

positive versus Gramegative organism@®lacleanet al, 2009; Murdoclet al, 2012; McDonalckt 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 pojmnst seeded onto nutritious surfaces and
exposed over longer periods (up tohlé 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

factorsmight have affected the bacterial susceptibility to-a@blight.

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 celislitzanet al, 2004) Coproporphyrin is believed to produce the majority of

free radicals to actuate inactivation @&hdaureuhas previously been shown to produce coproporphyrin

at 23 times the rate oE. coli (Nitzan et al, 2004) which suggests th&. aureusmay be more
susceptible thaik. colito 405nm light inactivation Macleanet al (2016) reported that the dose
required to inactivat&. coliwas 4 times greater than that ®f aureuswhich is inagreement with
findings in thisstudy whichdemonstraté that 4.5 times less dose was required Shyaureusin
comparison t&. colito achieve neac o mpl et e reductions (096.1%). It
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 effecttia¢ irate of bacterial inactivation

(Murdochet al, 2012; Kumaeet al, 2015)

General trends indicate thAt baumannij S.aureusand P. aeruginosawere the most susceptible to
inactivation, each requiring2 h exposure for a Ibgio reduction, whilst. faeciumandK. pneumoniae

were the least susceptible, each requiring longdr &égposures for similar reductions. These findings

can be considered consistent with previous-A@blight inactivation studiesMacleanet al (2009)
investigated the susceptibility of a range of medically important bacteria and $oanctusthe most
susceptible to inactivation, witk. pneumoniagE. coli and E. faecalisrequiring higher doses for a

1logio reduction. Interestingly, in this previous stu@yaeruginosawas 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 diutjoeneset al. (2021)investigated the
susceptibility of the ESKAPE pathogens in liquid suspensioh I0OCFU mL) and found, similar to

this present study, that baumannij S.aureusandP. aeruginosarequired the lowest doses to achieve

80



a 1logioreduction. Also, similar to the present study, the authors noted Bhaecium and
K. pneumoniaavere the least susceptible to treatment, andBhebli was less susceptible than other

strains(Hoenest al, 2021)

The aforementioned studies utilised higher irradiances than that employed héren{¥0 cn?
compared to 0.5nW 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 achievar sedilictions. In this study, 4@gi0
reductions were achieved with doses as little ag) 862 (2 h exposure to 0.:0W cm?). In contrat,
Murdoch et al (2012) who employed an irradiance of @MW cm? for low density surfaceseeded
populations, required doses in the region of-280Jcm? to achieve similar reductions. Although
direct comparisons cannot be made between the results of this study and thosedefkityhliquid
suspended populations, it is worth noting thkicleanet al (2009)required 27 cm? for a 2logio
reduction ofS.aureus whilst just 3.6Jcm? was required here, artdoeneset al (2021) required
525Jcm? for a 1logio reduction ofE. faecium whilst just 28.8) cm? was required here; with both

studies utilising 10nW cm? for exposuresompared to just 0.5 mW cfrusedhere

Given that the irradiances produced across a standard room setting were shown to vary between 0.001
2.066 mWcm? (Figure4.6), five light irradiances (0.05, 0.25, 0.5, 0.75 and 1 om¥) 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). S. aureusand P. aeruginosawere again chosen as model
organisms for this study due their frequency as surface contaminants in hodpatater, 2008;
Sukhumet al, 2022) Results demonstrate reductions of both species in all cases, with greater levels
achieved as light dose was increadRdsults forS. aureugFigure 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 andomgdete
reduction to& approximately 6 and 18 times longer, respectively, when exposed at the lowest irradiance
(0.05mW cn?) compared to the highest irradiancen{®’ cm?). Similarly, forP. aeruginosgFigure

4.10B; Table 4.1), results also indicatettt@nsiderably 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 reductioexygosed at the
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lowest irradiance (0.081W cm?) compared to the highest irradiancen{®’ cm?). Complete/near
complete reductions took up to 9 times longer when exposed an®i&m? compared to the highest
irradiance (ImW cnr?), with complete/neacomplete reductions not achieved within the 24 h sampling
period when exposed at the lowest irradiance level (0.05 mW amaximum reduction of 15%
recorded). Interestingly, however, results in Figure 4.10 and Table 4.1 also demonstrate in some cases,
perunit-dose, an increased efficacy of inactivation when exposed at lower irradianc&s.aemeus
approximately 3.3 times lower dose (1.08 versus 3.6'9 avas required to achieve significant levels

of reduction (P 0 . @Hen exposed at the lowest dliance (0.05nW cm?) compared to the highest
irradiance (ImW cn?), respectively. Similar patterns were observed Roraeruginosa whereby,
comparing 0.15nW cni? and 1mW cm? exposures, 6.6 times lower dose was required to achieve
significant levels of reductions @0 . @h®&n exposed using the lower irradiance treatment (0.54 versus

3.6 J cn?, respectively).

On this basis, it is possible that lower irradiance-d0blight, similar to that employed by the 465

light EDS, may be more efficient in comparison to that of higher irradiance exposures for the
inactivation of bacteria on a panit-dose basis. It ipossible thathese 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
photoexcitatio 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 wasta@idacleanet al, 2016) This mechanism may also explain the less
apparent differences in susceptibility between the Guasitive and Grarmegative bacterial species
tested in this study compared to previously published work which used higher irradidacésanet

al., 2009; Murdoctet al, 2012; McDonaleet al, 2013) Although beyond the scope of tlaisapter, the
potential increase in inactivation efficacy perit-dose when using lower irradiance treatments, similar

to that employed by the 40%m light EDS, is of significant research interest, and will be investigated

further in Chapter 6.

In addition to determining the broambectrum bactericidal efficacy of the 408 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 typigdike expected at different positions within a whaem
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environmentS. aureusindP. aeruginosavere again chosen as model organisms for this study. Results

in Figure 4.11 demonstrate that the irradiance decreased from approximateh0 @BL®W cnr?

directly 1.6m below the light source to 0.021022mW cnt2whenplaced2n of f cenm)y e ( &s =2
The extent of inactivation aciied per unit exposure time was also shown to decrease as distance from
the centre of the light source increased. Boraureus(Figure 4.11A), an initial exposure oft4
demonstrate a 19.58% reduction directly underneath the light source (®®¥tm? irradiance) in
comparison to just a 0.38% reduction underneath the light source at a distanoe aff-@entre
(0.021mW cm? irradiance). A similar, although less pronounced, effect was demonstrated for
P.aeruginosa (Figure 4.11B), where KW exposure demonstrated a 26.96% reduction directly
underneath the light source (0.3b@Vcm? irradiance) in comparison to a 11.93% reduction
underneath the light source at a distance wf @ff-centre (0.022nW cm? irradiance). These results
agree with previous work by this laboratory demonstrating that inactivation levels significantly decrease
as distance from the 4@%n light source increas¢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. FollowindnaxBosure 08. aureugFigure 4.11A),
significant bacterial reductions were achieved at distances approximately 2.6 times greater than that
achieved after & exposure (0.7 off-centre in comparison to 18 off-centre; P<0.05). When this

was further increased to a B4exposire, significant bacterial deictions were deonstrated up to &

from the light source: 2.9 times greater than after the origihaxposure (P<0.05). Fér. aeruginosa

(Figure 411B), 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 rrefitre in comparison to 2 and 1.7 m-oéntre,
respectively; P<0.05). A strong correlation between bacteriabkidl exposure time to 4@8n light

EDS units has previously been demonstrated on various surféb@s elinical settinggMacleanet

al., 2010; Bachet al, 2018a)jnd this studgonfirms that pathogenic bacteria exposed under controlled

laboratory conditions behave in a similar manner.

On comparison of the results in Figures®ahd 4.1, P. aeruginosavas shown to demonstrate lower
susceptibility than that o8. aureuso 405nm light when exposed at lower irradiance levels. The
inactivation kinetics in Figure 4.10 show that, when exposed at the lowest irradiance of/0 %2,

an 18 h exposure resulted in 99.2% reductiorSfaaureusin comparison to just a 5.7% reduction for
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P. aeruginosaSimilarly, 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 gre@eaafoeusin comparison

to P. aeruginosgup 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 great&: faureug100% inactivation) in
comparison td>. aeruginosg71.1% inactivation). These findings are in agreement with the exposures
conducted in Figure 4.8, where results showed that after 1 h exposurernm4ight at an irradiance

of 0.5 mW cn?, S. aureuswvas reduced by 79.3% whilBt aeruginosavas reduced by just 11.4%.
These diferences in inactivatiorobserved for the two species may thee to variations in the
distribution and quantity of endogenous porphyrins produced by bacteriabsatiseviously discussed

(Nitzanet al, 2004)

Although collectively Figured.10 and 4.1 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, givemtthaaus
operational nature of the 408n light EDS, it is expected that sufficient inactivation would occur even

at these lower irradiance exposures; further justifying the utilisation of themOight EDS fo the
decontamination of wholeoom environmentsRecent work byBacheet al (2018)investigated the
relationship between the bacterial inactivation achieved on surfaces around a hospital burns unit using
a 405nm light EDS and the irradiance received at each surface site and found that, following 7
consecutive days of use, there was significant correlation. The authors sampled seventy sites,
whereby incident irradiances ranged from 0.6022310 mW cri, and observed consistent reductions
regardless of the irradiance received at that site (Bathg 2018. This was hypothésed to be due

to the aerial decontamination effedtie to their closer proximity to the light soure@porne bacteria

will be exposed to higher irradiancéisan that of surfaceeeded bacteriaand 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 surfheesite (Bacheet al,

2018a) Theseresults, coupled with those in Figsr4.D and 4.1, further justify utilisation of the 405

nm light EDS for the decontamination of whatgom environmentsGiven its high safety profile, they

can beinstalled asan overhead light sourdq&enall Manufacturing, 2017and utilised continuously
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without posing a disturbance to room activity, with increased inactivation occurring as exposure time is

increasedMacleanet al, 2010, 2013a; Bachet al, 2012a, 2018a; Murredt 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 thed®3ight 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 susceptibilignto Kglg inactivation
(McKenzieet al, 2014) Thus, when used practically for inactivation of bacterial contamination on
environmental surfaces, such as in the case of hospital room disinf@dtioleanet al, 2010, 2013a;
Bacheet al, 2012a, 2018a; Murrekkt 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 enterofdeely and Maley, 2000but 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 4a%m light. By exposing beria under controlled laboratory conditions with
minimal stress factors, this study importantly demonstrates the likely exposure times required to
inactivate key bactenisa&l spgaeatinhogo®ds comdliern i Dwmesr, s twi t

beenhanced when used in practice.

Further considering the work of this study towar
been demonstrated here that bacterial contamination on suifat#sis case, agar surfacexan be

effectively inactivated. However, it is also otérest to examine the efficacy of low irradiance-#@%

light for the inactivation of bacteria presented under conditions realistic to the healthcare environment.
Previous publications have demonstrated thatm@dight exposure, albeit at higher irracée levels

(110 mW cnv), is effective for the inactivation of bacteria on inert surfaces such as glass, acrylic and

PVC (Murdochet al, 2012) and indeed the studies demonstrating the efficacy of low irradianee 405

nm light for disinfection ohospital isolation rooms collected samples from a wide range of surfaces

and materials including dodrandles, table/locker surfaces, bed rails, computer keyboards/mouse and

light switches(Macleanet al, 2010, 2013a; Bachet al, 2012a, 2018a; Murreleét al, 2019)

Developing an understanding of the efficacy of the-d40blight 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-@@5light to inactivate bacterial biofilm
populations, which are of significant concern in the nealte environment due to their persistence in
the presence of thorough cleaning regimes, is an area of increasing research iht&eszieet al
(2013)previously reported successful reductiof€. coli biofilms on glass and acrylic surfaces using
405-nm light, withup to Zlogso reductionsobserved following 1 h exposure1d0mWw cnv?, however

the ability of low irradiance 468m light, similar to that produced by the 4066 light EDS, for the
inactivation of bacterial biofiims remains broadly unknown.addition, given current concerns
associated with antimicrobial resistance, it is of interest to determine the susceptiMidRdiacterial
strains to 4051m light inactivationMacleanet al (2009)successfully demonstrated the ability of 405

nm light(10 mW cm?) to inactivateMRSA, requiring just 1.25 times greater dose for a poloepluction

than that oMSSA. Resistance development to 49 light is yet to be demonstrated, and it is believed

to be unlikely due to itaonspecificoxidativemechanism of inactivation and its vast array of cellular
targets (Tomket al, 2017a). Regardlesan examination of the efficacy of the 48 light EDS to
inactivate MDR strains, which are likely to be present within the hospital environment, is of significant
interest. These areasfafurestudy will be essential to further justify the prolonged use of these systems
across the infection control sect@nd thussome of these key consideratiasl be investigated in

greater detail in Chapter 5.

4.6 Conclusions

Overall, this chapter has successfalharacterised theptical output and antibacterial efficacy of a low
irradiance 4051m light system designed for environmental decontamination applications under

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

1 The optical output profile of a 468m light EDS was successfully characterised withiix
4 x 2 m areawith the range of irradiances produced within this area found @o09&-2.016
mw cni2.

1 The broadspectrum antimicrobial efficacy of 40%n light employed ah representative

irradiance within this range (0.5 mW @&nwas demonstratetbr the inactivation of low
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density populations of surfaceeded bacterial pathogens, known to be associated with HAls,
within exposure times realistic of thosmployed for wholeoom decontamination {26 h).

1 The effects of altering the distance of a surfaseeded bacterial sampfeom the light soure,
and thus the irradiance at whisampleswould be illuminated(0.02:1 mW cn?), were
considered and, although differing levels iofctivation were demonstrated, complete
(~2logi0) reductions were still achievable, suggesting these factors will unlikely have a

significant impact on the overalbntinuous decontaminatiaffect achieved.

The irradi amAce? and largd exposur® distances (up to 2§6aused in this study

which are quite different to anything that has previously been described in the literature, have been used
to provide a laboratorybased demonstration of the efficacy of 408 light for large scale
environmental disinfection applications, as have been detailed by the previous studies carried out in the
hospital environmenfMacleanet al, 2010, 2013a; Bachet al, 2012a, 2018a; Murre#t al, 2019)

The findings of this chapter comprehensively advance knowledge of therdQight EDS and its
applicability for wholeroom decontamination which, combined with its inherent safety benefits,

furthers its widespread utilisation across the infection cbaéctor.
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CHAPTER 5

40mm Light EDS Operationa

5.0 Overview

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

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

5.1 Introduction

The ability of the 4051m light EDS to reduce general contamination levels within clinical settings has
been widely demonstratgilacleanet al, 2010, 2013a; Bachet al, 2012a, 2018a; Murrekt al,

2019) and findings in the previous chapter established its bspadtrum bactericidal efficacy at
irradiances typical of those illuminating higbuch surfaces within hospital roorf&5 mwW cnv). 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 irradianceshaf 405

light (0.00£2.066 mW cir?; Chapter 4)It is therefore important to understand Haetericidal ability

of the irradiances at the lower range of these valdeghermore athough the exposures on agar
surfaces performed in Chapter 4 provide a highly reproducible baseline of the bacterial inactivat
which can be achieved using the 4@ 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 susceptilofibbacteria on inert versus agar surfaces to higher
irradiances€70 mW cn¥) of 405nm light inactivation(Murdochet 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 4405 light inactivation has been demonstrated in viruses
exposed in biological media as opposed to minimal m@aiebet al, 2014, 2017b) believed to be

due to photosensitive components within such media acting as external photosensitisers and imparting
local oxidative damage to the organisindiowever, little is currently understood with respect to
bacterial susceptibility under such ditions. Furthermore, bacterial biofilms which are
predominantly more resilient to disinfection than their planktonic countergittsllard and
Centeleghe, 2023)are key drivers in HAI transmissi@Wickery et al, 2012; Costa&t al, 2019) They

often reside in sinks, faucet aerators and shower heads; acting as microbial reservoirs which can disperse
viable bacteria into the water stream and colonise patients, HCWSs, environmental surfaces and medical
equipmeni{Exneret al, 2005) Exposure to higher irradiance0 mW cn¥) of violetblue light has

shown to successfully inactivate bacterial biofilfMcKenzieet al, 2013; Soukost al, 2015; Wang

et al, 2016; FerrelEspadeet al, 2019, 202Q) however, the efficacy of low irradiances, likely to be

produced by the 40Bm light EDS for environmental decontamination, is widely unknown.

Given the diverse exposure conditions of indoor surfaces and their likely influence on microbial
susceptibility to 4051m light, thischapter evaluated the efficacy of the 4% light EDS for the
inactivation of surfaceseeded bacterial contamination under exposure contexts more representative of
practical system deploymerats a means to further corroborate clinical efficacy and translatabhigy

experiments conducted in thisapter to fulfil these aims are as follows:

1. Design and implementation of a smadlale benctiop 405nm light EDS prototype to enable
exposure to irradiances within the range expected in a typical hospital isetaiiorwhich could

be conducted practically at a distance of D15 from the light source.

2. Establish the bactericidal efficacy of 48/ light when employed at irradianc€8.1 mW cn¥

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

3. Establish inactivation efficacy of low irradiance (0.5 mW3@05nm light for bacteria suspended

in minimal, organic andhiologically-relevant media; and seeded on clinicalevant surfaces.
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4. Establish the efficacy of low irradiance (0.5 mW-8m05nm 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 4@%8n light at the irradiance levels typically presented within an

32 n? standard isolatiomoom (0.0032.066 mW cr¥; 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-da@blight EDS prototypes (up to 4.47, @hapter 4. To

enable practical employment at bertop leve| a miniaturisation of the current 4@8n light EDS

prototype was developed.
5.2.1 Design Considerations of the Novel Unit

The purpose of this rdesign was to enable laboratory testing of the-df@Slight EDS at the low
irradiance levels ordinarily provided within a typica B8¥ room to be conducted at a smaller, bench

top scale. Towards achieving this, the followirgsidin 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@.47 m) by the original protype, to be conducted with greater ease attogrielel.

2. Reduction in overall systemdimensionshy 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 areaGiven 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 miniatuised405-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 (Bydaizy,

2022) considering the design criteria outlined in Section 5.2.1. The final design consisted of three 405
nm LED arrays (Mouser ElectronicgK) housed within a 3& 30 cm aluminium platé reducing

overall unit size by 41% in comparison to previous prototypasich were equally spaced by 15 cm

in triangular formation; selected, based on-gesign irradiance scoping experiments, as the distance
which provided the igpatest uniformity of light distribution (Figure 5.1A). White LEDs, employed in

the original 405nm 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, UKihfsmal 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 20ight shaping diffuser angle was used to cover

the LED arrays to enhance ligtistribution across the testing area.

Figure 5.1 Miniaturised 405nm 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/ pewer supply, PCB and Arduino.

A remote control (DigiKey, UK) was used to switch on either singular or multiple combinations of
405nm LED arrays, as required, at any given time. The remmatérol system was controlled by
Arduino hardware and an infrared receiver contained withinsyiséem 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 O 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 usiagtig) rig above a 3830 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 abovexa3Dcm surface for
antimicrobial testing with (A) 405m LED arrays switched off and (B) 408Bn LED arrays switched on.

5.2.3 Optical Profiling of the 405-nm Light EDS

The irradiance distribution of the miniaised405-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 405nm light EDS

The optical irradiance output profile was established with the light source mounted directly above the
benchtop surface at the greatest achievable distance of 80 cm; providing the greatest uniformity of light
distribution. Irradiance measurements werete#tt approximately 5 cm intervals in X and Y directions
across a 3& 30 cm bencHop surface, positioned directly below the 880 cm system housing.
Measurements were taken with all three LED arrays switched on and either 0, 50 or 100% dimmed, to
estalish 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 determinedttigairradiance values gathered across
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the 30x 30 cm bencttop surface, even with singular 100% dimmed LED array use, were still higher
than the lowest irradiance levels produced within the whmben setting in Chapter 4. Accordingly, to
mimic these levels, the bentbp testing surface was extended30 x 150 cm (Figure 5.3), and
irradiance distribution for each individual LED array engaged whilst 100% dinmasdmeasured

across this area.

Figure 5.3 Miniaturised 405hnm light EDS mounted at a distance of 80 cm above a«I3Dcm surface for
antimicrobial testing.

5.2.3.2 Results: Optical Profiling of the 405nm Light EDS

The optical irradiance profile of the miniaturised EDS across & 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 potentiometeset atither0% dimmed (Figur&. 4A), 50% dimmed (Figurb. 4B) or 100%

dimmed (Figure5.4C). The highest irradiance values produced by the EDS (0.934 m¥ were
gathered directly underneath the light source when LEDs were 0% dimmed. At this setting, irradiance
levels acoss the surface ranged by 0.159 mW?ciAs light intensity decreased between the three
dimming settings, the range ofadiance levels also decreas&¥({.001), thus enhancing uniformity

of light distribution: when 50% dimmed, this range was 0.034 m\%, @mnd when 100% dimmed, this
decreased further to 0.016 mW énin the latter setting, the minimum irradiance level recorded was
0.092 mW cnif. By comparison, profiling of the fulicale prototype in Section2recorded irradiances

as low as 0.001 mW cfwithin a typical room setting.

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

established across the 80 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 outpBt0(004), with recorded maximum
irradiances of 0.040.041 mW crif, minimum irradiances of 0.030.032 mW cni¥, and overall ranges

of 0.0080.011 mW crf. Although promising, these irradiance levels were still higher than the lowest
values obtained using the original fgltale 405nm light EDS across a typicab44 x 2m room setting,

and so thedsting surface was expanded 050 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=0288), with maximum irradiance values of 0:04042 mW cit measured directly 80 cm
underneath the centre of the light source and minimum irradiance values of 0.001 mWeasured

80 cm underneath the source at a radial distance of 135 cm. In this configuration, the miniaturised EDS
was capable of illuminatinde test area with the lowest irradiance levels (0.001 m\&) gmoduced

by the fultscaleprototype centrallyinstalledwithin atypicalroom 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 bpchest surface with the range of
irradiance levels established across a winotem setting in Chapter 4, and as such, where required, the

miniaturised EDS was employed for subsequent mictatsativation testing in this chapter.
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Figure 54 Irradiancedistribution pattermof the miniatuised benchtop 405-nmlight 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 55 Irradiancedistribution patterrof the miniaturised 405m 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 Irradiancedistribution of the miniatused benchtop 405-nmlight EDS at a distance of 80 cm from
the sample surface with just (A) LEDoh, (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 WholeRoom Settings

This section aimed to demonstrate the efficacy of lower irradiancedQght 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 dmyond which no further inactivation takes place.
5.3.1 Methods: Exposure to Low Irradiance Levels

To fulfil the aforementioned aim§,. aureuschosen as a model organism, was initially exposed to 405
nm light for up to 72 h using a range of irradian@sl mW cn?; which represents 88.2% of the
irradiance levels produced by a single 408 light EDS installed in the centre of a 32 amea (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 cf) andS. aureusvas exposed to each for up to 72 h. This latter study was

conducted on both nutritious and nomtritious 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 405nm LEDs were engaged and setl@ brightness. As shown in Figure 5.7, the irradiance
levels produced using this configuration decreased from approximately 0.1 mi\lirextly below the

light source to approximately 0.003 mW €mt a radial distance of 1.5 m from the light source.
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Figure 5.7 Irradiancedistribution of the miniaturised 46&m light EDS at a distance of 80 cm from testing
surface and set to 10% brightness. The centre of the miniaturised EDS is alignedavidmates (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 & aureusupon exposure to 48@m light at increasing

distances from the source, equating to irradiances from-@A0BW cn¥ were established.

S. aureusvas seeded onto 99m diameter NA plates, to provide an initial population of-B00 CFU

plate! (1.6-4.7 CFU cm?) (Section 3.1.28.1.3). Seeded NAlates (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 under ne &0.8m;t hggyd) Upitoq listance oful i cadially geess 1.7

m; aed 6=l .. Bor gach independent experiment, samples were exposed for 24, 48.dCatrol

samples were prepadt 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 &. aureusvere established using key irradiances within this range. Seeded
NA plates (with lids on) were positioned 80 cm below the light source and exposednm4iht at

irradiances of either 0.1, 0.075, 0.05, 0.025, 0.01, 0.005 or 0.001 m%\facnup 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.

Postexposure, the seeded agar plates were incubated at 37°CXéh]1Before enumeratintpe viable
bacterial CFLplate!. Resultsrepresent the mean valugsSD of triplicate replicate§n=3), and are
reported as the percentage of surviving or redbesterisas compared to the equivalent rexposed

control samples.
5.3.2 Results: Exposure to Low Irradiance Levels

Figure 5.8 presents the inactivation kineticsSofaureusexposed on NA surfaces for up to 72 h at
distances ranging from directly underneath the centre of the light seas@§ m;eed =0 ) up t o
m(eesl.7m;aed & 1 . 8qualing teexposures ranging from 0.01 to 0.0027 mW?cnespectivelyln

all cases, noexposed control populations, from which surviving populations were calculated, showed

no significant change throughout treatment (P=0-0884).

