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Abstract

Hospital associated infections result in longer patient stays, increased treatment costs and
morbidity and mortality. Novel technologies utilising UV light, hydrogen peroxide vapour and
ozone have been designed to provide high-level environmental decontamination, in an attempt
to prevent patient acquisition of nosocomial pathogens. However due to safety concerns, these
technologies are only suitable for intermittent terminal cleaning, and surfaces can become
quickly re-contaminated. Recently developed systems which utilise antimicrobial 405 nm
violet-blue visible light have been successfully used for continuous decontamination of
surfaces and air, in the presence of patients. This study investigated some fundamental

guestions surrounding the use of antimicrobial 405 nm light for clinical decontamination.

Initial investigations studied the antiviral efficacy of 405 nm light on a model for the
nosocomial pathogen, Norovirus. Studies showed positive antiviral effects in suspension and
on clinically-relevant surfaces when virions were exposed in minimal media (DPBS), however
this inactivation efficacy was significantly improved (85% lower dose) when the virus was
suspended in organically-rich, biologically-relevant media (such as saliva and blood plasma).
This enhanced inactivation is likely due to photoexcitation of the suspending media, and was
demonstrated using fluorescence spectrophotometry, with excitation peaks seen for all
suspending media except minimal media. A systematised review also compared 405 nm light
inactivation of viruses with other clinical pathogens (bacteria, fungi), and found that viruses
(exposed in minimal media) are more resilient structures, requiring higher doses for equivalent

reductions, likely due to differing inactivation mechanisms.

Further studies also investigated the potential for proliferating and non-proliferating bacteria,
Staphylococcus aureus, to become tolerant to 405 nm light. Results demonstrated that