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 retthres 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 26.89.3% in comparison to neexposed equivalent controB).015) were achiged

up to a radial distance of 0.9 m below the light source, where samples were illuminated at irradiances
of 0.0140.1 mW cn? Beyond this distance, whereby samples were exposeal@d1 mWw crré, no
significant reductions were observed (P=0:06394). Following 48 h exposure, results demonstrate
significant levels of reduction (21800%; RO 0 . J0up ® a radial distance of 1.1 m below the light
source, where samples were illuminated at irradiances of -©.008 mW ciif. Beyond this distance,
whereby amples were exposed@t0 . 0 0 6 2mad\igoifitant reductions were observe®@® . ) 6 6

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-{0R%; FO 0 . Vv
observed up to a radial distance of 1.3 m below the light source, with samples in this range illuminated
by 0.0050.100 mW cr?. Beyond this distance (equating to exposure©t . mW4cm?) no

significant reductions were obsed (F00.105).
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Results in Figure 5.9 present the inactivation kineticS.@ureuseeded on NA surfaces and exposed

to the miniatuised405-nm light EDS at irradiances ranging from 0.62100 mW cri?. In all cases,
nonexposed control populations displayed no significant change throughout treaPa€nd88
1.000). Results comprehensively demonstrate an increase in bacterial inactivation achieved as both
irradiance and exposure time are increased. Exposed to-@.02% mW crr?, significant bacterial
reductions were dronstrated following 24 h exposure (489.3%; RX0.003), with the extent of
inactivation achieved by the highest irradiance (0.1 mW?2c80.3% reduction) shown to be
significantly greater than that achieved by 0.05 an@®rOW cm? (71.276.4% reductions; P<0.001),
which were both significantly greater than that achieved by 0.025 nt¥\égposures (40.1% reduction;
P<0.001). When exposed to a lower irradiance of 0.01 m/ argreater exposure of 48 h was required

to demonstrate significant bacteriahaiivation (28.5% reduction; P=0.015), and when exposed at an
even lower irradiance of 0.005 mW &m72 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 rm{P=sdn9351.000).
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Figure 5.8 Inadivation kinetics oftaphylococcusureusseeded on nutrient agar surfaces and exposed to low
irradiance 405 mlight at distances ranging froth8 mdirectly below the light sourcgg s =0 . 8 uopto eed =0 )
15mr adi al | y ( es 5 dquafing tojightaagensifies of 0.1 MW @down to 0.0027 mW crf
respectively, in comparison to that of equivaleot-exposed controls. Each data point represents the mean value
+ SD (n=3). Asterisks (*) represent data points whered@3ight exposed triplicate CFU plateounts were
significantly lower than equivalent control counts (P<0.05).
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Figure 5.9 Inadivation kinetics ofStaphylococcusureusseeded on NA surfaces and exposed ter@3ight at
irradiance ranging from 0.06(L100 mW crtf in comparison to that of equivalent Rerposed populations. Each
data point represents the mean vat&D (n=3). Asterisks (*) represent data points where thend®Tight
exposed triplicate CFU platecounts 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-a@blight for inactivation of surfaceeededs.
aureuswhen exposed firstly, in various nutritious and fmuariritious suspension media, and secondly,
when dried onto various clinicalsyelevant 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 ofd@%ight for inactivation of bacteria seeded on agar

whilst in the presence of narutritious (PBS) or nutritious biological media (saliva, blood and faeces).
5.4.1.1 Methods: Effect of Suspension Media on Bactericidal Efficacy
5.4.1.1.1 Effect of Suspension Media on Bactericidal Efficacytight Source

The light source used was the original 408 light EDS prototype (configuration 2; Sectiod.3).

This was selected, as opposed to the minsgdd05nm light EDS, to provide a greater surfarea
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for exposures of multiple 90 mm agar plates. For experimental testing, the-oedinged 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 b& 0.82mW cm for all bacterial samples.
5.4.1.1.2 Effect of Suspension Media on Bactericidal Efficacy: Sample Preparation

The suspension medémployed 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. For experimental use, therepared suspension of artificial faeces (Sectid@) ®as
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, tfiRited samples were sterilised by autoclaving prior to Sseaureus

was then seeded into the suspending media to provideGFLOmL! population (Section 3.1-2.1.3).

For each bacterial suspension, }Q0volumes were then spread plated onto féAorovide an initial

population of ~106800 CFU platé (1.6-4.7 CFU cnv?).

1:10

Figure 5.10 Artificial faeces preparation and serial dilutions performed in distilled wat200 dilution was
employed for experimental testing).

5.4.1.1.3 Effect of Suspension Media on Bactericidal Efficacy: Exposure Methodology

Inactivation kinetics 0. aureusn either PBS, saliva, whole blood or artificial faeces and seeded onto
NA plates were established upon exposure to an increasing dose-fdidght. Seeded plates (with

lids off) were positioned approximately 1.5 m below the light source, providingaatiance of ~0.5

mW cmi? at the plate surface, and were exposed for up to 4 h. Following exposure, agar plates were

incubated at 37C for 1824 h, before enumeratirige viable bacterial CFplate®. In all cases, control
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samples were prepared in an identical manner and were exposed to ambient laboratory lighting only.
Resultgepresent the mean valueSD of triplicate replicate¢n=3), and are reported as the percentage

of survivingbacteriaas compared to the equivalent rexposed control samples.
5.4.1.1.4 Effect of Suspension Media on Bactericidal Efficacy: Light Transmissibility

The transmissibility and photosensitivity of the suspending media (&H#8a, blood and faeces) was

assessed to indicate its potential effect on bacterial susceptibility.

Firstly, theability of 405-nm lightto transmit througlfreshly prepared media samples seeded onto agar
plates was determing@igure 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
miniatuised 405nm light EDS, with the photodiode detector held directly underneath the plate. The
light output was adjusted until ~0.5 mW @mwas detected. Following this, 1pQ of each sample was
individually pipetted and evenly spread across the surface of the plates (Fidt)rdrEatliance was

then recorded using the same method as described feepded plates (n=6).

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

faeces and ovine whole blood when excited at-d®5using an RHB31 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 setip to measure loss of light transmission through sudaeeled bacterial samples.
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Figure 5.12 Nutrient agar plates seeded with 309 from left to right: PBS, artificial saliva, artificial faeces
(1:2000 dilution) and ovine whole blood.

5.4.1.2 Results: Effect of Suspension Media on Bactericidal Efficacy

Figure 5.B presents inactivation kinetics 8f aureuseeded on NA in the presence of PBS, artificial
saliva, blood or artificial faeces, upon exposure to increasing doses W\ cn?. In all cases, a
significant downward trend in survivingppulations was demonstrated upon increasing exposure time
(P<0.05). Control populations showed no significant change throughout treaR6@:057); excluding

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

When suspended in nentritious 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 salé&v&6.5% reduction was demonstrated after just 1

h (P=0.001); which increased &93.7%reductionfollowing 4 h (P<0.001). Excluding measurements
after 2 h, where similar inactivation occurred (583%1% inactivation; P=0.209), inactivation achieved

at al 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 reductieBSi(P9.009)

and saliva(P<0001). Following 4 h, reductions of 64.4% were demonstrated; which again were
significantly lower than reductions achieved by this time point in both #8®001) andsaliva
(P<0001). Bactria 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 sampk@i001).

The intensity of 4051m 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 sal{@8.9%) 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<0.004)fluorescence
emission spectra of each suspension media when excited -am@5 presented in Figure 8.1As

shown, am emission peak was demonstrated at 468 nm for artificial saliva and artificial faeces, with the
latter alsopresenting a second, smaller peak at 495 nm. No emission peaks were observed in whole

blood.
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Figure 5.13 Inactivation kineticof Saphylococcusiureus seeded on agar surfaces in the presence of PBS,
saliva, artificial faeces or blood, upon exposure to-@@Blight at an irradiance of ~0.5 mW @rEach datgoint
representthe mean value + SD (n = @sterisks (*) represergoints where the triplicate CFU pldteounts
were significantly different between test and control samplé8.(B).
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Figure 5.14 Fluorescencemission spectra of various suspension media (PBS, artificial saliva, artificial faeces
and whole blood) upon excitation at 4081 wavelengths. Asterisks (*) indicate the peak emission wavelengths
for each media.

Table 51 Percentage of 46Bm light passing through varying suspension media seedequ(}@0hd spread
onto NA plates of identical depth. 4@%n lightirradiancewas measured through the smear and agar using a
photodiode detector.

Medium PBS Saliva Faeces (1:100) | Blood
Light Passage (%) | 100 99.9 99.5 235

5.4.2 Effect of Fomite Material on Bacterial Inactivation Efficacy

This study assessed the efficacy of the-A6blight EDS to inactivat§&. aureusvhen 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
5.4.2.1.1 Effect of Fomite Material on Bactericidal Efficacy: Light Source

The light source used was the miniaturised-d406blight EDS (Section3.4.2and5.2); mounted 80 cm
from the sample surface with all three 40% LED apertures engaged and set to 95% brightness. This

provided sufficient area for samples to recei@es mW cn¥ for experimental testing (Figure B)1
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Figure 5.15 Irradiancedistribution pattern of the miniatised405-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 material§ PVC, stainless steel, glass and vinyl (2000 Pur, Polyflur Ltd, iUKgre prepared as

15x 15 mm coupons (Figure %)L 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 10
CFU mL! bacterial suspensions (prepared as per Se8tih#3.1.3) for 30 min at room temperature
under rotary conditions (120 rpm). Coupons were then aseptically removed from suspensions and
transferred to stéde 90-mm petri dishes which were placed in a laminar flow cabinet for 20 min to dry.

This methodology was adapted fravicKenzie (2014andBuchovecet al (2010)

A ¥

Figure 5.16 Surface coupondb x 15 mm employed to represent common healthcare fomite materials to assess
surfacedecontamination efficacy using the 406 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 (Figdyeabdlexposed to 465m

light at ~0.5 mW cni? for either 4 or 24 h. Following exposure, surviving bacteria were recovered into

a 10 mL volume containing 9 mL PBS + 1 mL 3% Tw&hsuspension using a swabbing method
adapted fromMcKenzie (2014) Briefly, the lightexposed surface of each coupon was swabbed
continuously for 2 min, to ensure maximum recovery of bacteria, using a sterile-tppted swab
moistened in the 10 m9(mL PBS + 1 mL 3% Twee80) 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, recesetazhs

were serially diluted, where necessary, in PBS and ptatemlNA plates using the drggatemethod
described in Section 3.1.Agar plates were then incubated at°87for 1824 h, before enumerating
viable bacterial CFlate?, and calculating viable bacteri@FU per couponin all cases, control
coupons were prepared and treated in an identical manner, and exposed to ambient laboratory lighting.
Results represent the mean valueSxof triplicate replicates measured in duplicate (n=6), and are

reported as thmean viable log bacterial counts iCFU per coupon

Figure 5.17 Experimental setip for exposure of seeded surface coupons using miisied4i05-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 pipétting 2

deionised water and TSB droplets onto each surface and then imaging using a smartphone with

microlens attachment. Images were analysed using ImageJ softwat h t he O6drdanp _anal y
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and LBADSA method.Results represent the meealues+ SD of triplicate replicatesneasured in

duplicate for each inert surfa¢e=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.B. PVC was shown to produce the highest contact angles (water® 2h&é3 SB: 69.29);
andstainless steel was found to produce the lowest (water: L8MBTSB: 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 diffeehavere demonstrated between the
contact angles made with water and TSB (P=0@3826), with the exception of stainless steel

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

Table 52 Contactangle of deionised water and tryptone soya broth with PVC, stainlesgtassand 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 Contad¢ angles of 1QL 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 ofS. aureusiried onto surface coupons and exposed ter#3ight at ~0.5 mW crafor

either 4 or 24 h is presented in Figure%.Exposed for 4 h (7.2 J c#h bacterial inactivation was

shown to be greatest on vinyl (0.59 19GFU per coupoti{72.9%) reduction; P<0.001). Reductions of

0.27 (7.8%) and 0.06 (3.4%) legCFU per couporwere demonstrated on glass and stainless steel,
respectively (P=0.2D.535), and no reductions were demonstrated on PVC (P=0.458). Seeded bacterial

levels pretreatment 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 following4hQP 12 7) ; however, redu

and 0.41 logy CFU per coupomeduction were noted on PVC and glass, respectively (P=0.003).

Exposed for 24 h (43.2 J cfj reductions were again greatest on vinyl (2.03J&FU per coupon
(98.8%) reduction; P<0.001); with 1.93 (98.4%), 1.68 (97.8%) and 1.66 (91082%LFU 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 decrebse PVC, glass and vinyl (0.2045 logo CFU

per coupomeductions; P=0.018.043), whilst no significant reductions were demonstrated on stainless
steel (P=0.448). Regardless, in all cases, significant reductions were indicated betwegpased

and exposed samples. Across all exposures, bacterial leeelsdsento coupons prior to exposure
ranged from 5.4%.07 logo CFU per couponand 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 Bicreased,

aureuslevels on all materials was significantly reduced (P<0.001).
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Figure 5.19 MeanSaphylococcusureuscounts recovered from PV&tainless steel, glass and vinyl surface
coupons following (A) 4h and (B) 24 h exposure to either ambient ligh®®nm light at an irradiance of ~0.5
mW cm? (n=6xSD). Mean percentageacterialreductions in comparison to equivalent ambient light exposed
control samples are presented above-d®8ight exposdsamples. Asterisks (*) represent materials in which the
405nm light exposed samples were significantly lower than the equivaiebient light exposed samples
(PX0.05).
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5.5 Low Irradiance 405-nm Light Inactivation of Biofilms

Clinical contamination of highouch surfaces with nosocomial biofilms has been widely reported
(Bhattaet al, 2018; Ledwoctet al, 2018; Costat al, 2019) Bacteria embedded within biofilms are
substantially more resiliethan their planktonic counterparts to common surface disinfe¢@ritker

et al, 2011)and thus present a major healthcare challengeseTsiridies aimed to assess the efficacy
of low irradiance 40%m light to inhibit the formation of, and inactivate, monolayer and mature

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

The efficacy of 4051m 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 countsirfaces coupons.
5.5.1.1 Low Irradiance 405-nm Light Inactivation of Biofilms: Light Source

The light source used for experiments was the minggdd05-nm light EDS (Section3.4.2 ancb.2);
mounted 80 cm from the test surface with all three-di®5light apertures engaged and sef%86
brightness as employed in Section 5.4. The resulting irradiance distribution (Figusg frdvided

sufficient area across the test surface for samples to receive ~0.5 AW cm

5.5.1.2 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 4@ light to inhibit the formation d&. aureudiofilms within
microplate wells over a 24 h exposure period, 1 mE dfd 16 CFU mL? bacterial suspensions
(prepared as per Sect®d.1.23.1.3) were dispensed into individual wells of a sterile polystyrene 24
well microplate (Corning“ Costaf™, Fisher Scientific, UK),and the plates were then positioned
directly under the EDS at ~0.5 mW @nand left for 24 h (at room temperaturs).all cases, control
couponswere prepared and treated in an identical manner, and exposed to ambient laboratory lighting.

A sterile media control was included for both ambient andt@3ight exposed samples.

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

assay methoddapted fronRobertsoret al. (2017) To execute this, a 0.1% wi/v crystal viadeiution
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(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 taemove noradherent 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 untilguéstwashes did not visually
remove any further excess staining (typically arourisi@ashes). 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 condutdeall exposed and neexposed samples, a
mediaonly control and a methanohly control. 250uL volumes of destained solutions were then
transferred to a 9@ell plate and the optical density at 595 nm was read using a MultiSkaH GO
microplate spectrdptometer (Thermo Scientific, UKResultsrepresent the mean valugsSD of
triplicate replicatesneasured in duplicate (n5@nd are reporteds theabsorbance at 53%m, which

directly correlated with the binasspresent.

55.1.3 Low lIrradiance 405-nm Light Inactivation of Biofilms: Assessment of Biofilm

Formation on Inert Surfaces using Swabbing

To further the work conducted in Section 5.8, 1his section quantitatively assessed the ability of the
405-nm light EDS to botlfi) inhibit the formation ofnonolayer and matut@ofilms and(ii) inactivate
established monolayer and mature biofilms; in both instances on clinrietdlyant surfaceéSection

5.4.2. The steps followed to conduct this testing are presented in FigR@eBsiefly, biofilms were
prepared on 1% 15 mm inert coupons manufactured fr@vC, stainless steel, glass and vinylqR0

Pur, Polyflur Ltd, UK; Figure 58). Immediately prior to experiments, coupons were cleaned in 70%
ethanol to sterilise and remove grease. Coupons were then immerse®l @FU0mL? bacterial
suspensions for 1 h to facilitate initial attachment. Following this, bacterial solutions were discarded

and coupons were transferred to wells withinwaedl microplate and immersed in 3 mL sterile TSB.

To determine the ability of the 48%n light EDS to inhibit biofilm formation, coupons in TSB
suspensions were théeft for either 4 h(to enable monolayer biofilm formatipor 24 h(to enable

mature biofilm formatiohdirectly under the light source (~0/®W cm?) at room temperaturé€ontrol
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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 40%n light EDS to inactivate established biofilraftercouponsvere
left for 1 h to facilitate initial attachmenthey were transferred into fresfTSB and leftat room
temperature under ambient laboratory lighting for either(tb lenable monolayer biofilm formatipn
or 24 h(to enable mature biofilm formatipnFollowing theseincubationsperiods coupons were
removed fronthe TSB suspensions, washed once in PBS to remove anpdimrent bacteria, and
placed in a stde petri dish where they were left to dry for 10 min. Coupons were plsitioned
directly under the light source (~0.5 mW €érfor 24 hat room temperatureéControl coupons were

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

Postexposure in all instances, surviving bacterial colonies were recovered from the exposed side of
individual coupons using the swabbing method previously described in Section 3.(MtKenzie,

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 incub&t@d at 37
for 1824 h, before enumeratinthe viable bacterial CFplate!, andthen calculating the viable
bacterialCFU per coupornResults represent the mean value3Dxof triplicate replicatesneasured in
duplicate(n=6), and are reporteds either mean bacterial counts or the reduction in mean bacterial

counts between ambient light and 4@ light exposed samples, in le@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 405nm 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 iBdawell microplate,uponexposure to 0.5nW cm

2 405-nm light for 24 his presented in Figure 8.2Significant reductions in biomass were observed
following 405-nm light exposure, in the case of botlf 46d 16 CFUmMLI! seeding densities (P<0.001).

In 16 CFU mL?* populations, OBys nmin ambient lighting was 0.066; whilst values of only 0.026 were
reached when exposed to 40 lighting (P<0.001). Similarly, when immersed in® XoFU mL*
populations, th®Dsgs nmof samples exposed in ambient lighting was 0.122; in comparison to just 0.041
when exposed to 468m lighting (P<0.001). These results indicate the inhibitory effect oidB%ight

in the formation of matur&. aureusiofilms over a 24 h period. It was, however, of interest to further
this work by assessing total viable caaion clinical surfaces in response to 408 light treatment,

and thus the swabbing quantification method was employed.
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Figure 5.21 Comparison of biofilm formation following 24 h exposure of low density 0 mL?) and high
density (16 CFU mL?) Staphylococcusiureussuspensions to ambient laboratory lighting or-#@slighting
(~0.5 mW cnr?). Data points represent the mee8D (n=6).Asterisks (*) represent a statistically significant
difference between levels of biofilm developed for ambient40%hm light exposed samples@.05).

Results in Figures 5225.23 demonstrate the ability of low irradiance (0.5 mW3m05nm light to

inhibit the development of both monolayer and maSiraureudiofilms on a range of clinical surfaces.
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Figure 5.2 presents the populations of monolayer and maduureusiofilms following 4 and 24 h
developmentrespectivelyin both ambient and 468m lighting conditions at room temperature. When
incubated for 4 h under 4@%m lighting conditions, biofilms reached 5.59, 5.47, 5.47 and 5.3@ log
CFU per couporon 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 6.2€ kg per
coupon respectively; P0.002).When incubated for 24 h, biofilms reached 8.69, 9.08, 9.10 and 8.63
logio CFU per coupomn 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 tend®ighting were significantly

lower (P<0.01), with mean levels recorded as 5.18, 5.27, 4.53 and 588 kg per coupomn PVC,
stainless steel, glass and vinyl, respectivébgether, these findings, consistent with results in Figure
5.21, indicate the inhibitory effect of 46@m light on the development of both monolayer and mature

S. aureudiofilms.

Results in Figure 52present the mean lggreductions in biofilm levels formed on each surface
following 4 and 24 h exposure to 4@ lighting compared to ambient lighting at room temperature.

In all cases, reductions in biofilm development were significantly greater upenm0ight for 24 h
compared to 4 HP<0.001) likely due to thesignificantly larger quantities of biofilm formed with
increasing incubations (P<0.001). After 4 h incubation in broth suspensigmicantly 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<0.0G#&). 26 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). Significanyl 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, findingallowglicate that low levels of
405nm 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 ofSaphylococcusureushiofiims developed on PVC, stainless steel, glass and vinyl surfaces
following (A) 4 h and (B) 24 h exposed to eitt@nbient light or 405 m light at an irradiance of ~0.5 mW @m
Data points represent the meaBD (n=6).Mean percentage reductions in biofilms in comparison to equivalent
ambient light exposed control samples are presented abowa0§ht exposure sampleasterisks(*)
represent a statistically significant difference between the levels of biofilm developed for ambient-and 405
light exposed samples (B.05).
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Figure 5.23 Reduction ofStaphylococcusureusbiofiims developed on PVC, stainless steel, glass and vinyl
surfaces following either 4 h or 24 h exposure to-A06light at an irradiance of ~0.5 mW @rim comparison to
ambient lightData points represent the mea8D (n=6).Asterisks (*) represent significantly greater reductions

in biofilm levels achieved for samples exposed for 24 h in comparison to@H&.

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

Monolayer and Mature Biofilms

Results in Figures 5425.25 demonstrate the ability of low irradiance (0.5 mW-3m05nm light to

inactivate established monolayer and mature biofilms on clinically relevant surfaces.

Figure 5.2 presents the lag populations of (A) monolayer and (B) mature biofilms following 4 and

24 h development, respectively, and then exposed to either ambientiomd@fhting for 24 h. When
incubated in broth solutions for 4 h, bacterial biofilm populations of 5.26, 435 ahd 4.5&FU per
couponwere 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 stainlessccategired to all other material
(P>0.05). When incubated in broth solutions for 24 h, biofilm populations reacB@d .46, 7.34 and
6.91CFU per coupomn 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 greatetliafon 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 monolaye®IP06) 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 byl®.0% and mature biofilm
populations redced by 14.723.4%. No significant difference (P>0.05) was demonstrated between
reductions observed on monypdat and mature biofilms, excluding on stainless steel where significantly
greater reductions weabserved in mature biofilms (P=0.005). In all cases, both monolagerq®2)

and mature (B 0 . 052aRr¢udiofiims decreased when expogedt05nm light, compared to ambient

light, for 24 h Monolayer biofilm populations recorded on PVC, stainless steel, glass and vinyl
following 405nm light exposure were 3.31, 3.55, 2.91 and 2.4%,IG6§U per couponrespectively;
compared to 4.36, 4.47, 4.62 and 3.844@J-U per coupojrespectively, 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 followixposure 405mm light exposure were 5.55, 4.33, 3.85
and 4.050910 CFU per couponrespectively; compared to 6.02, 5.90, 6.26 and mg®0 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 lggreductions inmonolayer and mature biofilms following 24 h
exposure to 40m light compaed to ambient light. For stainless steel and glass, redisti@ne
significantly greater in mature versus monolayer biofilms: 1.58 vs &3 CFU per couporon
stainless steel (P<0.001) and 2.41 vs 1.71,I6§U per coupowon glass (P<0.001). However, on PVC,
reductions were significantly greater in monolayer biofilms (1.34 vs 0.7% ©gU per coupon
P<0.001) and on vinyho significant difference was determined between reductibmonolayer and
mature biofilms £.43 vs 1.4409:0 CFU per couponP=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, redu®ns 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 4@%m light (0.5 mW cn¥; 43.2 J ciif) can inactivateS. aureus

biofilms of varying complexity from common hospital surfaces.
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Figure 5.24 Levels ofSaphylococcusureusbiofiims developed for either (A) 4 h or (B) 24 h on PVC, stainless
steel, glass and vinyl and then exposed to either ambient light ard0i§ht at an irradiance of ~0.5 mW @&m
for 24 h.Data points represent the meaSD (n=6).Mean percentage reductions in biofilms in comparison to
equivalent ambient light exposed control samples are presented abenm4ighit exposure sampleasterisks
(*) represent a statistically significant difference between biofilm levels present following exposure to ambient
and 405nm light (R00.05).

119



o
o

-1.0 |

Mean Reduction (Log,, CFU per coupon)
(&)}

30 x 1

PVC Stainless steel Glass Vinyl
Material

Figure 5.25 Reduction ofStaphylococcuaureusbiofiims developed on PVGtainless steel, glass and vinyl
surfaces following either 4 h or 24 h exposure to-A06light at an irradiance of ~0.5 mW @rim comparison to
ambient lightData points represent the meaBD (n=6).Asterisks (*) represent significantly greater reductions

in biofilm levels achieved in comparison to the alternative time period for that mate€RaDgy.

5.6 Discussion

The studies performed in this chapter address key operational considerations associated with clinical
implementation of the 46Bm light EDS for surfacdecontamination, and the following sections will

discuss key findings associated with this work.
5.6.1 Exposure to Low Irradiance Levels Produced within WholeRoom 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 regliio 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 ameldical equipmen{Chaouiet al, 2019)
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When practically deployed, the 4@8n 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 illundmabf hightouch surfaces (~0.5 mW ch
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
impactinactivation capacity andre common limitations associated with 408 light EDS studies.
Thischapter aimed to address these considerations by investigating the antibacterial efficaaymf 405
light at the lower range of irradiance levels produced within a whole room setting. The irradiance levels
employed (0.31 mW cn? in Figure 5.8 and@0.1 mW cn? in Figure 5.9) account for 96.3 a88.8%,
respectively, of irradiances measured within the profiling established in Section 4.2, and were thus

consideredin adequate representation of the levels likely to illuminate healthcare surfaces.

Promisingly, with the exception of exposures to 0.001 m\W,dmacterial inactivation was shown to
significantly increase upon longer exposure to, and thus higher doses-oind@fht (Figuress.8-5.9;
P(0.032). For practical deployment, the 40% 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 lévef contamination throughout a typical room
environment. Clinical studies investigating the 4@ 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 handledeAabker surfaces, bed rails, computer
keyboard/mouse and light switches, with increasing expgMaeleanet al, 2010; Bachet 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 rhiFigure 5.9;
P=0.9351.000), exposure to this particular irradiance was extended for up to 7 days; however, no
significant inactivation was demonstrated within this perid@(089). In this instance, theli&ely

exists a minimum threshold irradiance level for antimicrobial activity ofd@Slight between 0.001

and 0.005 mW crh It is possible that, below this level, any low levels of ROS produced as a result of
these lowlevel light exposure are within levels capable of being detoxified by bacterial antioxidant

defence mechanisms. Bacterial populations 6fQBU plate* were selected to replicate typical levels
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of contamination likely to be found on healthcare environmental surfA¢asleanet 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 instancedatdi 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 exatmérefticacy 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 sftgmended within biological fluids, smears or
matter, which maynfluence their susceptibility to light inactivatioBiological matter maycontain
phosensitive media that could enhance ROS generation and cellular inactieatipted with the fact

that microbial contamination in the environment will be stresisedto starvation or desiccatiamhich

will likely make them more susceptible to inactivati@onversely, the biological matter (such as saliva,
faeces or blood) surrounding the microbial contamination may rddjhdepenetration to the cells,
affecting inactivation efficacyEstablishingnactivation kinetics under such conditions was caared

a key area of study in better understanding efficacy of thend®bght EDS.

Microorganisms can be transmitted from infected patients to the environment via various corporeal
fluids including expectorate drops, blood, fluid from exposed wounds, excrement an@oriadonna

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 vectdisrameret al, 2006; Bonadonnat 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 irradiamoe 405

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

Viral inactivation by 408nm light has previously shown to be enhanced when exposed in nutritious
media, with findings demonstrating enhanced inactivation of bacterioph@8& when exposed KB

suspensions as opposed to PBS, with up to nine times greater inactivation demofisiratest al,
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2014) and enhanced inactivation of feline calicivirus when exposed in biologieddlyant media
suspensions, including blood plasma, artificial saliva and artificial faeces, and other orgaiuieally
media, as opposed to PBS, reporting8596 less dose re@ed to achieve equivalent inactivation
(Tombet al, 2017b) The authors hypothesised this was likely due to the presence of photosensitive
components within organicalgich and biologicallyrelevant media which are predisposed to-A65

light sensitisation and thus could potentially act as exogenous photasassitiliciting damage via
ROS or other toxic photoproducts upon 404 light exposure to adjacent viral particles in suspension
(Tombet al, 2014, 2017h)While this effect is less thoroughly demonstrated for bactdeayleet al

(2021) recently demonstrated an enhancement in then#®3ight inactivation ofStaphylococcus
carnosusi employed as a nepathogenic surrogate f@. aureud in an endotracheal model when
exposed in artificial saliva as opposed to PBS, hypothesising that the unfavourable conditions of the
saliva suspensioii most notable the higher salt concentratiossuld weaken the bacterial cells

capability to withstanar repair damage caused by 4@ light photoinactivation.

Results of this study indicate enhanced inactivation when suspended in saliva compared to PBS,
demonstrating over two times greater reductions following just &xposure(56.5 vs 24.6%,
respectively; P<0.001). From data in Figure45.the artificial saliva employed was shown to
demonstrate strong fluorescence emission peaks at 468 nm upem4D&ht exposurd whilst

minimal fluorescent activity was shown for PB8us suggesting the presence of components in saliva,
likely mucinsas discussed bjjomb (2017) which are predisposed to 485 light photosensitisation

and thus could act as exogenous photosensitisers to elicit inactivation in a similar mechanism to that
previously described for virus¢Somb et al, 2014, 2017h)Further, mucins present within human
saliva are considered hedtfence proteins, known to exhibit antimicrobial properties via their ability

to bind with, agglutinate and clear microorganisifdorr, 2009) and so this will likely have also
contributed to the observed effedi#eurleet al (2021)employed an artificial saliva which lacked any
components known to elicit antimicrobial effects and yet enhancement was still demonstrated,
suggestingt is likely the unfavourable conditions presented by saltich will predominantlyhave

causé this inactivation effect

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

photosensitive components (Figure 4,lbacteria demonstrated lower susceptibility to-A@b 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 resili@ioainellaet al, 2019) There is
therefore potential for this media to support bacterial survivabre so than saliva suspensidrtius
hampering 4051m light inactivation effects. As discussed, inactivaBatcharomyces cerevisjae
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 humariGaddes

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 alimentarfAhaiits

Michel and Giannella, 1999; Rapo=mb al, 2017) Alterations to this composition can affect host
immunity (Rapozoet al, 2017) thus potentially impacting the efficacy of 465 light inactivation.
Further, albeitnsignificant, the transmission of 4@8n light through artificial faeces suspensions was
shown to be reduced compared to that of PBS and sdlaldgq 5.1) Regardless, significant levels of
inactivation were still achieved at all measured time poin®QP 0 With Yp to 64.4% reductions
demonstrated following 4 h, indicating the antibacterial efficacy of then#®3ight 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 (Texird et al, 2017b) It may be the case

that, given their lack of endogenous porphyrins, viral inactivation byn#@3ight is more heavily
influenced by photosensitisation of the suspension media in comparison to that of bacterial cells, which
contain both intracellular pphyrins 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 antimieftgaitd through
405nm light photosensitisation, thereby enhancing bacterial inactivation; whilst also potentially
providing adequate nutrition &id survival andlefend against oxidative damage. Further investigation

to elucidate the stimulatory or inhibitory effects of suspension media omm0bght bacterial
inactivation is necessary, given its importance when considering the likely exposure conditions of

bacteia in practical settings.

Despite differences in susceptibiliy, aureusnactivation 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 inactivatiem exposed in whole blood,
however, no significant bacterial reductions were demonst(@®87% reductionsP=0.8160.981)

until 4 h (9.94% reduction; P=0.034). This is likely due to the limited ability ofrt@3ight to penetrate
through, and thus excitehotosensitive components withithe media, as indicated ke loss in
transmission o05-nm light and fluorescence emission data in Table 5.1 and Figuta&spectively.
Results in Table 5.1 demonstrated a 76.5% loss of light transmission through whole blood samples
whilst minimal loss (60.5%) was demonstrated for athertested media and it is therefore expected

that this will have significantly hampered the ability of 4% light photons to adequately reach
bacterial contaminantwithin blood samples, in comparison to tled the other media investigated.
Given components of whole blood have previously shown to be predisposed ton¥0ight
photosensitisatioffTomb, 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 usingn®3ight when exposeth human
plasma and platelet concentra@embet al, 2017b; Macleart 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 effecthis contaminant is more noticeable on surfaces than that of
translucent biological mediums, and thus wdikdly 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 HA(&rameret al, 2006) Given its broaespectrum dfcacy and favourable

safety profile, 405hm 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 surfaogithin hospital setting@vlacleanet al, 2010, 2013a; Baclet al,

2012a, 2018a; Murrelét al, 2019) however, a comprehensive understanding of its antimicrobial
capabilities on a range @ommon healthcare surfaces is relatively unknoxperiments in this
chaptertherefore sought to assess the comparative efficacy of low irradianeenf#@ight for the
inactivation ofS. aureuseeded 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 interio(ECVM, 2023) due to its strength and durability, stainless steel is a
common choice for medical devices and equipment, furniture and structural elgfBssentra
Components, 2023)nternational 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 géwamphtional 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 (Yanget al, 2022) and so thisvasan important consideration during experimental testing.
Despite significant differences between the wettability of each material, data in Figdiwedichted

similar levels ofS. aureusattachment onto each surface following 30 min immersion in bacterial
solutions (P=0.568) with the exception of vinyl surfaces for 4 h exposures (FigureAj,which
demonstrated significantly lower bacterial attachment than that of the other materials investigated (5.43
logio CFU per coupowersus 5.886.07 logo CFU per couponP<0.001)i suggesting, in this instance,
wettability had minimal influence on initial bacterial attachment; thus implying an equal likelihood of
S. aureuscontamination on such surfaces in clinical settings. Surface wettability was, however,
somewhat influential on the extent of bacterial inactivation achieved followingndOlght exposure
(Figure 5.D). Following 4 h, no bacterial reductions on PV@hichshowedhe lowest wetting (69.29

71.65) 1 were demonstrated (P=0.458). These findings align reitkent work byChenet al (2023)
whichindicated the effectiveness of 40 light for surfaceseeded bacterial inactivation depends on
contact angles made with the surface: reporting greates teguctions on surfaces with higher
hydrophilicity, and lower reductions on surface with contact angles 65 whi ch ar e cons
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 surfac@henet al, 2023; Kim & Kang, 2020)In the present study, it is possible

that the hydrophobicity of PV€ausedhe bacterial inoculuno assemblén a smaller area, resulting

in the development of dense longitudinal stacking structure of cells and undesirable shading from light

exposurg(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 expogiien & Kang, 2020) which may explain the greater
inactivation observedsimilar reductions were observed on stainless steel (0.060&d) 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@¢J per coupomeductions; P<0.001),

which exhibited contact angles in the mmghge amongst those tested. These findings suggest

alternative surface characteristics are also likely influential on the bactericidal efficacymid@gt.

Kim & Kang (2020)established a correlation between surface roughness and bacterial inactivation by
UV light exposure, demonstrating lower reductions Bf coli S. typhimuriumand Listeria
monocytogenewhen seeded onto staiskesteel and PVC versus glass, with the latter demonstrating
significantly lower surface roughness (P<0.05). Surfaces with imperfections, sinestsnlessteel

used in this thesjscontain peaks and crevices which can both shield from light exposure and retain
bacteria with stronger adhesionedio the greater surfaggea for contacfChenet al, 2023) If both
surface wettability and roughness arensidered, this could explain the similarly low bacterial
reductions observed on both PVC and stainless steel in Fiirefsiditional surface characteristics
which can influence microbial inactivation include the zeta potential and porosity of mg@eialady

and Malley, 2023)Further if surfaces areeflective inactivation efficacy will likely be enhancegiven

that photons which do not directly illuminate microbial cels be reflected and potentially absorbed

by nearby microbial cells, rather than being adsorbed by the matdwrahalance 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

influenceon inactivation.

Control populationgFigure 5.8) 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 teeppesure levels (0.54 artd28 logo CFU

per couporreductions, respectively; P=0.003); whilst no significant reductions were demonstrated on
stainless steel and vinyl (P=0.227707). Following 24 h exposure to ambient lighting, bacterial levels
on all materials significantly reduced (0-2645 logo reductions; P=0.018.043) 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 53 indicate that, folS. aureussuspended in PBS and seeded onto nutrient agar
surfaces, a dose of 7.2 Jérachieved 0.63 log reductions. Exposure @&. aureuson inert surface
coupons (Figure 59 to this same dose achievedd®9 logo reductions which, although can be
considered somewhat similar, cannot be accurately compared given that the latter were seeded at
substantially higher densities (10FU plate! vs 136 CFU per coupo)to enable enumeration, which
was likely influential on inactivation efficacyMurdochet al (2012)found L. monocytogenet® be

more susceptible to 46&m light inactivation when exposed on PVC and acrylic surfaces as opposed
to agar surfaces: using -21.0 mW cn?, 0.93 and 0.22 lag reductions were achieved on PVC and
acrylic, respectively, following 30 J cfn whilst just 0.07 log, reductions were achieved on agar
surfaces following double this dose (60 J3mit is therefore likely that bacteria seeded onto inert
clinical surfaces, which are likely prisposed to greater environmental stresk,demonstrate greater

susceptibility to 405m light inactivation than that of agar surfaces.

This study used similar seeding methodology to thd#loKenzie (2014)who examined the ability of
405-nm light at ~60 mW cmito inactivateE. coliseeded onto various surface coupons. Comparing the
two common materials investigatédglass and vinyli initial bacterial levels were found to be
substantially higher in this study than thatMdKenzie (2014)5.07 vs 4.61 log CFU mL?* for glass

and 5.42 vs 4.66 lagCFU mL* for vinyl. This is likely due to the different species employed and their
varying affinities for surface attachment, with previous workyet al (2018)establishing that the
time constant of bacterisubstrate adhesion is®times greater foE. colithanS. aureusmeaning a
greater quantity 0o6. aureuscolonies will likely have attached during the 30 min incubation of the
coupons in bacterial suspension, as demonstristeldenzie (2014demonstrated 4.61 and 4.45 {eg
reductions on glass and vinyl, respectively, following 36 J%cmhilst in this study, equivalent
reductions of 1.68 and 2.03 lpgeductions were observed, respectively. Although direct comparisons
cannot be made, findings together sug@esaureuds potentially less susceptible th&n coli when
dried on surfaces to 4a%m light inactivation; or that the dose delivery regime employed by McKenzie
et al (60 mW cn? for 10 min) was more effective for inactivation Bf coli in that instance in

comparison to the regime employed hereSoaureusnactivation (0.5 mW crifor 24 h). Regardless,
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findings of this study overall indicate the ability of low irradiance-4@blight to inactivate bacterial
contaminants on various healthcagsociated surfaces; advancing knowledge on the effectiveness of
the 405nm light EDS, and provide an indicatiofi 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@@3ight to inhibitthe developmentf and
inactivate establishelacterial biofilms ormmicroplate wells andnert 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 arahronic infections are associated with biofilm formation
(Jamalet al, 2018) As discussed, inactivation of bacteria presented in biofilms udireglight has
previously been indicateMcKenzieet al, 2013;Soukoset al.,2015;Wanget al.,2016; Li et al,

2018; FerreiEspadeet al, 2019, 2020; Gomeet al, 2019; TsutsumArai et al, 2019, 2022; Bleet

al., 2020; McMullanet al, 2022; Maknunat al, 2023) however, these studies have primarily been
conducted at higher irradiances3{300mwW cm?), 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 €n#05nm light to inhibit the formation of, and
inactivate, monolayer and mature biofilms on common healthcare suifawsely PVC, stainless
steel, glass and vinyil as a means of further establishingiafty of the technology for practical

applications.

The ability of low irradiance 406m light to inhibit the formation of mature biofilms on surfaces was
first examined using a crystal violet staining assay. Results of this assay (Fighran8i@ated that,

for both low (18 CFU mL?) and high (16 CFU mL?) seeding densities, biofilm production was
significantly inhibited (P<0.001) upon exposure to iondiance (0.5 mW crf) 405nm light for 24h,

with 60.1 and 66.4% lower biomagsesentedrespectively, compared to controé)d 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 lodevels of contamination, within clinical settings.
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Crystal violet assays have been widely used in PDT st(ilisbaet al, 2016, 2019; Giizel Tunccan

et al, 2018; Pourhajibaghet al, 2018; Banerjeet al, 2020; Akhtart al, 2021; Heet al, 2022)and

are considered the most widely used quantification technique in microtiter plate (@s==gsloet al,

2017) However, few studies have used the technique to specifically examine biomass inhibition upon
405nm light exposureMcMullan et al (2022)recently used a crystal violet assayd@monstrate blue

light (2.78 mW cn? 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
treat ment . Results presented i n gé lpresent, fotthedingt, t o
time, the potential ability of 406m light to inhibit the formation of biofilms in the context of

environmental decontamination.

Although resultsusing the crystal violet assaye indicative ofeductiors 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 postexposure. A wabbingand conventional culture platingiethodwas chosen in this
instance given it represents a commoapiofilm enumeration method in healthcare and laboratory
settinggdMcKenzieet al, 2013; Joharet al, 2018; Ledwoclet al, 2018; Redanet al, 2021) Biofilm
inhibition was measured on the four surface coupons employed in Sect@rabdithus the wettability
results in Section 5.2.2 also apply here. Results in Figurebahd 5.3 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 diplets, glass and stainless steel demonstrated the highest hijcitgpdmd

PVC thelowest (P€9.001), and that stainless has previously shown to be associated with higher surface
roughness than glass and PY§dm & Kang, 2020) these findings align with the hypothesis discussed

in Section 5.2.2, 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-40blight exposure. Figures & and 5.3
demonstrate inhibition of both monolayer and mature biofilms, respectively, was greatest on glass
surfaces (P<0.001); which demonstrated highydrophiicity 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 crf) 405nm lighting, and that greater reductions were demonstrated for biofilms
of greater size (P<0.001); highlighting the potential ability of the-d@5light EDS to continuously

minimise development of environmental biofilms, and thus infection spretii Wwealthcare settings.

By comparison, results from the crystal violet assay demonstrated the quantity of biomass formed on
microplate wells upon incubation witB. aureug10°® CFU mL?) was 66.4% lower following 24 h
exposure to 40Bm 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 tB same exposures. Although results cannot be directly compared, it is
interesting to note theubstantially larger reductions recorded using the swabbing method. These
findings potentially suggest either the masSofureusiofilms is of a substantial size even at low
densities; or that a number of nei@ble or planktonic bacteria were quantified by the crystal violet
assay results, which, as discussed, has previously been reported as a limitation of the tgcttkhaue

and DrulisKawa, 2020; Amadoet 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 inftltvecéevels of

biofilm growth in each instance. In the studies performed in this chapter, biofilm gr@stbonducted

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
evaluatingthe data. To minimise these effects where possible, all control and test data were conducted
duringthe same time period, and the testing of each inert surface was conducted within the same week,

to ensure temperatures wasconsistenais possible

Biofilms can demonstrate 1061000fold increase in antimicrobial tolerance compared to planktonic
cells(Ceriet al, 1999) and thusare extremelyifficult to eradicate. Results in Figures $.2nd 5.5
demonstradd the ability of low irradiance (0.5 mWwh% 43.2 Jcm?) 405nm light to inactivate
previously formed monolayer and mature biofilms, respectively, from various surfaces commonly
found within healthcare setting$he greatest monolayer biofilm reductions were demonstrated on

glass, vinyl and P€ (1.71, 14.3 and 1.34 lggCFU per coupomeductions, respectively), which were
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statistically higher (with the exception of PVC) than that on stainlesis(6t88 logo 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 light in comparison to the other surfaces
employed. However, for mature biofilms, reductions obstome 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 previouiscussed, 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 sitinifiearease
(PO0.006); suggesting viable bacteria recoverable from these surfaces will decrease over time,
regardless of biofilm complexity and material characteris@mssidering 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 sgnificant difference shown on vinyl for reductions of monolayer and mature biofilms
(P=0.959. This suggestd05nm light inactivation of biofilms may be possible regardless of biofilm
complexity, whichis 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.

Themethodology 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 408 light inactivation of
monolayer (4 h developed) and mature (24, 48, 72 h devel@&peamli biofilms on glass and acrylic
surfaces, and also the 4@m light inactivation ofP. aeruginosal. monocytogeneand S. aureus
monolayer (4 h developed) biofilms. Upon compariso8.adiureusiofiims formed on glass surfaces,
McKenzieet al (2013)demonstrated a 1.87 lagreduction upon exposure to 84 J-&mwhilst in this

study, similar reductions (1.71 laf) were presented upon exposure to 43.2 J.ohtthough higher
populations of bacteria were initially seeded on glagslbifenzieet al (2013)compared to this study

(5.89 versus 3.61 lagCFU mL.,), it is interesting to highlight that McKenzé al. utilised a differing

dose delivery regime to that employed here (140 m\W fon 10 min versus 0.5 mW cfrfor 24 h),
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suggesting, as previously implicated for planktonic bacteria, the efficacy ehmObght may be
enhanced, on a per unit dose basis, for inactivation of bacterial biofiims when lower irradiance light
sources are employed. For matrecolibiofilms developed over 24 h on glad;Kenzieet al (2013)
demonstrated ~2.27 legreductions following 168 J cf(140 mW cn¥ for 20 min). In this study,
matureS. aureusbiofiims also developed for 24 h on glass showed similar reductions (2.4l log
reductions) using 43.2 J cinThese findings may indicate the enhanced susceptibili§y. @ureus
biofilms, compared tc&E. coli biofilms, to 405nm light inactivation. Granmegative bacteria have
previously been implicated as less susceptible than @umitive bacteria to 46Bm light inactivation
(Macleanet al, 2009; Murdoctet al, 2012; McDonalcet al, 2013) Although different species are not
directly comparable and, again, differences in starting populations were noted biglvkemnzieet al
(2013)and this study (5.7 vs 5.26 lpdCFU mL?), these differences maysa 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 upam4bght stimulation

may be primarily attributed to cellular membrane damage, which in turn will disrupt biofilm integrity
andreduce affinity for bacterial surface attachm@ovo et al, 1999; McKenzieet 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 biofiimgMcKenzieet al, 2013;Soukoset al.,2015;Wanget al.,2016; Li et

al., 2018; FerreEspadeet al, 2019, 2020; Gomeet al, 2019; TsutsurrArai et al, 2019, 2022; Blee

et al, 2020; McMullanet al, 2022; Maknunaet al, 2023) however themajority have used higher
irradiance exposures to demonstrate this effecBABMW cn?). Recent work byBleeet al (2020)
however, provided evidence suggesting ROS produced upon low irradianc® (6A7#W cn¥) 405

nm light exposure results in hyperpolarisation of membrane potentials and dispersal of both Gram
positive and Grarmegative bacteria from surfaces at all stages of biofilm formation; with this dispersal
shown to be much quicker in Grapositive versus Gra-negative species. Results also suggested that

the dispersal mechanism is activated above a certain ROS threshold and is associated with a
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corresponding lag tim@leeet 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 comprehentetianisra associated with this
inactivationmechanism. It will be important to establish the efficacy of low irradiancend®5ght to
inactivate other biofilm species which, given differences in morphology and size due to-speciéis
factors(CoracaHuberet 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 pathoge(&hapiraet al, 2023) Previous work has established its ability to

do this(McKenzie, 2014; Soukost al, 2015; Wanget al, 2016; FerreEspadaet al, 2019) however,

as with previous findings, much of these studies have utilised high irradiance light sources to achieve
this effect (~60140mW 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 usBigaureusas a model organism due to its significance as a
causative agent of HAICairnset al, 2018) As previously discussed, it is recognised that bacterial
responses to 408m light exposure are variable, and thus it is essential that these studies are expanded

to determine broadpectrum inactivation efficacy of the system

5.7 Conclusions

Overall, findings of thishapter provide an enhanced depiction of the efficacy of low irradiance 405
nm light systems under more tangible conditions realistic to healthcare ségndsidings associated

with this chapter are detailed as follows:

1 A miniaturised 4051m light EDS was designed enable antimicrobial testing at the irradiance
levels ordinarily providedby the 405nm light EDSwithin a typical 32 i room to be

conductedbn a smallerJaboratorybenchtop scale The designed prototype was found to be
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capable of illuminatingurfaces at levels as low as 0.001 mW?ahmuch shorter distances
than that of the fulbcale 405nm light EDS (displacement of 1.70 vs 4.47 m).

f Thebactericidal efficacy of 40m light when employed at irradianc€8.1 mW cn? was
demonstrated for the inactivation $f aureuswith significant reductions achieved as low as
0.005 mW crit, with this likely being thethreshold irradiance level for antimicrobial activity
in this instance.

1 Comparisas indicatedhat 405nm light inactivatiorof S. aureuss possible in both minimal
and organicallyrich media, withinactivation shown to be enhanced in the presence of
photosensitive components within the suspension natiahampered by decrease in the
degree of light transmissibility through the suspension media

1 The efficacy of405-nm light for the inactivation 08. aureuseeded onto clinicallyelevant
surfacesvas establishedvith up to 2.03 logy CFU per coupomeductions demonstrated within
24 h exposure to 0.5 mW cinComparisons indicated thiiie surface wettingrofile of each
materialmay be influential inhe extent of inactivation achieveglong with potentially other
surface characteristics

1 The efficacy of low irradiance (0.5 mW cin405nm light for the inactivation o$. aureus
biofiims was demonstrated, witkeductions in the developmeoft and formed, monolayer and
mature biofilms @p to 4.6 logo reductions)within 24 h exposuren both microplate wells and

clinically relevant surfaces.

Given te degree of unpredictability associated wfith presentation ghicrobial contaminatswithin
dynamic clinicalenvironmend, there are many factors to consider when evaluating the efficacy of the
405nm light EDS to reduce environmentglathogen contamination, and consequently, HAI
transmission. This chapter providgeateinsight into these aredsirtherjustifying its implementation

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

Bactericidal Efficacy and
| rradi aamt el | 490h&

6.0 Overview

This chapter aims to investigate thadspectrunmbactericidal efficacy and ener@fficiency of low

irradiance 4051m light, in comparison to higher irradianegposuresfor the inactivation oESKAPE
pathogens Based on these findingassociated 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 susceptibilitpsdcomial bacterito low irradiance

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

6.1 Introduction

Owed to its inherent antimicrobial profil@omb et al, 2018)at exposure levels safe for mammalian
cells (Ramakrishnaret al, 2014) there has been interest in vieldte light for infection control
applications which involve exposurd sensitivetissues omaterials including decontamination of
occupied clinical environmen(Macleanet al, 2010, 2013a; Bachet al, 2012b, 2018b; Murre#t al.,
2019)andwound decontaminatio(Dai, et al, 2013a; Daigt al, 2013b; McDonaldet al, 2011) To
ensure compatibility in such instances, light irradiance26fmw cn¥ have generally been uséthis
can differ from studies solely investigating the fundamental antimicrobial properties ofbligddight,
which can use considerably higher irradiancggpically up to ~200 mWcn) to achieve rapid
disinfection(Hamblinet al, 2005; Guffey and Wilborn, 2006; Murdoeh al, 2012; McKenzieet al.,

2014; Tombet al, 2014; Moorheae@t al, 2016b)

Additionally, there is currently little evidence to demonstrate the inactivation effafdoy irradiance

405nm light, on a petunit-dose basisn comparison to that of the higher irradiances typicstilydied
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in literature Results in Chapter dlemonstrated the broagectrum antibacterial efficacy of low
irradiance(<1 mWcm?) 405-nm light for the inactivation of kegosocomiabacterial pathogens, and
highlighted that low irradiance exposures may be more efficientyedose for inactivation than
higher irradiance exposures; however, this observation is yet to be fully elucidattdr, although
various cellular targets of the 4®8n light oxidative burst have previously been identifigitKenzie

et al, 2016; Bieneret al, 2017; Bumahet al, 2017; Filaet al, 2017; Kim and Yuk, 2017)a
comparative investigation into the cellular targets and damage mechanisms induceenby ki
exposure, and hothese may vary when exposed to a fixed dose using varying light delivery regimes,

i.e. high intensity/short duration or low intensity/long duratisnjet to be established.

Accordingly, bepresent chapter aimed to expand knowledge about the IB® versushighirradiance
405nm light, on a peunit-dosebasis. Experiments investigatie inactivation of ESKAPE pathogens

at various population densitiagpon exposure to fixed light doses using varying irradiantes,
determine the impact dbacterial 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 liquidsisunsptm
comprehensively indicate bactericidal efficacy. Furthpgeliminary experiments assessed bacterial
response$ specifically intracellular ROS production and membrane integjritypoon exposure to a

fixed dose using differing light delivery regimeA. greater understanding of these fundamental
principles will be crucial in the development and optimisation of-pmwer 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 thed0§ht inactivation of surface
seeded ESKAPE bacteria, by exposing each to a fixed dose eirddiht using three distinct

irradiance applications (0.5, 5 and 50 mW3rand comparing susceptibility at equivalent light doses.
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6.2.1 Methods: Low versus Highlrradiance Inactivation of Surface-Seeded Bacteria
6.2.1.1 Bacterial Preparation

Suspensions d@&. faecium S aureus K. pneumoniagA. baumannij P. aeruginosaandE. cloacaewere
prepared (Section 3.1.2) and serially diluted in PBS to provide a population densifyGFUA0nL?

(Section 3.1.3). Samples were then seeded ontorb@gar plates at a density X CFU plate.

6.2.1.2 Light Source

Two light sources were employed for experimental testing in this experimeENRES PhotonStar
Innovate UNO 24_ED array (Section 3.4.3; Figure 6.1&)as mounted above bacterial samples at a
distanceof either 24.8 or 8.0 cm, providing irradiancess@nd 50mWcni? at the sample surface, and
the 405nm light EDS (Section 3.4.1; Figure 6.1B) wpssitioned apprdrately 40 cm abovea

surface on which samples were exposed, providing ~0.5 m\atthe sample surface.

47-248cm 140 cm

Figure 6.1. Experimental setip for exposure of bacterial pathogens to-A@blight using (A) ENFIS PhotonStar
Innovate UNO 24 LED array and (B) 4@%n light EDS.

6.2.1.3 Exposure Methodology

Seeded platewith the lids removedn=3) wereexposed to increasing durations of light treatment at
three irradiance levels, 0.5, 5 andr@@Vcn?, with exposure times selected to ensure equivalent light
doses (3 90Jcm?) were delivered to samples (Equat®h; Table 6.1). Control samples werepared
in an identical manner but exposed to ambient laboratory lighting Bolfowing light treatment,

sampleplateswere incubated at 37°C for 4B} h and surviving bacterial coloniegre enumerated and
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recorded as CFidlate!. Resultsrepresent the mean value$D of triplicate replicategn=3), and are

reported as the percentage of survivbagteriaas compared to the equivalent rexposed control

samplesor as GE value§Section 3.5.1)

Table 61 405nm light treatments of surfaceeded bacterial samples {TFU platel).

Irradiance Dose Delivered
(mWcem) 0.5 2 50 (Jcm?)
50 - - 1.5
100 10 1 3
150 - - 4.5
200 20 2 6
250 - - 7.5
300 30 3 9
350 - - 105
Exposqre 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 SurfaceSeeded Bacteria

Inactivation kinetics of ESKAPE bacteria 10FU plate?) following exposure to increasing dess

405nm visible light at three independent irradiance regimes are presentéduie 6.2 Results

demonstrate a significant downward trend in surviving bacterial popudtiorall organisms when

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

Inactivation was significantly enhanced for all organisms wtendose was delivered at lower

irradiance Exposed to the highest irradiance of 50 mWeIEESKAPE pathogens collectively required

9-75 Jcm? (3-25 min) to achieve a significant degree of inactivation-&88% reductions) in

comparison to noexposed populations (P<0.05). At this same irradiance, dosesl&M45 cnt (15

50 min) were required to achieve complete or learmp | et e

(096. B®EsRd ati nact i v

5 mWent?, all species collectively required lower dose applications28 8crr? (20 mini 1 h 40min)
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to achieve a significant degree of inactivation (28939% reductions) compeato controls (P<0.05).
Completeorneac omp|l et e inactivation (095.47%) was achie
following exposure to 160 Jcr? (50 min T 3 h 20min). When exposed to OrBW cm?, ESKAPE

pathogens collectively required just3® Jcn? (1h 40min i 16h 40min) to achieve a significant

degree of inactivation (14.86.6% reductions) comped to controls (P<0.05)with 6-30 Jcn¥ (3h

20min’i 16 h 40min) required to achieve completeorneao mp | et e ( 096 %) i nacti va

Differences were demonstrated in thasceptibility ofeachESKAPE pathogen at eadtradiance

application. Exposed at the lowest irradiance of 0.5 mWg®. aureusA. baumanniandP. aeruginosa

proved most susceptible to dmPteachieve completewmonedrect i ve
complete inactivatiorwhich was 1.583.3 times less than that required by other speEiggosed at the

highest irradiance of 50 mWcHE. faeciumA. baumanniandP. aeruginosavere most susceptible,

requiring 45 m? for complete/ neacomplete inactivation, where#s pneumonia@ndE. cloacae

which were least susceptible, required much greater doses of 13Qalashieve similar reductions.

The mean GE fonearcomplete( O $%) 405-nm light inactivation ofsurfaceseeded ESKAPE
bacteriaupon these exposurds presented irFigure 6.3 Results demonstrate enhanced GE for
inactivation of all ESKAPE pathogens when exposed at 0.5 m%egalues ranged from 0.6%.29,
which were significantly greater (B.05) than exposures to both 5 and 50 m\W¢ranging from 0.03
0.22 and 0.010.05, respectively). Overall, GE foractivationwas approximately 3:8.1 times greater
when exposed using 0.5 mWeéntompared to 50 mWcr of which, the greatest difference was

demonstrated bi. cloacag0.10 versus 0.01).
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Figure 6.2 Inactivation of surfaceseeded ESKAPE pathogens) Enterococcugaecium (B) Saphylococcus
aureus (C) Klebsiellapneumoniag(D) Acinetobactebaumannij (E) Pseudomonaaeruginosaand §)
Enterobactercloacag upon exposure to increasing doses of-dfblight at irradiances of 0.5, 5 and 50 m\W&em
Surviving bacterial populations are presented as percentages with respect to equivad&pbreed control
populations. Each data point represents the mean value + SD (n = 3). Asterisks (*) represent data points in which
there was a significant reduatidn the surviving bacterial population in comparison to the equivalent non
exposed control popul ation (POO0.O05)
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Figure 6.3 GE for the complete/neaompletel O9 5 %) i n a ct i-seedladiESKMPEphathogens{foa ¢ e
CFU plate!) upon exposure to identical doses of 406 light using irradiances ranging from &8 mw cn¥.
Each data point represents the mean value + SD (n = 3). For each data point, GE was calculated at the dose at
which complete ornear o mp | et e ( 095%) inactivation was achieved.
di fferences between the GE values gathered from eac

6.3 Low versus High Irradiance for Inactivation of Suspended Bacteria

The following set oexperimentgimed to establisthe influence of irradiance application on the 405
nm light inactivation o5. aureusndP. aeruginosauspensionk selected as Graimositive and Gram
negative representative species, respectivdly exposing each to increasing doses of light using five

irradiance applications {650 mWcn?) 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 aureusandP. aeruginosawere each prepared as described in Section 3.1.2 and serially diluted in
PBS to provide a population density of IIFU mL* for experiment¢Section 3.1.3).

6.3.1.2 Light Source

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

The distance betweethe light sourceand bacterial samplesvas adjusted tachieve the required
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irradiances for exposures as followsn®vcni? i 24.8 cm; 10mWeni?1 17.5 cm; 5anWem? i 8.0

cm; 100mWent?i 5.7 cm; 150nWent? i 4.7 cm.
6.3.1.3 Exposure Methodology

Bacterial suspensiongereexposedo increasing durationsfdight treatment at irradianseof either5,

10, 50, 10Gand150 mWen?. Following preparation of FICFU mL* suspension®50 uL volumes of
each were held in a 96ell plate(providing a sample depth @8 mm) covered by an adhesive plate
seal (Thermo Scientific, UK) to prevent evaporatiand positioned below the light sourd®. ensure

any light adsorption by the adhesive plate seal was accounted for, irradiance measureméaitenvere
through the material, and the height of the light source was adjusted accotdieghure the desired
irradiance reached bacterial samplesposure times were selected to ensure equivalent light doses
(22.51 180Jcm?) were delivered tsamples (Equatiod.1; Table 6.2). Control samples were prepared
in an identical manner but were exposed to ambient laboratory lighting Timeytemperaturefo
microbial suspensions was monitored prior and post light treatmsimg a Kane May KM340
thermocouple (Comark Instruments, UK) to ensure inactivation was the result of light exposure and not
heat effectsFollowing light treatmenttwo 100 pL aliquots from each sample were spread plaredi
incubated at 37°C for 184 h. After incubation, colonies were enumerateith results reporte@s
surviving bacterial load in CFU mL Resultsrepresent the mean valuesSDof triplicate replicates
measured in dujgate (n=6) and are reported as the percentage of survivangeriaas compared to

the equivalent noexposed control samples as GE valuefSection 3.5.1).

Table 62 405-nm light treatments of liquiduspended bacterial samples¥(C&FU mL?Y).

'(r;wa\fi/igr’:]‘_’f) 5 10 50 100 150 DOS(eJ Ene]_'i‘)’erec’

75 375 7.5 3.75 2.5 22.5

150 75 15 75 5 45
Exposure 225 112.5 22.5 11.25 7.5 67.5
Time (min) 300 150 30 15 10 90

450 225 45 22.5 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 presenthé inactivation kinetics d8. aureusndP. aeruginosg10® CFU mL%) suspensions

exposed to increasing doses of 408 light at five independent irradiancés.all cases, a downward

trend in surviving populatiswasdemonstrateshen light doséncreased, and no significant changes

were observedinneex posed contr ol p o p u lAadllirradiascestompletell g h o u t
nearcomplete inactivation®8.6%) of both species was achieved following 903d¢mwever, general

trends indicate aanhancedusceptibility to inactivation when exposed using lower irradigance

WhenS. aureugFigure 6.4A was exposed usint00 and 150 mWecrf a dose of 67.5 JcA(11.25

and 7.5min, respectively) was required to achieve significant inactivation (82.6% 8dr&b

reductions, respectively) comaito equivalent norexposed controls (.05). Using 50 mWcrf a

lower dose of 45 Jcri(15min) achievda si gni fi cant 35, aftldingthe lbwestt i on ( F
irradiances of 5 and 10 mWcia dose of just 22.5 Jch{1.25 and 0.62%, respectively)as required

to achieve significant reductions of 62.1% and 82.1%, respectiv€l.@B). Thedoserequiredfor

complete/neac o mp | e t e S.@audediBactiva#n was significantly lower when exposed at lower
irradiances (£0.05): 45 Jcrd using5 and 10 mWcrd compaedto double this energy (90 Jénusing

50, 100 and 150 mWch

P. aeruginosaimilarly demonstrated increased susceptibility when exposed at lower irradiagaes(

6.4B). Exposed to 15amWcn?, the dose required to achieve significaetluctions(68.7%) was

67.5Jcm? (7.5min; P O 0 . WskQ 10, 50 and 100 mWctna smaller dose of 45 Jénf1.25h, 15

min and 7.5min, respectively) was required to achieve significant reductions of 99.7%, 36.1% and

61. 7 %, r es p e cUsing enWgm?, (ust @05. Jord (1.25 h) was required to achieve a
significant 9 4 . 6ad, at thisidoset inactivatioi Wad Bignificantly greater when

exposed at mWcm2in comparisontoallothérr r adi ances ( P Qém20nacjvatiorFol | o wi
was significantly greater when exposed at 5 and 10 mfMentomparison to all other irradiarse

(POO. 05) /nea€coormppl | eettee ( ©99. 1 %) i n a Cetimes lass doseratloma s ac h
irradiance compad to higher irradiance: 45 Jcn? was requiredor 5 and 10 mWcm exposures,

compaed to 67.5 Jcrt for 100 mWcen? exposuresand 90 Jcm for both 50 and 150 mWecrh

exposures
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The mean GE for the 4@3m light inactivation of both specieacross the range of irradiances
investigated is presented Figure 6.5 Results demonstrate significant (P<0.001) enhancement in GE
for inactivation of both species when exposed at 5 and 10 mi{featuesof 0.06-0.07) compaedto
50-150 mW cn¥ (valuesof 0.020.04). For both species, no signficant difference was demonstrated
between GE values upon exposures to 5 and 10 mW (Bw0.05) and exposures to 50, 100 and
150mwW cm? (P>0.05), with tle exception of GE values f@&. aurais upon exposure to 100 and
150mW cnr?, which were significantly different (P<0.001Qverall, GE was approximate®.1- 3
times greater when exposed using 5 mWcoompared to 150 mWc#y of which, the greatest

difference was demonstrated 8yaureug0.65versus0.02).
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Figure 6.4 Inactivationof (A) Saphylococcusiureusand B) Pseudomonaaeruginosasuspended in PBS upon
exposure to 408m light up to a dose of 180 Jémt irradiances of 5, 10, 50, 100 and 150 mWAcBurviving
bacterial populations are presented as percentages with respect to equivaéxpasen controls. Each data

point represents the mean value + SD (n=6). Asterisks (*) represent data points in which there was a significant
reduction in survivig bacterial populatiscompaedto equivalent norexposed control populatisf P O0 . 05) .
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Figure 6.5 GE for the complete/nemompletel 09 5 %) i n &SmphylocoadusiuemsandPseudomonas
aeruginosasuspensiongl0® CFU plate) upon exposure to identical doses of 408 light using irradiances

ranging from 5150 mW cn. Each data pointepresents the mean value = SD (n = 3). For each data point, GE

was calculated at the dose at which complete ormeamp | et e ( O95%) i nactivation was
represent significant differences between GE values gathered from independent irradiancesgxgogfe. 05 ) .

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

For applications involving sensitive material or tissue exposure, bacterial contamination levels may
vary. For environmental decontamination, low bacterial populations? (EEQV cm?) are typically
expectedMacleanet al, 2014) whilst for wound decontamination, a microbial load of >CFU g*

is typically considered the threshold for infection diagn¢&ardner and Frantz, 2008)he present

study aimed to establish the influence of bacterial population density on the efficacy of low irradiance

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

Suspensions d. faecium S aureus K. pneumoniagA. baumannij P. aeruginosaandE. cloacaewere
prepared and serially diluted in PBS to the required population density for exposure E&&dtian

3.1.3).
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6.4.1.2 Light Source

The ENFIS PhotonStar Innovate UNO-2&£D array was employed for exposures fio B50 mWeny,

whilst the 405nm light EDS was employed for exposures to AW cmi? (Section 6.2.1.2).
6.4.1.3 Surface-Seeded Bacterial Exposure

To establish the influence of bacterial bioburdentlua efficacy oflow irradiance 405 m light for
surfacedecontaminationESKAPE bacteriavere seeded onto 58m agar plates at densities -
10® CFU plate' andexposedo 0.5mWcnt? 405-nm lightfor 16 h (28.8Jcm?) and 2 h (43.2Jcm?)
with plate lids removed-ollowing light treatment, the lids were replacaddplates were incubated at
37°C for 1824 h.Following incubation, plates were photographed for qualitative analygis results

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

To establish the influence of population densitytba efficacy 0f405-nm light for inactivation of
liguid-suspended bacteri®, mL volumes ofS. aureusand P. aeruginosaat densities of 1810°
CFUmL? were transferred to a-®ell platg providing a sample depth of 3.2 mamd exposed to
increasing doses of 46%m light at irradiances of, 0 andL50 mWcn¥. Exposure times were selected
to ensure equivalent light dos&6( 288Jcm?) were delivered to sampléEquation3.1; Table 6.3).

All 6-well plates were covered with an adhesive plate seal to prevent evapoaatioso irradiare
measurements were taken through the material as described in Sectidht6.8risure the desired
irradiance reached bacterial sampléentrol samples were prepared in an identical manner but were
exposed to ambient laboratory lighting onkhe temperature of microbial samples was monitored
immediately prior and post light treatmegiitane May KM340 thermocouple; Comark Instruments,
UK). Posttreatment100puL samplegn=2) were plated onto agand incubated at 37°C for 48! h.
Following incubation, colonies were enumeraget! susceptibility at equivalent light doses compared.
Resultsrepresent the mean valugsSD of triplicate replicatesneasured in duplicate (ns6nd are
reported as percentage of survivibgcteriacompared to equivalent naxposed contig, bacterial

counts in logo CFU mL?, and GE valueSection 3.5.1).

A key consideationwhen 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 40 light through suspensions 8f aureusandP. aeruginosa

at populations of 1910° CFU mL! was measured using a BiomatdJ¥-Vis spectrophotometer

(Fisher Scientific, UK). Additionally, it was of interest to determine the loss of light intensity through

the 3.2mm depth of the &l samples held in thewell plate in the experimental sep. Todo this, the
photodiode detector was used to take irradiance measurements through the base of-{hlaté weth

3 ml samples of bacterial suspensanthe differing population densities aliquoted into the appropriate

well and exposed to the ENFIS PhotonStar Innovate UNO 24 LED array (Figurélte loss of 405

nm light irradiance through the bacterial samples was then calculated as a percentage in comparison to
PBS alone.Resultsrepresent the mean valuesSD of triplicate replicate¢n=3), and are reported as

the percentage dight passage through bacterial suspensions as compared to PBS suspensions.

Table 6.3 405-nm light treatments of bacterial sampéespended in PBA0*® CFU mL?).

Irradiance (mWcm-2) 5 50 150 Dose Delivered (Jcrrf)
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 setip to measure loss dD5-nmlight transmission through bacterial samples.

6.4.2 Results: Exposure of SurfaceSeeded Bacteria

Figure 6.7 displays agar plates seeded ®ithureusandP. aeruginosaat population densities of 10

10 CFU plate! and exposed to 0Wcnt? for 16 h (28.8 Jcr) and 24 h (43.4 Jci). Results for the
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other four bacterial species are shown in Appedi§eneral trends indicate that the susceptibility of
surfaceseededbacteria ¢ low irradiance405-nm light inactivation is similar regardless of initial
population density. Similar lag reductions were demonstrated at each initial seeding density as the
light dose was increased, with results indicating étlabacteriapresented at high surface population
densities can beeduceddy low irradiance 40%5m light exposure as the duration of exposarel hus
applied dosgis increasedBy comparison of the two representative species presentéigune 6.7
S.aureusappears to demonstrate greater susceptibility than tHat aéruginosawith 24h exposure
resulting in comfete elimination of 10 CFU plate' S. aureuspopulations in comparison to just
10° CFUplate® P. aeruginosapopulations, respectively. Nevertheless, results overall demonstrate
successful inactivation of all ESKAPE pathogeatcontamination levels (BGCFU plate!) likely to
typically occurwithin occupied environmentdacleanet al, 2013a) andeven atpotentially much

higher levels should these ocgusing low irradiance (0.5 mW cflight.

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

Oh

16h

24h

Oh

16h

24h

Figure 6.7 Appearancef (a) Xaphylococcusureusand (b)Pseudomonaaeruginosaat 11 10t CFU platet,
uponexposure to 0..nWcn? 405-nm light for 16 and 24 h (28.8 and 43.4n3?, respectively)[CG: confluent
growthof bacteriq

6.4.3 Results: Inactivation of Bacterial Suspensions

Inactivation kinetics o8. aureusandP. aeruginosauspensionstinitial densities of 18° CFUmL™,

upon exposure to increasing desd 405nm light at three independent idianes are presentedn
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Figures 6.8 and 6.9, respectivaior each population density, results are presented as both counts (log
CFU mLY) and surviving populations compared to rexposed equivalent controls (%). ResultsSor
aureug(Figure 6.8) demonstratesggnificantenhancement isusceptibilityto 405nm light inactivation
whenusing low irradiancat popul at i o fCFUmihasd, donverselybenhusityhigher
irradiance at a population density of°XOFUmML*( P O 0 A018° )CFUmML?, log:o bacterial counts
(Figure 6.8A) were significantly lower upon exposure tm\®& cm? compared to both 50 and 150
mW cn? (P<0.001) atall light doses measured. Upon exposure to an initial dose of 362Jasm
approximate 2.46 lag CFU mL* reduction was demonstrated using 5 mW2coompared to just 0.04

0.16 logo CFU mL* reductions using 5050 mWcm2. Further, complete reduction was achieved upon

72 J cn? using 5 mW cn¥; whilst three times this dose (21€m?) was required when using 460

mW cm2. Similarly, the percentage surviving L @FU mL?* populations (Figure 6.8B) were
significantly lower at all doses when exposed to 5 mW compared to higher irradiances (P<0.001).
Approximately4-6 times less dose was required to achieve-ceaplete inactivatiofi O 9 6) at4hi%
density when exposed at the lowest irradiad6alcm? at5 mWeni? versusl44 Jent at 50mwent?

and 216 Jcm at 150 mWen¥. Similar patterrs wereobservedor 10° CFU mL™* (Figure 6.8C and P

and 10 CFU mL™* (Figure 6.8E and fpopulationsin both cases, exposure to inltdoses of 36 and

72 J cn? resulted in significantly lower bacterial counts when exposedvatVscm? compared to 50

and 150mW cnr? (P<0.001): reductions of up to 3.88 and 5.354&FU mL'in 10° and 16 CFU mL

! populations, respectively, using®V cnm?;, compared to reductions of 06272 and 0.39..55 logo
CFUmL, respectively, using 5050mW cm? (Figure 6.8 C and E). Both i@nd 16 CFU mL?
populations required-2 times less dose to achieve completeAweanplete reductions5.1%)using

5 mW cm? compared to 150 mW cfa When exposed at $CFUmL™?, however, no significant
difference was demonstrated in the inactivation efficacy of each irradiance applic&oB8(FFigure

6.8G and H). The only eeption was by 144c¢hr?, where bacterial levels illuminated using®V cnv

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 &8V cm? (P>0.05). Discordantly, when exposed at

10° CFUmL, although no significant difference was demonstrated between bacterial counts upon

exposure to each irradiance® . ;0Fglre 6.8l), higher irradiance were found to achieve
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significantly greater percentage reductions-yeit-dose 36 Jcm? achieveda 72.9% reduction using
150 mWecn?, which was significantly greater (P<0.001) than B8e6and 48.06 reductios recorded
using50 and 5mWcn?, respectively (Figure 6.8JNon-exposed log S.aureuscontrol populations
were shown in some cases to significantly decrease throughout treat@e0s(fFigure 6.8); however,
in all cases, 40Bm light exposed populations were significantly lowR®q.01), with the exception of
10° CFUmML™ S. aureusexposures to 150 mW ctin which significant reductions were noted from

72 Jcm? onwards (P<0.001).

Results forP. aeruginosaFigure 6.9 indicatea significant enhancemeirt inactivation withlower
irradiance exposures at A@lDCFUmb'dog:bbadteriabaountd wenes i t i e s
found to be significantly lower upcexposure to doses 86, 72 and 144 J cthwhen 5 mW ci? was
used compared with all other irradiance€{@27; Figure 6.9A). Exposure to 36n1, for example,
resulted in a 0.82 lag CFU mL? reduction $9.8% reductiop when illuminated at BW cn?,
significantly greaterthan the 0.0Tog;o CFU mL* (11.099 redudion using 150 mWcnd (P<0.001), or
0.13logio CFU mL? (27.8%) reduction when using 50 mW €niP<0.001) (Figure 6.9A) Similar
results were obtained using ® CFUmL™ population, whereby inactivation was significantly
enhanced upon exposure to initial doses of 36 and 722lsing the lowest irradiance compared to
higher irradiances (P<0.001): exposure to 3&mJ using 5 mWem? resulted in reductions of
~0.71logio CFU mL?! (64.8%); compared to reductions of 0.0&8 logo CFU mL?! (12.518.6%)
when exposed using SI0mW cm? (Figure 6.9C and D). Forol CFUmL* populationgFigure 6.9E
and B, both 5 and 5Wcm? irradiances were shown to be significantly mceffective for
inactivation than 150 mWm2 up to a dose of 144cin? (PQD.006). Exposure to 36 J dasing 5 mW
cm? resulted in significantly greater bacterial reductions (P<0.001) than that of exposures ity 50
mW cm? (0.96 versus 0.06.54 logo CFU mL* reductions; Figure 6.9E), and tiimes less doseas
shown to berequired for neac o mp | et e i 87:8%) whenaekposedsing th®two lower
irradiances (108 d@n?) compaed to the highest (216 Jcfy Figure 6.9F. In contrast tdS. aureus
inactivationof 1® CFUmL! P. aeruginosaopulationgFigure 6.9G and Hvas shown to be enhanced
using lower irradiance: lagbacterial counts were significantly lower (P<0.001) upon doses-&#42

J cm?, with up to 3.92 log bacterial reductions noted using 5 no? compared to 1.52.89 logo

CFU mL? reductions using 5050 mW cn?; and percentage surviving bacterial counts were
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significantly lower using 5 m&ém2 compared to 150 mW cAup to 108 J crd (PO 0 . )0 With 2-3
times less dose required forngao mp | et e | 9848%)twhen exposeat 5 m\(\td? (72 Jcm

2) in comparison to 50 mWc#(144 Jcn?) and 150 mWen (216 Jen). Similar toS. aureugFigure
6.8), nonexposed log P. aeruginosaontrol populations were shown, in some cases, to significantly
decrease throughout treatment duratio@)(B5; Figure 6.9). However, in all cases, 406 light
exposed populations were significantly lower in comparison teaxposed controls from an initial
dose of 36) cm2 onwards PQD.01),with the exception of FOCFU mL™ expasures to 15enW cm?, in
which significant reductions were initially notédllowing 72Jcm? (P<0.001), and fOCFU mL?
exposures to 50 and 150 mW €nin which significant reductions were initially noted following 72 J

cm2 (P<0.001 and P=0.038, respectively).

The mean GE for the 48%m lightinactivation of bacterial suspensionsestigated in this section are
presented ifrigure 6.10For S. aueus(Figure 6.10A), GE values for inactivation of initial densities of
10°-10° CFU mL*were significantly greater when 0.5 mW¢émvas used in comparison to that of higher
irradiances ( POBS.aldbshactivatiéhBEsing arh\W ahsompaced to 150 mW cm
2were ~4.1 times greater when exposing @BU mL* populations, ~1.5 times greater when exposing
10° CFU mL* populations and ~1.6 times greater when exposif@€EQ mL* populations. GE values
for inactivation of 16 CFU mL* S. aureususpensions, however, were relatively similar (0-:02125),
with significantly greater values demonstrated for exposures to 50 m#\¢empared to 5 mW crh
(P=0.035). At the highest density £I0FU mL%), GE values, although again similar (0.61.919),
were significantly lower for exposure to 5 miki?2 compared to both higher irradiance exposures
(P=0.001). GE values f@&. aureusnactivation using 5 mW crf unlike higher irradiances, were shown
to significantly decrease as population density in@@asntii 1§ CFU mL?* (P<0.001), with no

signficanty difference demonstrated between values foai® 16 CFU mL* inactivation.

For P. aeruginosgFigure 6.10B)GE valuesat each irradianceverefairly comparableFor 1¢ CFU
mL* populations GE values were similar (0.048022; P=0.339), with no key patterns demonstrated
between irradiance application and the efficacy of-Af@blight inactivation. For higher populations,
greater valuesierepresented at lower irradianceg 1¢ CFU mL?, GE values for 5 and 50 mW ¢in
exposures were higher than 150 mW-%Grhowever only values from 58W cni? exposures were

significantly higher(P=0.002); at 10CFU mL?, values obtained using both 5 and 50 roW? were
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significantly higher, andpproximately 1.5..8 times that achieved using 150 nevid? (P<0.001); and
at 10 CFU mL?, exposures using 5 mW chwere found to be associated with significantly higher GE

values, approximately 2-2.5 times that, of 50 and 15W cm2 exposures (P<0.001).
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Figure 6.8 Inactivationkinetics ofStaphylococcusureussuspended in PBS at initial population densities of (A

B) 10* CFU mL?, (C-D) 1P CFU mL?%, (E-F) 107 CFU mL?, (G-H) 10 CFU mL1 and (-J) 1¢° CFU mL?, upon
exposure tancreasing doses of 488 light at irradiances of 5, 50 and 150 mWZiResults are presented as
both bacterial counts in lagCFU mL?! (A, C, E, G and |) and percentagengving bacterial populationsith
respect to equivalent neexposed control populatiotiB, 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 dos@Q 0 . 8a5sjgnificantly different to all otheérradiances; *b, significantly different to 5

mW cmi?; *c, significantly different to 8 mwW cm? and*d, significantly different tdl50 mw cni2,
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Figure 6.9 Inactivationkinetics ofPseudomonaaeruginosasuspended in PBS at initial population densities of
(A-B) 1* CFU mL?, (C-D) 10° CFU mL1, (E-F) 107/ CFU mL* and G-H) 10° CFU mL?, upon exposure to
increasing doses of 408 light at irradiances of 5, 50 and 150 mW<xiResults are presented as both bacterial
counts in logo CFU mL? (A, C, E and G) and percentagendving bacterial populationsith respect to
equivalent norexposed control populatioiB, 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 (POO0O. 05tallotheairradianceg; ibi significamtly tiffesent M cime r e n t
*c, significantly different to 8 mW cm? and*d, significantly different tal50 mw cm?.
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Figure 6.10 GE forcomplete/neac o mp | et e ( 095 %) -suspanddd (Aftaphyloamecusaréus | i qui d
and (B)Pseudomonaaeruginosa10°-10° CFU mL?; 3 mL) upon exposure to identical doses of 408 light
using irradiancesf 5-150 mW cn?. Each data point represents the mean value + SD (n = 3). For each data point,
GE was calculated at the dose at which complete orm@amp | et e ( O95%) inactivation w.
(*) represent irradiance exposures which had a significantly different GE value from that of all other irradiance
exposures (PO0.05).

Figure 6.11 presents the transmission of-Af5 light through bacterial suspensions at varying cell
densities (18° CFU mL?Y). Results measured via WVis spectrophotometry (Figure 6.11A) indicate
that 405nm light transmission was fairly consistent for both bacteria untiCFJ mL? (95.599.6%

and 96.3100%, respectively). Beyond which, transmission steadily decreased with increasing

population density, with 40Bm light transmission reduced to just 1.8 and 2.5% férQRU mL™*
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populations ofS. aureusandP. aeruginosarespectively. To mimic the light treatment conditions used

in the tests, the loss of light through the B depth in the test plate was measured (Figure 6.11B).
For both bacteria, no significant difference was demonstrated between transmission Ei&ughd

that of suspension€10° CFU mL?! (P0.132); however, transmission through®10FU 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 aureusand P. aeruginosawas shown to be
statistically similar for all population densitiesP079), with the exception of 10CFU mL?
suspensions, in which transmission was significantly greater thr@ugheruginosasuspensions

compared to that d. aureugP=0.008).
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Figure 6.11405nm light transmission through suspensionStaiphylococcuaureusandPseudomonas
aeruginosaat population densities of 3CFU mL* measured using (A) standard WXis spectrophotometry
and (B) a power meter and photodiode detector, through ther8.8epth of the test sap (n=3). Asterisks (*)
represent bacterial concentrations in which there was a significant difference in the % transmissiamof 405

light through different bacteria.

6.5 Bacterial Cell Damage by Low versus High Irradiance 40%1m Light

Based on findings Sections 6.5.4, this section aimed to determine the differences, if any, in cellular
cytotoxic responseis namely,intracellular ROS production and membrane damaggS. aureusand

P. aeruginosaipon exposure tmentical doses of 40Bm 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-nondiht,
suspensions oB. aureusand P. aeruginosawere firstly exposed to light treatment using a similar
methodology to that implemented in Section 6.4.1.4. For these test protocols, high HErG#RY mL

! population densities were required to be used. Briefly, 3 mL volum8saifreusindP. aeruginosa
were transferred to awgell microplate(providing a sample depth of 3.2 mand exposed timcreasing
doses of 405nm light at irradiances of, 30 andl50 mWcn¥. Exposure times were selectiedensure
equivalent light dose867 144 Jcm?) were delivered to samplé&quation3.1). All 6-well plates were
covered with an adhesive plate seal to prevent evaporatidrso irradiance measurements were taken
through the material as described in Secdh13 to ensure the desired irradiance reached bacterial
samplesThelight treatments delivered to samples are presented in Table 6.4. Control samples were
prepared in an identical manner but were exposed to ambient laboratory lightin@astigxposure,

samples were processed following the steps outlined in Sections &5 1.2.

Table 64 405-nm light treatments of0° CFU mL! bacterial suspensions

Irradiance (mWcm-2) 5 50 150 Dose Delivered (m?)
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 CEUmL? populations, following exposure to the
light treatmers outlined in Section B.1.1, 100 L sample¢n=2) were plated onto agand incubated
at 37°C for 184 h.Followingincubation, colonies were enumeratRdsultgepresent the mean values
+ SD of triplicate replicatesneasured in duplicate (n56nd are reported dmcterialreductionsas

compared to the equivalent nemposed control samplé@slogio CFU mL™.
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6.5.1.3 ROS Detection and Measurement

The detection and measurement of intracellular ROS production was conducte6-caibgxy2',7-
dichlorodihydrofluorescein diacetatécarboxyH.DCFDA). CarboxyH.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. Thislnorescent molecule is readily converted to a
green fluorescent form vam acetate groups are removed by intracellular esterases and oxidation, via
ROS activity, ocurs within the cell(Thermo Fisher Scientific, 2023)The generation of green
fluorescence fronecarboxyH,DCFDA is therefore indicative of the presence of intracellular oxidative
stress. This dye has previously been used to detect ROS generated in responeentbgtd®xposure

in bacteria in literaturéRamakrishnaret al, 2016; Minor and Sabillon, 2023and the methodology

used was adapted froRamakrishnaret al (2016) Following exposure to light treatments described

in Section 6.1.1, all exposed and naxposed samples weecentrifuged at 4038 g for 15 mh (GT1
centrifuge) to achieve a cell pellet. The supernatant was discarded apd. ZEUM carboxy
H.DCFDA (C400; Thermo Fisher Scientific, UKjasthen added to the pellet, vortexed and incubated

in the dark for 30 min at room temperature allow the probe to accumulate within celRost
incubation, suspensismeremade up to 3 mL with PB&nd fluorescence was measured immediately
using an RFB001PC spectroflurophotometat an excitation wavelength of 495 nm and emission
wavelength of 525 nnResultsrepresent the mean valuesSD of triplicate replicategn=3), and are
reported as thpercentage increase in green fluorescence integesitgrated from carboxy.CDFDA,

as an indicator of ROS productiaag compared to the equivalent rexposed control samplesor this

experiment, the initial three dose points were selected for analysis (36, 72 and 198 J cm
6.5.1.4 Membrane Integrity Assessment

To assess thitegrity of bacterial cell membranes in response to light treatments, the leakage of
intracellular nucleic acids into the extracellular matrix was quantified uspegtrophotometric
analysis. The methodology employed waspted fronMcKenzieet al (2016) Following exposure to

light treatments described in Sectiob.&.1, all exposed and naxposed samples were centrifuged at
3939x g for 5 min(Heraeus Labofuge 400R; Kendro Laboratory Products, UK supernatant was

extracted and analysed using a Biomatg\bVis spectrophotometer (Fisher Scientific, UK), with
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absorbance measured at 260 nm to indicate the presence of leaked nucleReatilisepresent the
mean valuest SD of triplicate replicategn=3), and are reported as thpercentage increase in
absorbance at 260 nras an indicator for the leakage of nucleic acid matesigicompared to the

equivalent norexposed control samples.
6.5.2 Results:Bacterial Cell Damageby Low versus High Irradiance Exposures
6.5.2.1 Inactivation Kinetics

Figure 6.12 presents the reductions of $Aaureusnd (B)P. aeruginosaipon exposure to increasing
doses of 40%,m light using 5, 50 and 150 mW @nSurviving counts of all 468m light exposed
samples were significantly lower than that of rexposed controls .002): following a final dose of
144 J crr?, S. aureusounts reduagfrom 9.23 to 7.38 log CFU mL*! using 5 mW cn#, 9.51 to 6.91
logio CFU mL?! using 50 mW cri, and 9.47 to 6.67 lag CFU mL?* using 150 mW cni; whilst P.
aeruginosecourts reducd from 9.43 to 5.57 log CFU mL* using 5 mW cn#, 9.38 to 7.53 logy CFU

mL* using 50 mW cri, and 9.27 to 7.91 lag CFU mL* using 150 mW cr.

For exposures db. aureugFigure 6.12A) to 36 J crf reductions achieved using 150 mW-tmere
significantly greater than that achieved using 5 m\W ¢t58 versus 0.28 lagCFU mL? reductions;
P=0.001); with no significant difference demonstrated between that of 50 mA&rehother irradiances
(0.45 logio CFU mL? reductions; B0.05). At higher dose applications, the two higher irradiance
achievel greater reductionsy 72Jcm?, 50 and 150 mW crhachieved 1.07.22 logo CFU mL*
reductions, which was significantly greater than the 0.7& 66U mL? reductions achieved using
5 mW cm? (P<0.001);py 108 J cr?, reductions of 1.92.07 logo CFU mL?* were achieved using 50
150 mW cn¥, which was significantly greater than tlwh& mwW cm? (1.60 logo CFU mL* reductions;
P<0.001); and following 144 J ctreductions of 2.62.81 logo CFUmML™ were achieved using 50
150 mWent2, which was significantly greater than tioé& mwW cm? (1.85 logo CFU mL* reductions;
P<0.001). Contrastingly, results fer aeruginosgFigure 6.1B) demonstrate, for all dose applications,
significantlygreater reductionsponexposireto 5mw cn?2 compared to 5050 mWcm2 reductions
of 0.60logio CFUmML™? versus0.350.36 logo CFU mL?, respectively, were observed following
36Jcm? (P=0.003); reductions of 2.34 lggCFU mL*! versus0.60-0.67 logo CFU mL?, respectively,

were observed following 72 J ¢m(P<0.001) reductions of 3.01 log CFU mL? versus1.01-
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1.07logi0 CFU mL?, respectively, were observed following 108 J%(®<0.001); and reductions of
3.86l0g10 CFU mL* versusl.37-1.85log;o CFU mL?, respectively, were observed following4l) cnr

2 (P<0.001).Comparing the two species, significantly greater reductions were demonstraked by
aeruginosacompared t&. aureust all doses using 5 mW chireductions of8.87 versu$l.85 logo
CFU mL?, respectively<0.001); whilst significantly greater reductions were achieve8.bgureus
compared td®. aeruginosavhen exposed to all doses using 50 and 150 mW/(ceauctions of2.61-
2.81 logo CFU mL?! compared toOL1.37-1.85 logo CFU mL?, respectively; P0.002), with the
exception of exposures to 36 Jémsing 50 mW cri, whereby no significant difference was

demonstrated (0.45 and 0.36 i9GFU mL* reductions, respectively; P=0.317).
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Figure 6.12 Reduction®f (A) Saphylococcusiureusand (B)Pseudomonaaeruginosasuspensionsl(® CFU
mL-1) upon exposure to increasing doses of-#405light atirradiances of 5, 50 and 150 mW €nData points
are presented as ladacterial reductions in comparison to rexposed equivalent controls and represent the
mean value + SD (n=6). Asterisks (*) represent data points whekadayctions achieved by exposure to 5 mW
cnt2 were signifi@ntly different to that of 50 and 150 mWé&e x posures ( PO0. 05) .

6.5.2.2 ROS Detection and Measurement

Figure 6.13 presents tipercentage increase gmeen fluorescence detected from carboyfDXCFDA

upon exposure of (A$. aureusind (B)P. aeruginosdo increasing doses of 4@8n light at irradiances

of 5-150 mWcm2. Results forS. aureugFigure 6.13A) indicate no significant increasethie green
fluorescence detected in lighkposed samples compared to equivalentex@osed controls across all
delivery regimes (€0.096). Although insignificant, small increases in fluorescence compared to
equivalent controls were detected when exposed tend®fight using 5 and 150 mW chfmaximum
increases of 9.62 and 8.85%, respectively); whilst no increase was demonstrated usigca®. No

significant difference was demonstrated between the increases in fluorescence detected as treatment
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progressed for each irradiance (P=081%48) and further, no significant difference was demonstrated
between the fluorescence intensity between each irradiance across all doses {@6832Results

for P. aeruginosdFigure 6.13B) similarly demonstrate no significant increase in fluorescence detected
in light-exposed samples compared to equivalentexgrosed controls across all irradiances (P=0.110
0.690), with the exception of 5 mW chexposures to 72 J cthin which fluorescence levels were
significantly higher in exposed versus nerposed samples (41.96 versus 26.25, respectively;
P=0.011). Although insignificant (P=0.148890), an upward trend was demonstrated in fluorescence
intensity, for all light irradiance regimes, as treatment time,thns dose, increased. The percentage
increase compared to controls using 5 mW?amas 57.4% upon an initial dose of 36 J%nwhich
increased to 121.5% following 108 Jénusing 50 mW cm, no percentage increase was demonstrated
after 36 J cnd; however, a 17.1% increase was demonstrated after 108%)amd using 156nW cnv

2, a 14.9% increase was demonstrated following 36 3, amtich increased to 30.3% following
108Jcnv2. No significant differences were observed in fluorescence intensity upon exposure to each
irradiance at each dose (P=0.ZBX64), however, greater levels were demonstrated at the lowest
irradiance, with 47 times greater fluorescence detected by 1083 using 5 mW cnf compared to
higher irradiances. Comparatively, greaterofiscence was detected upon all exposures for
P. aeruginosacompared t&S. aureushowever only levels observed upon 36 J%aming 5 mW cr#

and 72 and 108 J chusing 150 mW cm were statistically significant (P=0.0a2033).
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Figure 6.13 ROSfluorescence intensity in (Axaphylococcusureusand (B)Pseudomonaaeruginoseacells
upon exposure to increasing doses of-A@5light at irradiances of-550 mW cn?, measured through
incubation with carboxyH.DCFDA and spectrophotometric measurement at an excitation wavelength of 495 nm
and an emission wavelength of 525 nm (BSB). Asterisks (*) represent data points in which there was a
significant difference (80.05) between exposed and rexposed control samples.
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6.5.2.3 Membrane Integrity Assessment

Figure 6.14 presents the comparative increase in absorab@6€ nm of (A S. aureusand (B)P.
aeruginosaupon exposure to increasing doses of-A@blight using irradiances of-8560 mW cn?

compared to equivalent n@xposed controls. In all cases, absorbance at 260 nm was greater upon 405

nm light exposure compared to rerposed controls .045 in all cases up to 108 J &nwith an

upward trend in absorbance at 260 nm demonstrated as exposure time, and thus dose, increased: by 108

J cm?in all cases, absorbance readings were significantly greater than starting vaie92zp

For S. aureugFigure 6.14A), values were statistically similar across all irradiances (P=0.858),
with the exception of exposures to 144 Jcnwhereby the increase in absorbance using 50 mW# cm
was significantly greater than that of 5 and 150 m\W (@28 versus 0.16.18, respectively; P=0.001).
Although insignificant, the increase in absorbance upon exposure to 5 mWWasrower than that of
higher irradiances upo@72 J cn¥: values of 0.15 compared to 0-:0719 at 72 J criy 0.17 compared
t0 0.20 at 108 J crhand 0.16 compared to 0-0828 at 144 J crh ForP. aeruginosgFigure 6.14B),
values were significantly higher upon higher irradiance exposure (P=0.083). The increase in
absorbance at 260 nm upon 36 J%amsing 150 mW crd was significantly higher than 5 mwW cin
(0.41 versus 0.02; P=0.033), with no significant difference between 50 m¥awrdother irradiances
(0.26; P>0.05). UpoAr2 J cn?, values were significantly higher using-580 mW cn? compared to
5 mW cn?: 0.26:0.41versus 0.07 at 72 J chiP=0.001); 0.5@.52 versus 0.17 at 108 J €ifP=0.013);

and 0.64 versus 0.23 at 144 J&(R=0.003).

Comparatively, the increase in absorbance at 260 nm upon exposure to 5 fhwasmtatistically
similar for bothS. aureusandP. aeruginosaip to 108 J cri (P=0.0760.933); beyond which, values
for P. aeruginosawvere significantly greater tha®. aureug0.23 versus 0.16; P=0.033). Using 50 mW
cm?, values were statistically similar at 36 J€(P=0.364); beyond which, values fBr aeruginosa
were significantly greater tha®. aureus0.58 versus 0.17 at 72 J @r(P=0.002), 0.52 versus 0.20 at
108 J cn? (P=0.013) and 0.64 versus 0.28 at 144 ¥ ¢R+0.012). Using 150 mW cfpvalues were
significantly greater, in all casefer P. aeruginosaompared t&. aureus0.41 versus 0.13 at 36 Jtm
2(P=0.033), 0.61 versus 0.19 at 72 JqiA=0.004), 0.50 versus 0.20 at 108 J°¢@=0.009) and 0.64

versus 0.18 at 144 J chiP=0.001).

164



09 FT T T ™ T T T ™
osl ® Smwcm? i 08 b -*-=5mWcm? ?_
A 50 mW cm2 4 50 mWcm?

0.7 F -—p— 150 mW cm™= 7 —-»-- 150 mW em? - _ »
Eos | i EDG- x : A
8 2 s I S
E:’S“ 05} - g‘ ) - ¢

8 o4f . 2 04r > - 7
245 . 2 ra *
< _ A < 02 | g % e

01 f -4 Pt - . -

) 00| # - == e - .

00 * L I L L] I N L L L

0 36 72 108 144 0 36 72 108 144
Dose (J cm3) Dose (J cm?)

Figure 6.14 Comparison of the difference in absorbance measuremeexpo$ed and neaexposed (A)
Saphylococcusiureusand (B)Pseudomonaaeruginosacell supernatants at 260 nrpon exposure to an
increasing dose of 408m light at irradiances of 5, 50 and 150 mW#Ziach data point represents the mean
value + SD (n=38SD). Asterisks (*) represent data points which are significantly different to all other irradiances
(POO0O.05) .

6.6 Discussion

This chapterhas successfully demonstrated the efficacy ofeloiradiance 405 m light for the
inactivation of key nosocomial bacteria presented at various population densities on surfaces and in
liquid suspensionand has additionally highlighted the enhanced susceptibility of bacteria to
inactivation when exposed to a fixed dose of-#@blightusing lower irradiancecompared to higher
irradiance. Further, preliminary investigations into oxidative stress produced by bacterial cells in
response to suaxposures has provided indication of the potential mechanisms of damage and cellular

targets associated with 4@n light inactivation of bacteria.

As mentionedgiven its increased safety profile ouwg¥ light, there is interest in the development of
antimicrobial violetblue light for infection control applications which require exposure of sensitive
materials or occupied environmentahereby lower irradiances are generally used ensure
compatibility with such applications. Fenvironmental decontamination, viclglue light is typically
employed at levels1l mWcn?? to ensure the safety of exposed room occup@@fsIRP, 2013) An
irradiance of 0.5 mWcrh was selected fosurfaceseeded bacterial exposuris this chapterto
represent the typical levakedto illuminate hightouch surfaces when the technology is employed in a
room environmenfChapter 4)It is recognised thatradiance levels will vary depending on the distance

of the contaminated surface from the location of the light source, howfewdings in the previous
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chapterdemonstrated that a range of irradiance levels <1 m¥\Mzan achieve bacterial inactivation,

and so this particular irradiance was selected as a representaticew 6 Resudts/irEigures6.2,6.7

and AppendixB, indicate that all surfacexposedESKAPE pathogens (310° CFU plate!) were

reduced by exposure to 0.5 mWénwith greater levels of inactivation achieved as light dose was
increasedWhen eposedo this irradiancat 1¢ CFU plate?, which was chosen to represent the typical
upperlevels ofcontamination reported withihospitalisolation roomg(Macleanet al, 2013a) the

susceptibility of eaclESKAPE pathogenvas variablehowever, completeiearc o mp | et e ( 096 . 6
inactivation of each species individually was achieved ust80 Jcn? (3.3-16.6 h) (Figure 6.2)

Comparative exposures of bactésaispensionso 0.5mW cm? could not be conducted due to the

limited viability of bacteria whilst suspended for lengthy periodRBE Alternatively, an irradiance

level of 5 mWcm? wasselectedwith this irradiance being in the region of those suggested for wound
disinfectionapplications (20 mW cn?) (McDonaldet al, 2011; Daiet al, 2013a, 2013b)Use of

5 mWcnt? wasshown to successfully reduce suspen8eaureusndP. aeruginosgselected as Gram

positive and Gramsmegative representatives, respectiyelyith nearc o mp | et e ( 099 . 7 %) i n

achieved for both speciegth a dose of 45 Jch(2.5h; Figure 6.2.

In addition to comparing the bactericidal efficacy of different doses ofn®%ight, this chapterhas
also provided novel information dhecomparative bactericidal efficacf 405-nm lightwhen the same
dose of light is applied at different irradiation levdlbe results pvide key evidence talemonstrate
the enhanced bactericidal efficacy of low irradiance-d@blight in comparison to that of higher
irradiance exposures, panit-dose.Results inFigure 6.2indicate all surfacseeded ESKAPE bactari
(1? CFUplate?) required a significantly (P<0.05) lower dose to achieve completedoeaplete
($95.47%) inactivation when exposasing lower irradiance levels: exposures to 0.5 m&oeguired
1.5-3.3 times less energy that than required by exposures to 5 Mo 3.311.1 less energy than
that required by exposures to 50 mW&mlthough allemployedrradiancdevelsachieved significant
levels of inactivation, the dose required for a 1;4ogduction was significantly leg®O 0 . fbrsa)l
species when exposed using 0.5 mWdi6+30 Jcn?) in comparison to both 5 mWcf{9-60 J cny)
and 50 mWcn? (30-150 J ciif). The GE for inactivation of each ESKAPE pathogEigure 6.3)was
also shavn to be significantly higher @.05) when exposed using the lowest irradiance (ranging from

0.05-0.29) in comparison to highdrradiance (ranging from0.030.22 for 5 mW cnt and0.01-0.05
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for 50 mW cn?). Similarly, results inFigure 6.4suggesiS. aureusand P. aeruginosan suspension
also required lower doses to achieve significewels of inactivation when exposed using lower
irradiance évels both species requiregltimeslessenergy when exposagsing 5SmWcni? compared
to 150 mWcen? (22.5 versus 67.5 ¢in?, P(D.05). Similarly, although all exposuresid induce
complete/lneac o mp |l et e ( 09 9 ., Sighifichntlyi lower ddse$R<@a5)iwera required to
achieve thisvhen exposed using lower irradianievels: two times less energy was requiradien
exposedusing 5mWecn? compared to 30 mWen? (45 versus 90 J ¢y PCD.05). Comparison of
exposures over the initial dose range o430 Jcn¥ further highlights this difference in efficacy:
following 45 Jcn?, logio reductions of 2.94 and 3.37 were observedSoaureusxposed at 5 and
10mWcm?, respectively; in comparison to just 0.21, 0.08 and 0.0 kegluctions when exposed at
50, 100 ad 150 nwWcm?, respectively. Similarly, at this same application of dosep i@gluctions of
2.86 and 2.81 were observed fBr aeruginosaexposed at 5 and 10 mWdmrespectively; in
comparison to just 1.25, 0.43 and 0.08;bogductions when exposed at 50, 100 and 150cm?,
respectively. The GE for inactivati@ this initial population density of $CFU mL* (Figure 6.5 was
significantly greater (P<0Q1) for both S. aureusand P. aeruginosavhen exposed t@10 mW cni?
compaed to G0 mWent?, further demonstrating thbactericidal energyefficiency of using low

irradiancelevels

Interestingly, these findings can be considered to conflict with previous studies which depicted a dose
dependency associated witB5-nm light exposurewhich suggest inactivation increases with applied
dose, irrespective of the light deliverggime (high intensityshort duration or low intensitypng
duration)(Endarkoet al, 2012; Murdoctet al, 2012; Barneclet 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 ders of magnitude are compar&tlurdochet al (2012) for example, exposed
suspensions af. monocytogene® 108 Jcnf of 405light using irradiances of 380 mWcm? and

found, although the lag 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, Barnecket al (2016)investigated equivalent 4atm light dose exposures using irradiances

of 2.382.89 and 8.88.71 mWocn¥ on surfaceseededS. aureusS. pneumoniagE. coli and P.
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aeruginosa and demonstrated similar lggreductions for both equivalent radiant exposurEse
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 treatméBarnecket al, 2016)

The concept thatlifferences irinactivation efficacymay becoméncreasingly evidenvhen comparing
irradianceapplicationsof greaterorders of magnitude is further supported Brydarkoet al. (2012)

who found no significant difference (P>0.05) in the 405 light inactivation rate df. monocytogenes
when exposed to a constant dose using irradiances ranging fr8metnWen? but did demonstrate
significantly greater inactivation when exposed to a constant dose using 8.6 fiklicomparison to

85.6 mWen¥. Further, inChapter4, whilst evaluating broadpectrum antibacterial efficacy of the 405

nm light EDS for surfacsimulated decontamination, an enhancement in the inactivati8nafreus

was doserved on a pamit-dose basis when lower irradiance light sources were emp{Bigae4.10;

Table 4.1) suggesting that low irradiance 48 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 pemit-dose basis.

These findings provide key evidence to indidie application of 405m light dosehas an important

role in the mechanisms fo microbial inactivation. Tks improvement in bactericidal efficacy
demonstratedat lower irradiance exposuresay be dueo specificlevels of energy required for
microbial inactivationandit is possibe that bacteria may adopt different response mechanisms when
exposed tdigh intensity/short duratioregimesin comparison téow intensity/long duratiomegimes

It has previouslybeen identified thatwhen light irradiance is increased, there is the potential for
photoinactivation to be limited by a depletion in oxygen supjiMesseleyet al, 2006; Rogers, 2012)

or saturation of the electronic absorption of porphy(Mscleanet 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 $aration of the electronic absorption of porphyrins, and the inactivation kinetics
of S. aureust an initial density of I0CFU mL* shown inFigure 6.8ndicate that oxygen is not lacking

at the higher irradiances employed in this study. A possibleeation 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 aetlular ROS defence mechanispthere is
relatively little understanding of how the interplay between these factors affects microbial populations
in different environmentgimlay, 2019) High levels of ROS within the cell can induce genomic
mutations and particularly RNA damagseixaset al, 2022) as well as oxidative modification of
proteins, lipids and glycans which can lead to metabolic malfunction and cell aidgh, conversely,

low levels of localROS play an important roleithin the cellboth as redossignalling molecules in a

wide spectrum of pathways involved in the maintenance of cellular homeostasis and regulating key
transcription factor¢Schieber and Chandel, 2014; Fasnacht and Polacek,.20&l¢lear that ROS

can induce a variety of both beneficial and detrimental effects on microbial cell survival, and the results
of the present studyemonstrating greatésE when exposed using 408n light atrelatively low
irradiance leved 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 sueleVelexposure over a
prolonged period is in some way more damaging to the cell but altertyaticoud be that ROS cellular
defences are less effective under these condjtarthat 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®3ight dose and irradiance, and the extent

to which it affects 405m light inactivation, an assessment of the potential for a threshold level of
irradiance to exist, whereby beyond which no furihectivation 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 4051m light at increasing irradiances, and thus doses. If inactivation levelstavere
plateau at a particular irradiance level, this may indicate a limit in thedégeendent nature of 468n

light exposure, potentially as a resultaofiepletion in oxygen suppliesd thus a surplus of excited
porphyrin molecules unable to participate in the photoinactivation prodesse findings may help to
explain why the efficacy of 46Bm light bacterial inactivation is variable depending on the mode of
light delivery,and a better understanding of this fundamental concept could assist intimésapon

of low power, energy efficient antimicrobial lighting systems.

In terms of the comparative susceptibility of ESKAPE pathogens, resHiglire 6.2indicatesurface

seeded5.aureus A. baumanniandP. aeruginosavere most susceptible to 0.5 mW ¢éneollectively
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requiring @i ackieve Dogéeduttiors,nm comparison . faeciumK. pneumoniae
andE. cloacaewhich required doses & 30and13.5J cn?, respectively. These results refléhose

of Hoeneset al (2021) who similarly found thatA. baumanniiS. aureusandP. aeruginosaequired

lower doses of 40Bm light than that of other ESKAPE pathogens to achieve a;drieduction. The
authors exposed ESKAPE pathogens at a higher irradiance (20 mfy\thman employed in this study
(Hoeneset al, 2021) suggesting the comparative susceptibility of each species to treatment is
independent of light irradiance application. This is corroborated by exposures to 50 fshawn in
Figure 6.2 which demonstrated similar patterns of susceptibilitye speciespecific differences in
susceptibility observed in this study are likdlye to differences in both the distribution and quantity of
endogenous porphyrins produced by different bacterial @élisanet al, 2004; Macleart al, 2009;
Kumar et al, 2015) Regardless, complete/nezomplete( O 9 6 .infictivation of all species was
demonstrated using low irradiance 4@% light, similar to that employed for wheteom
decontamination, within realistic exposure times for system use (16I6&dse findings support those

of Chapter4, which similarly demonstrated that 0.5 mW2m05-nm light could successfully inactivate

a range of nosocomial and foodborne pathogens, with complete reductions of each species demonstrated

in 2-16 h.

When exposedon surfaces, the qualitative data Fiigure 6.7 and AppendiB indicatesthat low
irradiance(0.5 mwWecn?) 405nm light ould inactivate increasingly higbacterialpopulation densities

as the time of exposurand thus appliedose was increased. It is important to note that the Bigiface
populationdensities employeih this study were used to provide insight into the mechanisms ef 405
nm light inactivation and are significantly higher thigipical contamination levels expected within
healthcare settingd/acleanet al, 2013a)Bacteria in this study were exposed on a nutritious omedi

as a means to provide highly reproducible inactivation kinetics within the healthcare, samtiihg
althoughit may contain photosensitive components capable of enhancing tiemlght inactivation
processijt also supports the growth and survival of a brepdctrum of bacterial species and so will
likely offer greater protection from oxidative stress than that of inert environmental suiVace®ch

et al, 2012) It is therefore expected that bactgyiasent on inert environmental surfaces or suspended
in the airwould demonstrate even greater susceptibility to-d®5light inactivation than that shown

here. The demonstration of successh#écterialinactivation using low irradiance405nm light on
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nutritious media and at population densities which significantly exceed that expected of contaminant
levels within healthcare settings further suppdhts suitabilityof this technology foenvironmental

decontamination

Similar to the results reported for surface exposed bacterisghygeralsodemonstrated th&E of

low irradiance 405 m light when bacterial populations are treated in liquid suspendiba.
temperature of liquid samples was also monitored for all treatmenits the greatest temperature
increaseobservedwith the longest exposures at highest irradiancé CFRJ mL%; 150 mwem?, 02 4
min; up to4 2 fron21 ¥ 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 Figres 6.86.10 demonstrate that the enhancement in inactivation efficacy observed for
lower irradiance exposures is apparent for various bacterial population densities in suspen§ion. For
aureuswith initial population densities of £0.0" CFUmL?, the dose required fomaapproximatel

logio reduction Figure 6.8A, C and Ewasup to4 times lower using 5 mWcfcompared tdiigher
irradianceswith corresponding GE valueBi@ure 6.10A significantly greater for 5 mWcrexposures
compared to al | 0lpWHereexposeeaan iniiaspoguiBtioroderBitt GFCFUmML

!, the dose required fomaapproximatel logi reduction Figure 6.8G was the same for both 5 and 50

mW cn1? exposures (72 J cf), which was half of that required when exposed using 150 m\A/{ taa

J cm?); however, corresponding GE values (Figure 6.10A) were significantly greater for 50 iiwW cm
compared to 5 mW c(P=0.035).By contrast, when exposed at an initial density f@BUmL?,

the dose required fomaapproximatel logio reduction Figure 6.8l)wasthe same for all irradiance
exposures (72 J cf), andGE values Figure 6.104, although similar across all irradiance exposures
(0.0150.019), werssignificantly lower ab mWcm? compared to all other irradiances (P=0.001). These
resultsfor S. aureusxposed at an initial density of 10FU 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 speciggecific 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 fullyueidate the mechanisms responsible.

Results forP. aeruginosgFigure 6.9 demonstrate an enhancement in the efficacy of low irradiance

405-nm lightfor inactivation regardless of initial populatidensity When exposedtan initial density
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of 10° CFU mL?, the dose required fonaapproximatel logio reduction(Figure 6.9A) was 1.5 times
greater when exposed using 150 mW-2@ompared with lower irradiances. When expodeghanitial
density ofL(® CFU mL?, the samelose was requirefdr an approximatel logio reductionatall seeding
densities (108 Jcrh P>0.05) However, over this initial 1 log reduction, the efficacy of inactivation
was shown to be significantly greater at lower irradiance: an initial dose of 36atdrieved 64.8%
reductions using 5 mnt%; 18.6% reductions using 50 m#n?;, and 12.5% reductions using 150
mWecm?2( P OO0 . Oniidl denshigs ofLl0’ and 18 CFU mL?, the dose required for an approximate
1 logip reduction wasl.5-2 times lowe when exposed using 5 mWcntompared td50 mW cn,
with corresponding GE values significantly greater for 5 m¥exposures compadto 150 mWcm

2 (P<0.001; Figure 6.10B Whilst the enhancement in GE observed for liggidpended bacteria
(Figure 6.9 was not as definite as that observed for surksaled bacteridrigure 6.3, it is worth
noting that this may be due to thigher irradiances employed for liqusdispended bacterial exposures:
bacteria havdimited viability in PBSover extended timperiods and thus tis study was unable to
expose suspensionsgameirradiances employed for surface exposures, as previously discussed. The
currentresultsprovide key evidence regarding the fundamentals ofr#@3ight inactivation of liquid
suspended bacteria; howevfsr, environmental decontamination purpodess importantto consider
efficacy undeotherconditions representative pfactical system deploymemstich asas investigated
in the previous chapter, efficacy for inactivationbafcteriaexposedwhilst suspended in biological

media andiriedoninert surfacegFigure 5.12)

These speciespecific 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 B)iddicated minimal irradiance loss through both
bacterial suspensions up to®10FU mL! (P.132); beyond which, irradiance loss significantly
increased (P<0.001), with loss significantly greater thro8glaureussuspensions compared o
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 level®10® CFU mL?%; however, the limited light transmission demonstrated throu§GEQ

mL* S. aureusamples, in comparison to equivalentaeruginosand PBS samples, may explain why

the inactivation kinetics d&. aureugxposed at this density deviated from overall findings of the study.
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It is possible that the thicker layers of peptidoglycan surrountiiisgGrampositive bacteriunmay
increase 405 m light attenuation, limiting inactivation as cell density increases, or that other factors,
such as cellular production of light absorbing pigments, ®.@ureuscarotenoids, may affect light
penetration through dense populatiofgrther, at the higher cell densities investigated in this study, it

is likely that bacterial clumping will result in shading effects which will likely influenicgatl
penetration through suspensions. These hypotheses align with a recent systemised review of current
findings regarding microbial inactivation by violelue light exposure, which demonstrated a slight
increase in the dose requirements for a 1oloepuction in bacteria upon increasing population density
(Tombet 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 presentethase higher densities, this study sought

to examine how bacterial density, and thus shading, may affectm0ight inactivation.It is important

to consider, however, only one Grausitive and Grammegative representative species were
investigated here, and further study into the comparative interactions ofrd0ight with various

Grampositive and Granrmegative bacterigs 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 mechanismroh 4ight
photoinactivation, or its cellular targets, may vary dependmg@ow light dose is delivered. To better
comprehend the oxidative stress induced in the bacteria investigated ¢haptsr to low irradiance
405nm light, and how it compares to that of higher irradiance exposures, two indicators of cellular

damagé intracellular ROS production and membrane integdrityereassessed and compared.

Produced in excess, ROS can induce oxidative stress at levels sufficient to overwhelm cellular
antioxidant defence systems and instigate lethal cellular da(Rayeet al, 2012; Vatansevest al,

2013) and previous studies have indicated that the bactericidal mechanismmh4i@t inactivation

is attributable to oxidative damage as a result of an overproduction of ROS within the cell
(Ramakrishnaret al, 2016) Experiments in this chapter assessed levels of ROS in bacteria upon
exposure to a fixed dose of 485 light using different delivery regimes, to evaluate the influence of
irradiance application on ROS generation. For both bacteigare 6.13), no significant increase in

fluorescence was detected in ligitposed samples (B.096), however, irP. aeruginosa(Figure
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6.13B), an upward trend was demonstrated as dose increagdiinds greater levels of fluorescence
were detected when exposed to 144 Fasing 5 mW cnif compared to higher irradiances (P=0.231
0.764). Comparing these findings fer aeruginosawith the inactivation kinetics presented in Figure
6.121 whereby an upward trend in inactivation was demonstrated over time, and exposure to this same
dose (144 J crf) achieved 2.2.8times greater log reductions when exposed to 5 mW-toompared

to higher irradiancesit is suggested that, as expected,-4@blight 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 inactivaticfficacy of lower irradiance exposures on a-pmeit-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 $héncreases irfluorescencemeasured here
warrants further study to substantiate the aforementioned hypotResisakrishnaret al. (2016)
previously investigated green fluorescence generation from catsXFDA upon incubation with

S. epidermidiexposed to 408m light using 15 mW crifor (6 h (824 J crrf) and, although results
demonstrated a significant increase in fluorescence for exposures up t0BI5}Plevels significantly
reduced following 6 h exposure@.05). The authors attributed this to the high levels of dying cells at
that stage, which would likely have damaged membrahésmay lead toleakageof intracellular
esterasedrom the cell] thus implying less deacetylation of the rrorescent dye molecule
(Ramakrishnaret al, 2016) This hypothesignay also explain why minimal levels of ROS were
detected forS. aureusexposures in this study: corresponding inactivation kinetics in Figure 6.12
demonstrate 48:82.9% reductions following 36 J cthand 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 dyei either acetylated or deacetylatédwill have leaked from the cells prior to
subsequent asssment.Ramakrishnanet 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
concluced by Ramakrishnaret 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 hypothiesisruginosademonstrated similar reductions

following 36 J cn? (54.273.7%), so this hypothesis could also explain the insignificant and variable
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fluorescence levels detected for this bacterium. Further, thelifiealbf ROS is extremely short
(typically seconds(Griendlinget 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 exposndasgs-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 specigecific oxidative stress in response to-405 light, results
highlight the necessity to further investigate oxidative stress production in bacteria to better depict the
effects of varying 4051m light delivery, with particular interest in measuring cuative ROS levels

over a1 extendeexposureperiod

To assess the impact of differing 46/ 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
light induced oxidative stress when exposed to a foesk using differing methods of light delivery,

i.e. high intensityshort duration or low intensitipng duration It is important to note that, as discussed,

all cellular macromoleculék including lipids, proteins and nucleic aciti€an be damagedylROS
(Devasagayarat al, 2004) and thus various cellular componehfacluding the cell membrane, DNA

and virulence factor@dMcKenzieet al, 2016; Bieneet al, 2017; Bumalet al, 2017; Filaet al, 2017;

Kim and Yuk, 2017) could be a target of the 40Bn lightinduced 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-A6blight exposurgDai et al, 2013b; McKenzieet al,

2016) Futurestudy to assess damage inflicted on other key cellular components, however, is essential

to provide a broader understanding of the mechanisms efi@Oliight inactivation.

Results for botls. aureusand P. aeruginosaFigure 6.14) demonstrate that exposure to increasing
doses of 40%,m light increased absorbance readings at 260 nm, indicating an upward trend in the
release of nucleic acids from ligdamaged 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 byMcKenzieet al (2016) who investigated absorbance at 260 nm for Igotholi

andS. aureusipon exposure to 408m light using 65 mW crafor OL80 min (702 J cn?) 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-umitpgose basis,
discernibly different patterns were demonstrated for each bacterial specieS. Roreus(Figure

6.14A), no significant difference was demonstrated between the increase in absorbance upon exposure
to each light intensity (P=0.388851)1 with the exception of exposures to 144 J-%nwhere
significantly greater increases were demonstrated using 50 m# (Er0.001)7 and, although
statistically insignificant, lower increases in absorbance were demonstrated for 5 r¢ommared

to all other irradiances for exposuresit? J cn¥. 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 lagcounts ofS. aureusipon exposure to these same irradiancé8.(B1), but
exposures to 5 mW cachieved significantly lower lag reductions comared to both higher
irradiances for exposures @2 J cn?. Together, these findings suggest that the greater bacterial
reductions demonstrated upon exposure to a fixed dose usitgsOW cn? 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 suggbis hypothesis.

ForP. aeruginosdFigure 6.14B), greater increases in absorbance at 260 nm were observed when higher
irradiances were usedwith values shown to be significantly greater at all doses investigated when
exposed using 150 mW chversus 5mW cnt? (P=0.020.033)i 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 Eit@2re

which demonstrate significantly greater inactivation -pait-dose, in all cases, when exposed to
5mW cm2 compared to higher irradiancesQR003). Together, these findings suggest that the cell
membranemay not be the primary target of low irradiance 4@n light inactivation, and damage to
othercellular target may beresponsible for the greater inactivation demonstr&esheret al (2017)
previously observed that, for MRSA exposure to-48%light (135 mW cr# for 080 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 expostoehe higher irradiances (8150 mW cn?), 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 respAssgiscussed in Chapter the mechanism of
405nm light inactivation is the result of widespread oxidative damage to various cellular targets within
microbial cells; howeverthese studies suggest that the rate at which ROS is produced may influence
the primary targets of damagdehe studies performed in this chapter provide a preliminary indication
of bacterial stress responses to low irradiancertdight exposure, and how it compares to that of
higher irradiance exposures; howevtr, comprehensively understand the underlying mechanisms
responsible for these findings, it is essential that further investigattmmducted, particularly to assess

the cumulative leakage of materials from cellgr 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 densiti€sof 10
mL. As demonstrated in Figure 6.12 and discussed previously, inactivation kin@icsuwéust this

density followed a different trend to that demonstrated at all other population densities and for all other
investigated bacteri&urther, these densities are substantially higher than liaalg/ould be expected

to contaminate healthcare surfaces, and so do not accurately depict cellular raspihiosessettings.

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 findinigelsrémited by this.

6.7 Conclusions

Overall, this chapter has successfully demonstrated the -Bpmadrum antimicrobial efficacy and
enhancedE of low irradiance 405m 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 s@®xanded to include
bacteria in suspension, to comprehensively indicate the effects-ofrd@i§ht exposure on bactericidal

efficacy. Key findhgs associated with this chapter are detailed as follows:

1 Significant inactivation of ESKAPE pathogens was achieved at a range of bacterial cell

densities with complete/nearo mp | et e ( 096 %) i nactivation demo:

i rradi anc &) 4@50m lighh&¥posunes.
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1 Comparisons indicated, on a pamit-dose basis, significantly lower doses were required to
achieve significant reductions of all species when exposed at lower irradiances, with the
exception ofS. aureussuspended at high cell density, suggesting that bacterial density, at
normally occurring environmental levels, has minimal influence on decontamination efficacy.

1 Preliminary investigations into the associated damage mechanisms and cellular targets of such
exposures suggests that, Rrraeruginosathis enhanced inactivation efficacy demonstrated
at lower irradiances is associated with higher intracellular oxidative stress levels and lower
levels of cellular membrane damage. Results Soraureuswere less conclusive, with
experimental testing limited by the necessity to expose populations at higher bacterial
densities. Further work to elucidate the photoinactivatitechanism associated with this

species is therefore recommended.

This chapter provides fundamental evidence of the susceptibility of ESKAPE pathogens to low
irradiance 4051m light exposure, which, in conjunction with its established safety benefits, further
supporting its use for infection control applications invalvimecontamination of occupied

environments, or for treatments involving mammalian cell/tissue exposure.
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CHAPTER 7

Anti viral Efficacymofli igbw

7.0 Overview

The recent COVIBL9 pandemic has considerably heightened the necessity for novel strategies to safely
decontaminate communal areas. As previously discussed, low irradiancedht has been shown

to effectively provide safe and continuous decontamonaif occupied room settings, and so may offer

a potential means of controlling SARRV-2 spread within the environment. This chapter establishes
the antiviral efficacy of low irradiance 4@%m light for the inactivation of a SARGoV-2 surrogate,
bacterophage phi6. The susceptibility of phi6 to low irradiance-A6blight was investigated at both

low and high seeding densities and when suspended in both minimal and biolegieslfnt
suspension media, to additionally determine the influence of papukatd suspension media on viral
susceptibility. Preliminary data demonstrating the susceptibility of phi6 to high irradianceright

were also conducted for comparative purposes. The findings in this chapter provide the first evidence
to demonstratthe efficacy of low irradiancé05nm light systems for the inactivation of a SARSV-

2 surrogate employed using parameters (irradiance and treatment distance) representative of practical

system deployment.

7.1 Introduction

SARSCoV-2 is a novel RNA coronavirus which instigated the ongoing COWIpandemic and has
caused, at the time of writing, over 578 million infections and 6.4 million deaths worldWiHk®,
2022b); the highest number of global deaths in comparison to all other pandemics in the last century

(Wilder-Smith, 2021)

SARSCoV-2 is a positivesense singlstranded enveloped RNA virus of t@®ronaviridaefamily.

The virus isapproximately0.1 um in diameter with 80% resemblance to the phylogenetic identity of
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SARSCoV and 50% resemblance to Middle East respiratory syndrome coronginedidar et al,

2020; Laueet al, 2021) The virus encodes four structural proteins (nucleocapsid protein, spike protein,
membrane protein and envelope protein), sixteenstatural proteins (nspl6) and additional
accessory protein@Vanget 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, 2022he norstructural proteins primarily mediate RNA processing,
replication and transcription; and the accessory proteins often have immunoevasive pihaenges

and Haagmans, 2022)

The virus is believed to have initially emerged in the city of Wuhan, China, in DecembefVZBit®),

2020a) The disease spread rapidly, being declared an international public health emergen&y by 30
January; the sixth outbreak to ever be classified in this m@Bnevsurveillance Editorial Team, 2020)

On 11" March 2020, COVIB19 was declared a global pandemic, with over 118,000 deaths across 113
countries(WHO, 2020b) By 2020 yeaeend,an estimate® and 30% of HICs and LMICs government
resources, respectively, were diverted to the COY®Dresponse; resulting in overall diagnostic/

treatment delays and deteriorations in patient (Bed et al, 2022)

The diseasés highly contagiougHu et al, 2021)and perso+to-person transmission is believed to
occur predominantly through contact with enalsal respiratory secretions and airborne droplets
generated from infected individua(Bak et al, 2021; Zhouet al, 2021) Consequently, it is well
recognised that poorly ventilated indoor communal spaces provide a significant risk ofCRARS
transmissionWHO, 2021b)and multiple COVID19 outbreaks have been reported within crowded
closed settings in which people are in close proximity for extended peritidsedPenget 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 fdRitekell et al, 2020; van Doremaleet al,

2020; Kasloffet al, 2021) with the risk of exposure substantially increased at higher viral (g

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 dysfunctio(National Institutes of Health, 2023Recent findings have
demonstrated that over half of transmission events occur in asymptomatic -sympmatic

individuals(Viana Martinset al, 2022)
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An enhanced understanding of the role of closed communal environments as a source-Qfd¥VARS
transmission has focussed attention on the importance of environmental cleaning and disinfection as a
means of reducing disease spread. Established techn@uebdleroom decontamination of public
environments such as UV light has demonstrated sufficient efficacy towards the disinfection ef SARS
CoV-2 (Heilingloh et al, 2020; Inagakiet al, 2020; LorcaOro et al, 2022; Olagueet al, 2022)
however, they are broadly limited to infrequese in unoccupied and sealed environments due to their
harmful radiation effectand longterm material degradation upon repeated exposure, as discussed in

Section2.3.3.6(Matsumura and Ananthaswamy, 2004; Teskal, 2020)

Consequently, novel methods of environmental decontamination to augment currerHCEXRS
infection control procedures are continuously being sought. As discusSedtion 2.4 violetblue
405nm 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 fuuman exposuréMacleanet al, 2010, 2014) The
bactericidal efficacy of the 408m light EDS is well established, however, by comparison, the viricidal
properties of the 4068m EDS are less understodtbmb et al (2018)previously demonstrated that
inactivation of norenveloped viruses is possible in the absence of photosensitisers, but at much higher
doses than that required by bactem@proximatelylO times greater doses required for a 1;dog
reduction), suggesting the inactivation effect obedng possiblylue to exposure to the lelevel UV-

A photon output (38390 nm) at the taiénd of the 40851m LED emission spectrutfombet al, 2014,

2017b) The authors additionally noted that viral susceptibility can be increased when suspended in
photosensitive media including artificial salif@omb et al, 2014, 2017h) which was further
corroborated bingsleyet al (2017) who demonstrated greater inactivation of mweloped Tulane

virus when exposed in the presence of singlet oxygen enhancers.

Given the global impact of the COVHD9 pandemic, establishing the efficacy of 408 light for the
inactivation of SARSCoV-2 is of significant research intereRathnasinghet al (2021)recently
demonstrated successful reductions of SARIV-2 upon exposure to low irradiance (0.035
0.6 mW cm?) 405-nm light, and additionally highlighted the increased susceptibility of-Epideloped
viruses in comparison to n@nveloped viruses (identical irradiations achieved 2.3 l@gluctions in

SARSCOV-2 after 8 hr and just 0.1 lggreductions in a noenveloped 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 SAR®V-2, or an appropriate surrogate, to 4% light
inactivation when present on surfaces and in liquid media, both in the presence and absence of
photosensitisergBiasin et al, 2021; Enwemekat al, 2021; Gardneet al, 2021; Lauet al, 2021;

Vatter et al, 2021) Although highly encouraging, these studies have primarily demonstrated
inactivation using 40%m light at high irradiance€{8.6mW cnm?) or at low irradiances delivered at

a very short distance (~225.4 cm) from the sample surfaf®iasin et al, 2021; Enwemekat al,

2021; Gardneet al, 2021; Lawet al, 2021; Rathnasinghet al, 2021; Vatteet al, 2021) however, it

is of great importance to determine if inactivation of SAR®/-2 can be achieved under conditions
which more accurately represent those which would be safely and practically implemented for

environmental dcontamination of communal areas.

The aims of this chapter were therefore to investigate the antiviral efficacy afrd0ight for the
inactivation of SARSCoV-2 under conditions representative of those implemented for whbol@
decontamination of occupied environmerBased on the Hazard Group classification of SARS/-

2 (HG3) and theontainment level of the laboratory utilised (BSL2), experimental testing on SARS
CoV-2 was not possible and so bacteriophage phi6é was instead employed as a coronavirus surrogate.
Phi6 is a duble strandedRNA lytic bacteriophage of the Cystoviridae virus family which infects
Pseudomonabacteria(Vidaver et al, 1973; Yanget 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
membrangVidaveret al, 1973; Yanget al, 2016; Fedorenket al, 2020) and thus has been suggested

and utilised as a surrogate for the study of SARY-2 in multiple publicationgFedorenkoet al,

2020; Rockeyet al, 2020; Bangiye\et al, 2021; Ordoret al, 2021; Vatteret al, 2021; Ahujaet al,

2022; Bakeret al, 2022; Deyet al, 2022; Gomeet al, 2022; Karabdcet al, 2022; Zargaet al,

2022)

In this chapterthe 405nm light EDS was used to illuminate samples of bacteriophage phi6 as a
surrogate for SARE0V-2 using low irradiance 466m light (0.5mW 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 effedf 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 Wkelg 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 SERS-2 symptoms, to establish the
impact of population ensity on inactivation efficacyComparison of the antiviral efficacy a®E of

higher irradiance (5W cnm?) 405nm light sources for the inactivation of phi6 is also provided for
comparisonThe 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 CaAFRSwithin

occupied healthcare settings and other public areas.

Coronaviruses Bacteriophage phi6

Segmented
nucleocapsid dsRNA

_ Spike
proteins

~ 80-
120 nm

~ 85 nm

proteins

Figure 7.1 Structure of SARSCoV-2, and comparison to its surrogate, bacteriophgé.

7.2 Methods

7.2.1 Bacteriophage and Host Bacterium

Bacteriophage phi6é (DSM 21518) and its host bactefursyringae(DSM 21482), both purchased

from the Leibnizinstitute DSMZ German Collection of Microorganisms and Cell Cultures GmbH
(Braunschweig, Germany), were used for experimintBischapter. 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. For exgerimental testing, phi6 populations were prepared and then serially
diluted in SM buffer, as described in Secih?2.23.2.3, with the last dilution being in either SM buffer

or artificial saliva, to provide starting populations of eithét* PFU mL? or 108 PFU mL™.
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7.2.2 Media

For experimental testing, the bacteriophage was suspended in either minimal or orgeofcally
biological media. For the minimal media, SM buffer-Bi®sciences), consisting of 50mM Tris.HCI
(pH 7.5), 100mM NaCl, 8mM MgSf£and 0.01% gelatin, was used. For the organiaédly biological

media, artificial saliva was prepared as described in Section 3
7.2.3 405nm Light Source

The light sources used for bacteriophage exposures were tmeldght EDS (configuration;ZFigure
7.2A) and the ENFIS PhotonStar Innovate UNGLED array(Figure 72D), as previously described
in Sections 3t.1and 34.3 respectively. The 406m light EDS was mounted in place of a ceiling tile
(Figure 72B) and the single 466m LED array was mounted dPVC housing (Figure ZE), both

positioned directly above a surface for sample placement.

7.2.4 Exposure of Bacteriophage to 40m Light

For exposure, 3 mL suspenssoof bacteriophagphi6, suspended at low (~¥®PFU mL?) and high

(=108 PFU mLY) seeding densities in SM buffer and artificial human salivere aliquoted into

individual wellsofaével I pl ate and positi-omlghdEDS(Figltee?B), 1. 5 m b
giving an incident irradiance of approximately @$vcm' 2at t he sampl e suhef ace, o
ENFIS PhotonStar Innovate UNO -2&D array (Figure 72E), giving an incident irradiance of
approximately 50nW cm' Zat the sample surfacall 6-well plateswere covered with an adhesive plate

seal to prevent evaporation, and so irradiance measurements were taken through the material as
described in Sectiof.3.1.3to ensure the desired irradiance reached bacterial sarSpleples were

exposed to increasing doses of 408 light, with control samples held undstandard laboratory
l'ighting for equi val ent e X p o0 s Iorcempadatively assessrtre (6 a mt
impact of ambient light exposure on bacteriophage survival, additional control samples were held in
complete darkness for the maximum duration of-A0m | i gh't exposseg)dEe (o6dar |l
temperature of microbial suspensiavas monitored immediately prior and post light treatméfdse

May KM340 thermocoupteComark InstrumentsUK) to ensure inactivation was the result of light

expogsire and not heat effectdo 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 determinethuigbation with

P. syringagthrough the double agar overlay plaque assay method described in Section 3.2.4. The plates
were then cdncubated at 25°C for 184 h, with surviving bacteriophage populatiahencalculated

through enumeration of plaques in the bacterial laanmtexpressed @BFU mL?!. Resultgepresent the

mean values SD of a minimum of duplicateeplicatesmeasured in duplicai@O % and are reported
asbacteriophage load (lagPFU mL%), bacteriophage reductioms compared to the equivalent non

exposed control samplé®g:o PFU mLY) or GE valuegSection 3.5.1)

Ceiling-mounted 10000

405-nm light source

8000 -

6000
~1.5m
4000 |-

Intensity (arbitrary units)

3 mL suspensions
illuminated at ~50 2000 |-
mWem?

. | ! |
200 400 600 800 1000
Wavelength (nm)

12000 - I I I I Fl
10000 -
8000 |-
6000 |-

4000 +

Intensity {arbitrary units)

2000

200 400 600 800 1000

3 mL suspensions
illuminated at ~50 mW cm'? Wavelength (nm)

Figure 7.2 Light sources for exposure of bacteriophage phi6: (Ayd08 E DS u s iconngl yidn noobdl eu,e ( B)
diagrammatic representation of experimental arrangement and (C) emission specté®b&htheoutput of the
EDS; (D) single 405ym LED array, (E) experimental arrangement and (C) emission spectra of then405
output of the single LED array. All emission spectra data were captured using an HR4000 spectrometer (Ocean
Optics, Germany) and Speg Suite software version 2.0.151.

7.3 Results

The antiviral efficacy of lowirradiance 4051m light for the inactivation of a SARSoV-2 surrogate
presented in both minimal and biologicallslevant media, and comparative exposures to high

irradiance 4051m light, are provided in the following sectin
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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 lovand highdensity populations of bacteriophage phi6 using-A0b
light at an irradiance of 0mW cm2when exposed in both SM buffer and artificial saliva are presented

in Figures 73 and 74, respectively. In all cases, significant inactivation was demonstrated (P<0.05).

At both low and high seedindensities, susceptibility was shown to be significantly enhanced when
bacteriophage populations were exposed whilst suspended in artificial saliva compared to SM buffer
( POO5). At lowdensity, exposure to 43Jxm? resulted in a maximum 2.41 lagreduction in
artificial saliva, compared to just 0.06 legeduction in SM buffer. For exposures in SM buffer, a
greater dose of 172Bcn?was required to achieve a maximum 3.054ogduction. Similarly, at high
density, a dose of 97.2cdn? achieved anaximum 6.18 log reduction in artificial saliva, whereas a
greater dose of 259.2ci? was required to achieve a maximum 6.28;dagduction in SM buffer.
Collectively, results demonstrate that 4@® light inactivation was 2-8 times more effective when

the bacteriophage was suspended in saliva compared to SM buffer.

As hypothesised, the doses/treatment durations required to achieve complemimgate inactivation
(appr oxi mapopulations@maiding) @f phié populations were greater when exposed-at high
density as opposed to ledensity, however, results indicate that the dose required to achieve an
approximate 1 log reduction in artificial salivavas the same when exposed at both low and high
seeding densities (21.&d?; 12h). This differed when exposed in minimal SM buffer media, with an
approximag 1 logo reduction being achieved with 43.2d? (24 h) in high density populations, but

requiring >129.6 &m? (>72h) in low-density populations.

With regards to contte held in ambient lighting, natural decafypopulationswvas evident over the
extended exposure times f or redudtibnsnmsdivagnere appaseptte n si o n.
at low density, a 0.38 lagreduction was observed following ®6in SM buffer, compared to a 0.61

logio reduction after just 24 in saliva and similarly, at high density, a 1la@icreduction was observed

after 144h in SM buffer, compared to a 1.70 legeduction after 54 in saliva.Compaedto starting
concentrationszortrolsd e monstrated significant r éofambientons ( PC

light exposure for lowand highdensity populations in saliva, respectively. Control populations in SM
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buffer, by comparison, showed less variatiorrQ®5), with significant reductions only observed

following 96 h exposure to ambient light for ledensity populations at 48 and again at 144 for

highdensi ty popul latconvasts confrd® Papulafichy 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 (POO.05ved reduct
for samples heldni ambient lighting. Following 24 for low-density populations and %¥for high

density populations, 0.61 and 1.704e@ductions were demonstrated in ambient lighting, respectively,

compaedto 0.60 and 0.51lagr educt i ons demonstrated in complete
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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 #3 P F U lupdn exposure to increasing doses of-A@56light at an irradiance of
~0.5 mMW Emch data point remr®@s4)nt sAdther imelkasn (v*a)l uien di
differences between exposed and-eaposed phi6 populations (two samplest;P O 0 . 0 5Statishiialn i t a b
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 I§ P F U lupdn exposure to increasing doses of-A@56light at an irradiance of
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7.3.2 Comparative Susceptibility of a SARSCoV-2 Surrogate to Inactivation by High

Irradiance 405-nm Light

A comparison of the inactivation achieved for laamd highdensity populations of bacteriophage phi6
exposed in both SM buffer and artificial saliva using 50 e# 405nm light isprovided in Table 7.
Samples were exposed to this higher irradiance light for durations which resulted in the dose delivered
being equivalent to that required to achieve complete/omaplete (99.4%) bacteriophage
inactivation when exposed to 0.5 miWi? 405-nm light (Equation 3.1) The mean & was calculated
as described in Section53l for bacteriophage inactivation under the various exposure conditions at
both irradiance applications for comparative purposes.

Table 71 Comparison of the lagreduction and germicidal efficiency values associated withrd0%ight

inactivation of bacteriophage phi 6 upocm ?Eaclpdata ur e t o r
point represents the mean val uewhithars sgnificantlyhighkenthan Ast er i s

that of the other irradiance application
0.5 mWcm? 50 mW cm?
Exposure Conditions Dose L L
Jem 0d10 0g10
( 9 Reduction Es Reduction cle
SM Buffer 172.8 3.046 0.018 3.403* 0.020*
108 (£0.154) (£0.001) (£0.011) (£0.000)
PFUmML"? Artificial Saliva 43.2 2.41F 0.056* 0.080 0.002
(+0.539) (+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)
PFUML™ | Ariificial Saliva 97.2 6.182 0.064* 0443 0.004
(+0.005) (+0.005) (+0.069) (x0.001)

With the exception of low seeding density exposures in SM buffeg feductions and GE values were
significantly higher when exposed using 0.5 roifv? as opposed to 50 mém2( PO0 . 05) . At I
seeding density in artificial saliva, exposure to 43c3 achieved a 2.41 lagreduction with a GE

value of 0.056 using 0.5 m\am? light in comparison to just a 0.03 lpgeduction and 0.002 GE using

50 mWem?l i ght (POO0.05). Similarly, at higétm?meeding
artificial saliva and SM buffer, respectively, resulted in greater inactivaditd GE values when

exposed using 0.5 mhr? as opposed to 50 mhi2 (6.1826.278 logo reductions and GE values of

0.0240.064 versus 0.443.033 logp reductions and GE values of 0.604. 0 1 1, respectively

This trend was however not apparent with the-tlemsity exposures in SM buffer, where similar (but
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significantly different) inactivation and GE values were obserakaachirradiance (3.403 log

reduction and 0.020 GE for 580Wcn2; 3.046 logo reduction and 0.018 GE for oWcm% P OO0 . 05) .

7.4 Discussion

The results in this chapter provide the first evidence demonstrating the efficacy of low irradiance 405
nm ceilingmounted light systems for the inactivation of a SAR®/-2 surrogate, bacteriophage phi6,
using parameters (irradiance and treatment disjameesentative 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 nto the environment within respiratory secretions.

For environmental decontaminati@pplications involving occupied areas, itdssential that low
irradiance(<1 mwWcm? 405nm light sources are employed such that the illumination produced is
within the limits considered safe for continuous human expo@@&IRP, 2013) For this study,
exposures were conducted at approximatelymi.Bbelow the light source (using an irradiance of
0.5mW cnr?), with these parameters selected as being representative of the illumination expected

within high-touch areas of a typical occupied public set{i@hapterd).

The results of this chapter demonstrate bacteriophage phi6é can be successfully reduced when exposed
in minimal SM buffer media; highlighting that 408n light inactivation is attainable in the absence of
exogenous photosensitisers, as previously demoadtfat SARSCoV-2 or appropriate surrogates
(Gardneret al, 2021; Lawet al, 2021; Rathnasinghet al, 2021; Vatteet al, 2021) Due to their lack

of porphyrins, viruses and bacteriophages demonstrate the lowest susceptibility of all microorganisms
to 405nm light inactivation(Tombet al, 2018)and minimal inactivation has previously been indicated

for nonenvelopedviruses unless exposed to very high doses or suspended in organitalyedia
(Tombet al, 2014, 2017b)As previously discussed in Chapter 2, the inactivation demonstrated in these
studies may be the result of ldevel UV-A exposureand/or 4206430 nm exposurat the tail end of

the 405nm LED emission spectrum, whicre known to induce oxidative damageviaal/phage
proteins(Richardson and Porter, 200Gjrard et al, 2011)and thus over extended time periods will

likely induce such effects. FurthdRathnasinghet al. (2021)recently demonstrated the significantly
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enhanced susceptibility of enveloped viruses in comparison temeagloped viruses, hypothesising

that the lipid envelope may be able to absorb-A®b5light wavelengths and contribute to the
inactivation effect via either consequential ROS productiongiatihg 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 exog@ous photosensitisers), statistically significant 0.06 and 0.83reductions of lowand high

density populations, respectively, were observed when exposed in SM buffer, aftexxpdsure
(PO0O.05); suggesting the inactivation effect is
phage envelope. In addih, the doses required for a 1 {pgeduction of higkhdensity populations were

found to be within the same orders of magnitude to that previously established for bovine coronavirus
as asurrogate for SARE0V-2 exposed iPBS which is also absent of photosensitive material (57.5
Jem?in comparison to 43.2¢? found in this studyjLauet al, 2021) Further investigation into the
interactions of viral envelopes with 4@8Bn light, although beyond the scope of this thesis, will be

essential in advancing understanding of its viricidal efficktdg.also important to note

This chapter additionally evaluated the potential enhancement in phage susceptibility when exposed in
artificial saliva; selecteds itrepreserga significant vector media in the transmission of SARS/-2
(Huanget al, 2021) The mucins of sal& (or porcine stomach mucins as substituted inttigsig

contain lightsensitivechromophores that are likely predisposed to-A@blight photosensitisation, and

the potential for enhancing viral inactivation to 4@ light has been previously demonstrafédmb

et al, 2017b) The hypothesis is that the photosensitive components within nedidbnhedia, such as

saliva, can act as exogenous photosensitisers, absorbing then4ftotons and initiating Type | and

Type 1l photodynamic reactions resulting in the local reledsB®@S which can impart oxidative
damage to viral and phage structures in close proxiffitynbet al, 2014, 2017h)The results of this

study are consistent with this theory, with 4@% light inactivation significantly enhanced when
exposed in artificial saliva compared to when in SM buffer:-83.5% and 50% less dose was required

for a 1 logo reduction of phi6 at low and high seeding densities, respectively. These results are
comparable with that of previous findingBombet al, 2014, 2017h)which demonstrated 889% less
dosewasrequiredforalleg educti on of both feline calicivirus

densities of 1®and 16 PFU mL?, respectively, when exposed to 40 light in organicallyrich
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media in comparison to minimal media. THese requirementaere significantly higher for feline
calicivirus and GC31 i n(Tanbeahgl, 2014, 28047y)howeverptbhowdd i n t
be noted that both f el tenvelopedahdithe insreased susceptibility af C 3 1
enveloped vs neenveloped viruses and bacteriophage to visible light inactivation is previously
describeqHesslinget al, 2022) It is also of interest to note that the authors utilised significantly higher
irradiances for viral and phage exposure tlthose employed here (155.8 and S®&\W% cn?,
respectively(Tombet al, 2014,2017b), suggesting this enhancement effect is apparent regardless of

the light delivery method.

The logo reductions and GE values shown in Tabléindicate that lower irradiance 408n light is

more efficient on a peunit-dose basis for phage inactivation in comparison to that of equivalent higher
irradiance exposures. At high seeding densitidsoth media0.5mW cm? exposures achieved 2:07

5.79 greater log reductions and 2.186 times greater GE values than that of 50 oW exposures.
Similarly, in artificial saliva at low seeding densities, 0.5 roW? exposures achieved a 2.35 greater
logio reduction and a 28 times greater GE value than that of 5&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 S0ralight (57.6

min) was, in this case, still sufficient to achieve complete inactivation efiEwsity populations and it

is likely that sublethal doses would elucidate greater variation.

This enhancement in susceptibility observed with lower irradiance treatments is consistent with data
gatheredn previous studied/atteret al (2021)exposed a T0PFU mL* phi6 population in SM buffer

to 405nm light at a higher irradiance of 78.6 mit? and the dose required to achieve a 3idog
reduction was significantly higher than that required in 8tigdy approximately 1300 dm? in
comparison to approximately 129.6m2. This is further corroborated by the recent findings of
Rathnasinghet al. (2021)who demonstrated that 4@8n light at a lower irradiance of 0.08%W cnr

2 could achieve a 1.03 legreduction of 18 PFUmML? SARSCoV-2 following 24h exposure
(3.024Jcm?); a lower dose than that required at 0.5 mw? for similar 1 logo reductions of

10° PFUmML™ populations (>129.6 dm?) and 16 PFUmML™ populations (43.2 dm?) in this study.

This effect has also previously bedamonstrated for nosocomial bacteria suspensions in Chapter 6

(Figures 6.4, & and 69), with evidence demonstrating up to six times less energy required to achieve
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complete/neacomplete ((95.1%) inactivation when exposed using 5 mdti2 compared to 150
mW cn?, on a peunit-dose basis. fis is the first timg however,the enhanced efficacy of low
irradiance 405hm light, on a peunit-dose basishas been proposed for bacteriophage inactivation.

is suggested that delivering an identical 405 light dose using low irradiances over a longer exposure
time may provide adequate time feitherthe 405nm orlow-level UV-A light exposure to evoke an
antimicrobialeffect on bacteriophage populatignghilst high irradiances over a shorter exposure time
(up to 4.5h in the case dfatteret al. (2021) may be insufficientThe 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 phi6é tamQiht when exposed at lower
irradiances, furthestrengthening the proposal of visible vieldtie light systems for environmental
decontamination of SARE0V-2. Further investigation into the associated photochemical mechanisms
involved in 405nm light inactivation of bacterioglye phi6 is required to further elucidate these

findings and augment clinical translatability of this technology.

The high and low population densitieslised in this study were selected to represent the typical viral
loads presented in the saliva of individuals infected with S&RS-2 at day 0 (~10copies mL?) and

at day 24 (~1®copies mLl) postsymptom onset, respectiye{Zhu et al, 2020) The greater dose
requirements for complete/neewmplete inactivation at higher densitiglsown in this chaptehas
previously been demonstrated for Steeptomycep h a g e (Ténibat &l, 2014)and also in bacterial
studies(Macleanet al, 2009; Bumahet al, 2013) For exposures in artificial saliva, the dose
requirements for a tbgio reduction in low and high phi6é populations were similar (P>0.05), and this is
comparable to the levels of (C3311Camd&PRFUmiadt i on
previously studiedTomb et al, 2014) suggesting bacteriophage density has little impact on the
viricidal properties of 40%m light when suspended in a nutrient rich medilihis is potentially due

to theexternal photosensitisepsesent in the saliva, whidre likely to elicit inactivation in a similar
mechanism to bacterial inactivati@and so would thuslemonstrateisnilar levels of antimicrobial
efficacy regardless of population dengifyomb et al, 2018) Interestingly however, thisameeffect

was not observed in minimal media: the dose required to achieve an irlitigdo Yeduction was

significantly less for the higher population densiticomparison to the lower population dengi2y h

exposure in comparisonto-B8h exposure; POO0.05); however, once
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reduced to an approximate®*f0PFU mL? population, akin to the lower density population, the dose
requirements for the finat®gio reduction of both populations were identical (d&xposure; (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 witHigine photons and so it is likely the
maximum quantity ophageparticles will be interacting with available photons at any givee titmus
maximising the efficiency of photoinactivation. As populations become reduced, there will be fewer
phage particles available to interact wiigght 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 processgue to a lack of photosensitive material in the suspension mediaging

the efficiency of inactivationFurther research into this observation is required to fully understand th

interaction and inactivation of phage particles upond®blight exposure.

For all exposures, ambient light control populatiarese found to decrease significantly over time in
comparison to their st adeday ocogrring signiichraigadieoimsalival P O0 . 05
compared wittSM buf fer suspensions (POO.05). Theyse find
Tomb et al (2014) who demonstrated that broadband lighting was also capable, albeit much less
efficiently than that of 40,m light, of inducing photosensitiser excitation for phage inactivaltas.

expected that phage populations will naturally decay over an extended tinee(PSMZ, 2014) and

this effect will likely be enhanced in the presence of external photosensitiersheory 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 séliPaO 0, albe§ $ignificantly less

than that observed in ambient lighting® O 0. Tha<e yesults amncouragings they suggest that, not

only will the 405nm light inactivation of SAREC0V-2 occur more efficiently when exposed in saliva,
SARSCoV-2 will also be unlikely to survive for extended periods of timeccupied environments

irrespective of treatmenRegardlessf decay observedexposed populations were significantly lower

than that of control popul a®05oandssat €ao be deédhcedtratur at i o

405nm light exposureid 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 405nm light systems to inactivate bacteriophage phi6 populatasms surrogate for

SARSCoV-2. Key findings associated with this chapter are detailed as follows:

1 Complete/neacomplete mactivation of bacteophage phi6é suspended in minimal media was
successfully demonstratedthin 4 days for lowdensitypopulationg3.1 logo reductiors) and
6 days for higkdensity populations(6.3 loge reductions); suggesting05-nm light viral

inactivation is possible in the absence cdgenous photosensitisers.

1 The susceptibility of phi6 to inactivation wasgnificantly enhanced when suspended in
artificial saliva, which is known tgossess photosensitiseirs comparison to minimal media
(requiring 83.387.5% and 50% less dose for a lilogeduction at low and high seeding
densities, respectively These findings suggest photosensitive components within artificial
saliva caract as exogenous photosensitisers and impact localised oxidative damage to phage

structures in close proximity.

1 Comparisons indicated, on a pemit-dose basidpwer irradiance (0.5 mW c) 405-nm light
wasmore efficient for phage inactivation than that of higher irradiance (50 mW bgt

sourceswith up to 28 times greater GE demonstrated.

The exposure conditions uséd these instancewere chosen to replicate those employed for the
decontamination of wholeoom environments ands suchfindings enhance understanding of the
antimicrobial capabilities of low irradiance 4@ light systemsin conjunction with its established

safety benefitsthis furthers the implementation ahis technology as a novel approach to achieve
widespread decontamination within occupied settingsteatptackle environmental transmission of
COVID-19, andpotentiallyother common viral infections such as ughza and the common cold. An
evaluation of the efficacy of 46&m light for the inactivation of aerosolised SAR®V-2 without the

use of a surrogate, across a greater range of irradiances likely to be produced by these systems in a
typical room settingwill be essential to further implementation of lawadiance 4051m light systems

for environmental decontamination purposes.
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CHAPTER 8

Conclusi ons & Recommendat

8.0 Overview

This thesis was conducted to generate new information on the antimicrobial efficacy and GE of low
irradiance 4051m light technology, with specific regard to its application for continuous environmental
decontamination. This chapter will summarise the fegings 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 efira 405
light EDS, and then establish the bresbctrum antibacterial efficacy of irradiance levels within this

range for the inactivation of clinicalselevant lacteria.

Optical output profiling of the 406m light EDS installed centrally in a typical 32 neom recorded
irradiances in the range 0.0@1066 mW cr1¥; 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 ~1.8n below the light source (~0.5 m?) was employed for subsequent bacterial testing

to represent the typical distances between the light source antbbighsurfaces within public areas

The broadspectrum antibacterial efficacy of the 406 light EDS using 0.5 mW cfwas successfully
established, with(93.28% inactivation (~2 log reductions) demonstrated within exposure times
realistic of those employed for environmental decontaminatieh6(®; 3.628.8 J cnf). Spatial
analysis of the decontamination efficacy indicated that shorter treatment times were required for
significant levels (P M5) of inactivation when exposed closer to the lightirce, thus at higher

irradiances; however, on arpanit-dose basis, inactivation efficacy was enhanced when exposed at
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lower irradiances. Despite variation, significant reductiot3 @5) were achieved in all casisising
irradiances.021 mW crf i 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-dpeadum
antibacterial efficacy of the 46am light EDS for surfacsimulated decontamination. This furthers the
work of previous studies which have demonstrated the clieffigacy of the 405hm light EDS, as
discussed in Section 224 by elucidating the inactivation kinetics of key clinical pathogens exposed to
405nm light using irradiance€ mW cm?) and exposure distances (up to 2.56 m) typically expected
with practcal 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 40Bm Light EDS

The experimental work conducted in Chapter 5 sought to build upon the results of the leapias
by investigating the efficacy of the 4@®n 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 405hm light EDS prototype was developed to enable béophesting of the range of

irradiance levels (0.062.066 mW crtf) typically emitted from the ceilingnounted EDS. Testing

evaluated the antibacterial efficacy of 4@ light at the lower range of irradiances produced within a

whole room setting@.31 mW cn?), and in all cases, results demonstrated greater reductions upon
increasingdose®0 . 032); implying that with continuous us
have thepotential to be maintained. An exception to this was exposures to®\0dm? - the lowest
irradiancetestedwh er e no signi ficant reductions were demor

the ROS produced were within levels capable of being detoxified by antioxidant defence mechanisms.

Inactivationof bacteria suspended in clinicallglevant substances known to contpirotosensitisers

was additionally established, with susceptibility significantly enhanced when exposed in artificial
human saliva compared to PBS (P<0.0@iynificantly longer exposures were required to achieve
significant reductions in whole bloathd faeceswhich was likely due to the limited penetrability of

405nm light. The efficacy of the 40%m light EDS was then established for bacteria dried onto
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common healthcare surfaces, with results indicaf§9 logo reductions following 4 h exposure and

2.0 logo 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 surfacéhese studies emulated realistic clinical deployment, whereby
bacteria are likely to be eithsuspended or associated with biological substrates, which may contain
photosensitive media capable of enhancing ROS generation and inactivattressed via desiccation

on surfacesthuslikely enhancing their susceptibility tmactivation.

This study was then furthered to asshefficacy of the 4051m light EDS against bacterial biofilms

- both in terms of the potential to inhibit the formatiof) and inactivatestablishedmonolayer and
mature biofilms, on inert surfaces. Results indicated that exposure to 0.5ami#/405-nm light
inhibited the development of both monolayer and mature biofilms on all surfaces by.®43%nd 2.8

4.6 loguo, respectively; and inactivated formed monolayer and mature biofilms byl(0792and 0.78

2.41 lane, 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 485m light; however, it is likely that other gace characteristics, such as roughness,

will also be influential.

Overall, these findings provide further insight into the efficacy of the-ntiSlight 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 405nm 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-anjtestose basis, for bacterial
inactivation. Testing, using the ESKAPE pathogens, focused initially on inactivation of ssefzaed
bacteria at various population densifiegpresentative of differing degrees of surface contamination

but also expanded testablish the efficacy of 46@m light for inactivation of bacteria in suspson,

coupled with investigation of the associated cytotoxic responses within the exposed bacteria.

Complete/neacomplete 09 6 %) inactivation was demonstrated

( OrBW cnm?) exposuresComparisonindicated onaperunit dosebasis thatsignificantlylower doses
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wererequiredfor significantreductionsof all specieswvhenexposedat lower irradiances:3-30J cnr
2/0.5mW cnv? comparedo 9-75Jcnt?/50 mW cm? for low density(10? CFU plate?) surfaceexposures
and22.5Jcnt?/5 mW cm?2 comparedo 67.5Jcm?/150mW cm? for low density(10° CFUmL™) liquid
exposure¢ P O (. Sidifr patterns were observed at higher population denitiesludingS. aureus
exposed at FOCFU mL?, whereby light transmission was shown to be significantly hampered in
comparison to that dfoth lower densitieandP. aeruginosd 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 inP. aeruginosavhen exposed to a fixed dose using lower irradiances, corresponding with
the inactivation data. However, enhanced nucleic acid leakage was demonstrieddaiginosa

when exposed to a fixed dose using higher irradiances, suggesting the cellular membrane may not be
the target of low irradiance 40%m light inactivation. Results fo8. aureuswere more variable
highlighting the potential speciapecific differences in response to 4@% light treatment and the
necessity for further study to clarify this effeGhese studies required exposures of @8U mL*

bacterial suspensions; which f@&. aureus demonstrated different inactivation trends to those
performed at lowr 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 differiimglings.

Overall, these studes provide fundamentalevidenceof the enhancedsusceptibility of ESKAPE
pathogenso low irradiance205-nmlight, onaperunit-dosebasisatnormallyoccurringenvironmental
contaminationevels.This enhanced efficacy was associated with higher levels of ROS and lower levels
of membrane damage fBr aeruginosawith results forS. aureudess conclusive. In conjunction with

its established safety benefits, these findings further promote use of the technology for environmental

deconamination, 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 wGHeaipter Aimed to assess
the antiviral efficacy of the 40Bm light EDS for the inactivation of bacteriophage phi6, as a surrogate

for SARSCoV-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 irradiasroa #gbt,

at both low and high seeding densities in SM buffer and biologicaliywant artificial saliva. Successful
reductions in minimal media indicated theliéypof 405-nm light to inactivate a SARS0V-2 surrogate

in the absence of external photosensitisers; hypothesised to be due to light interactions with the phage
envelopgRathnasinghet al, 2021) Results indicated enhanced inactivatiagequiring 5687.5% less

dose for a 1 log reductioni 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 repmés a common vector media in
SARSCoV-2 transmissiorfHuanget al, 2021) Significantly longer exposure timésapproximately

1.5-2.3 times greatérwere required for complete/neaomplete (99.4%) inactivation of higher density
populations; however, the dose requirements for a 1 feduction were similar regardless of seeding
density; suggesting potential efficacy of the technology to inactivate S2R&2 at various viral

loads.

The efficacy of higher irradiance 408n light for phi6 inactivation was established and compared to
that of the lower irradiance exposures conducted, with findings indicating enhanced inactivason (2
times greater GE) in all cases when exposed uskgn®V cm? compared to 50 mW ci This was
potentially due to either the extended exposure periods associated with the lower irradiance regimes
providing greater time for the light exposute evoke an antimicrobial effect, or currently unknown
differencesin 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 irradiancendlight to inactivate
bacteriophage phi6 populations at both low and high seeding densities in both minimal and biologically
relevant media, with susceptibility significhnenhanced when exposed in suspension media known to
contain photosensitisers. These findings indicate the potential for this novel technology to reduce

environmental levels of SARSoV-2, and thus subsequently reduce COMI®transmission, within
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indoor public spaces, along with its potential capacity to inactivate a range of other viral infections such

as InfluenzgdRathnasinghet al,, 2021)

8.2 Recommendations for Future Work

8.2.1 Mechanism of 405nm Light Inactivation

To better understand the suitability of 488 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 405nm light likely differ when exposed using low irradiance/long duration times versus high
irradiance/short duration time#s previously discussed in Chapter #js thesis performed a
preliminary investigation intthe damage inflicted upon microbial cells in response to such exposures,
however 1 is essential that future worurther establishes the mechanisms accountable for these
differences inorder 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, su@RyE ISA™ analysigKrisko

and Radman, 201@nd measurement glutathione oxidatio{Ramakrishnaret al, 2016) and also

for the detection of individual ROS; to comprehensively enhance understanding of the levels of
oxidative stress, and the relative contributiomath 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 exantplebetter understand how cellular ROS
defence mechanisms comparatively react to a fixed dose efifiOlight delivered using relatively

gentle oxidatre stress levels for a prolonged time period, versus higher levels of oxidative stress
delivered over a shorter tinperiod.As previously discussed in Chaptettite ROS detectiomethods

utilised in this thesis could onlgrovide an indication of ROS levels at the timeneasuremenwas

taken Samples were collectdétbm bacteria exposed tdentical dosefo ensure adequate comparisons
could be madehowevergiven the different irradiances employ#uis resuledin bacterial populations

being exposedo light treatments for substantially different time peribg$ore measurements were

taken (varying from minutes to hourgiven the short diffusion distance of ROS, it is likely that any
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ROS produced prior to measuremamuld have decayed aridusbe no longer detectable, with this
effect likely to be heightened over longer exposure pefiadd thus lower irradiances). The inability
to characterise ROS productieontinuously and cumulatively was a limiting factor in these studies,
and t is therefore ofnterest tomeasureoxidative stress levelgver extended periods when exposed
using low irradiance/long duration times versus high irradiance/short duration fiiiss.could
possibly be achieved usirdectrochemical sensimgethods, which are gwing in popularity for the

reattime measurement ®]@OSat the singlecell level(Zhanget al.,2017; Maet al, 2023)

It is also suggested that, upon exposure to a fixed dose efimiOfght 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 emplogoidjtional 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 compare@icKenzieet al, 2016 Bieneret al, 2017. It is also important that other
cellular elements are examined, including DNA, lipids and proteins, using techniqueassligial

peroxide assays, SEPAGE, the Comet assay and Western blot{{8g Deniset al, 2011b; Otet al,

2015; K wetcah 20$9) A& §reater understanding of these mechanisms will be essential in the

appropriate design of light treatments for specific applications

As previously discussed in Chaptér 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 timeasre limited in that they requirezkposure of bacteria at densities

of 10° CFU mL1 muchhigher than typically expected environmatontamination levels suchthat

the techniques employed to measure oxidative stresgnantbrane damage could yield quantifiable
results. The baterial inactivation kinetics at ihdensity level demonstratetiffering characteristics to

those & all other seeding densities, most likely due to the limited penetration of light through the
sampleslt is thus suggested that future studies assess cellular damage using techniques which would
not requirework to be conducted at such a high seeding dersitgh asneasuring the loss of salt and

bile tolerance as an indicator of membrane damage (McKetedie2016, in order to better understand
bacterial responses to such exposures at ldadter representative of those likely te found as

contamination in clinicaledtings.
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The mechanisms associated witbs-nm light inactivationof viruses isstill relatively unknown, and

various research questions pertaining to the antiviral efficacy ohA0%ght require attention. It is

initially important to establish the exact mechanism of viral inactivation in the absence of external
photosensitiserst is suggested that future studies expose viruses to a broadbavidibl¥ 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 ustinding as tahe comparative
contributions ofUV-A exposure at the tail end of the 408 light emission spectrunand 405-nm
wavelengthsndividually, in the antiviral effects observeBurther, previous studies have indicated an
enhanced susceptibility of enveloped versus-@aaveloped viruses to 4a%m light inactivation, likely

due to cytotoxic interactions with the enveldi®athnasinghet al, 2021) and it is thus of interest to

further examine the mechanisms associated with inactivation of both virglfses It is suggested that

levels of ROS generated in both enveloped andemeloped viruses in response to identical light
exposures is measd to indicate if 40%,1m light is indeed absorbed by the envelope, and if this induces
oxidative stress. Further, it is recommended that the exact viral targets-nfimldght inactivation are
identified. This could be achieved via integrity assessmentiraf 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 antiviramechanisms of 406m 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 405mm light inactivation when exposed in the presence and absence of external
photosensitisers, and thus it is recommended that futurke fugher 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
comparatiely 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 strest 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 R@&®an, 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 photosensitiserarorlight

inactivation will be crucial in evaluating the technology practical infection control applications.

8.2.2 Antibacterial Efficacy of the 405-nm light EDS

Studies conducted in this thesis have successfully demonstrated thespectdim antibacterial
efficacy of the 405hm light EDS. There are, however, additional areas of research which require

addressing to support widespread implementation of this témpyno

It is firstly recommended that clinical studies investigating the bep&gtrum antibacterial efficacy of

the 405nm light EDS are conducted to substantiate the findings of the laboratory studies conducted in
this thesis. As discussed, previous cliniaalestigations of the 46Bm light EDS have primarily
demonstrated general reductions in bacterial contamination levels using contact agar plate sampling of
staphylococcatype organisms or total viable bacterial couiMscleanet al, 2010, 2013a; Bachet

al., 2012a, 2018a; Murredt 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 Parteat gdates for
detection ofS. aureugontamination 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 detectiasf Enterobacteriaceaer TSA for general bacterial detection, followed

by a bacterial identification technique, such as PCR or MALDF, 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 tinen405

light EDS. Reductions in the instances of HAI is the utmost goal of any healthcare disinfection strategy,

and thus establishing ttienslatability of reduced environmental contamination as a result efi#05

light EDS exposure into reduced HAI rates therein is of paramount importance to achieving widespread

i mpl ementation of the technologytr Al & cemmgvituan mant
would be necessary to do this, ensuring all ward activities were accounted dlisc@ssedMurrell et

al. (2019)successfully demonstrated this effect within an operating iiosith both microbial surface
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contamination and SSI rates therein shown to be redudemivever, 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 te®bght inactivation is unlikely to develop
given its norselective and mukiargeted approach, it is essential that the comparative susceptibility of
MDR and susceptible bacterial strains ke t405nm light EDS is further established, given the

increasing emergence of MDR strains in healthcare settings.

Studies performed in this thesis primarily assessed efficacy of themOight EDS for surface
bacterial contamination, given that hithuch surfaces in the patient area constitute the biggest risk of
HAI transmission(Dancer, 2009; Huslaget al, 2010; Shamset al, 2016) However, airborne
transmission of HAlnducing pathogens is increasingly prevalent given the overburdened nature of
healthcare settings and the presence of immunosuppressed [{&ieiviastavaet al, 2013) As such,

it is recommended that the efficacy of the 4086 light EDS for inactivation of aerosolised bacteria is
assessedDougall et al. (2018) previously demonstrated >99% inactivation of aerosolised bacteria
within a suspension chamber following 30 min exposure to 22 mAafmM05nm light; however, its
efficacy at irradiances similar to that employed by the-d@b5light EDS is relatively unknown. The
aforementioned study bylurrell et al. (2019) investigating the efficacy of the 408n light EDS with

an operating room, additionallybserved 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 them0ght ECS within a hospital
isolation room have demonstrated decontamination of surfaces in areas of the room which were
indirectly exposed to the light source; suggestirgitistallation position of the light source may he
critical as the inactivation of airborne bacteria, which will sediment at random within the room, will
contribute to general reductions in surface bacterial lefBdsheet al, 2018) Further studies to
quantify the relative inactivation effects of bacteria on surfaces and suspended in the air upon 405
light EDS exposure is essentidadieet al (2022)recently demonstrated the ability of far k/to
inactivate S. aureuswithin a laboratorycontrolled roomsized 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 samplerdmple, at regular
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intervals before, during and after use of the-A@b 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, teelter comprehend its realistic clinical efficacy.
8.2.3 Antiviral Efficacy of the 405-nm light EDS

on the Hazard Group classification of SAR8V-2 (HG3) and the containment level of the laboratory

utilised (BSL2), experimental

With regards to the antiviral studies conducted in thesis,work was limited bythe necessity to
employ a SARSCovV-2 surrogate speciggiven the Hazard Group classification of SAR®V-2

(HG3) and the containment level of the laboratory utilised (BSARhoughbacteriophage phi6 is a
well-established surrogate species for coronavirEeglorenkoet al, 2020; Rockeyet al, 2020;
Bangiyevet al, 2021; Ordoret al, 2021; Vatteret al, 2021; Ahujaet al, 2022; Bakeret al, 2022;

Deyet al, 2022; Gomest al, 2022; Karabdcet al, 2022; Zargaet al, 2022) it is recommended that
further work is conducted to establish the efficacyoef irradiance 4051m light for the inactivation

of SARSCoV-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 whad@m setting (~@01-2.066 mW crrt; as established

in Chapter 4).

SARSCoV-2 is known to be transmitted in both respiratdrgplets and aeroso{$VHO, 2020c) It is
therefore recognised that lanitation of the work provided in this thesis is tlasence of data
demonstrating the ability of low irradiance 408 light to inactivate phi6uspended in the aiDue to
the sensitivity of the surrogate species employed and time constrains, a robust methodelqansiog
and quantifying reductions of aerosolised phiés unfortunatelynot developed in this instance
however it is essential thafuture studies establish tlieactivation efficacyof the 405nm light EDS
against aerosolised SARE0V-2, such to bettercomprehend its ability to reduc€EOVID-19

transmissionlt is suggested thénitial studies of this nature are performed in a sreedlle laboratory
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aerosol chambeusing a similar methodology to that employed by DouggHl. (2018),before then

expanding tcclinical studies

It is additionally recommended that clinical studies assessing efficacy of the0§ht EDS, similar

to those conducted previously for bacterial contamingfidacleanet al, 2010, 2013a; Bachet al,

2012a, 2018a; Murrebt al, 2019) are conducted tassess the ability of the technology to inactivate
SARSCoV-2in practical settingsThe current study demonstrated the ability of low irradiancerd05

light to inactivate the employed surrogate at various viral loads associated with infection progression
(Zhuet 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.

Itis also proposed that the antiviral efficacy of the-4dblight EDS is established for additional viruses
associated with HAI development. Torabal demonstrated the ability of low irradiance (0.5 mW cm

2 405nm 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, includingluenza,rotavirus andadenovirus as this could significantly enhance

theapplicability 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 405nm light for continuous environmental decontamination. Key findings include:

(1) The broadspectrum antibacterial efficacy of low irradiance 408 light exposure, at levels
analogous to those produced by the-4@% light EDS, has been established for a panel of
clinically-relevant bacteriéSinclair et al, 2023b)

(2) The antibacterial efficacy of the 4@8n light EDS under exposure conditions representative
of those likely to be encountered with practical system deploymenti¢host light exposures,
suspended in biological media, dried onto inert surfaces and présantbiofiims) was
demonstrated; furthering insight into clinical translatability.

(3) An enhancement in bactericidal efficacy and GE in response to low irradiangeight

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 sys{&inglair et al, 2024).

(4) The antiviral efficacy of the 40Bm light EDS for the inactivation of a SARS0V-2 surrogate
was established at various seeding densities in both minimal and biologéeilnt media;
demonstrating the potential for this technology to be used to ré¢leispread of SARE0V-

2 and other viral infections within the clinical environminclair et 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 prodingettie 405nm light EDSina2 x 2 x4 m
area, with measurements taken with the photodiode detector angled towdiglg dmurceto 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
irradiance values within the range of 0.081066 mW crtf, with highest irradiance values were
collected at the closest measurements taken to thamdight 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 dirctions 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 light EDS were overall lower than those gathered

with the photodiode detector held angled towards 405nm 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, 05, 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 distared &f-1,-0.5, 0,

0.5, 1, 1.5 and 2 m from the light source, respectivaliglistances 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 408 light EDS (P=0.396, 0.537, 0.579, 0.626 for distances

of 0.5, 1, 1.5 and 2 m from the light source, retipely). 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 mM\fbrcimorizontal

measuremes and 4.367 mW crhfor angular measurements; these values were found to be 3.935 and
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4.687 mW cnit, respectively, at a distance of 1 m; 3.998 and 5.02 mW/ oespectively, at a distance

of 1.5 m; and 3.913 and 5.454 mW &mespectively, at a distance of 2 m.
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Figure A.1 Irradiancedistribution produced by ceilingnounted lowirradiance 4051m 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 detectangled tahe light source (please note that the scale is different for each

graph).
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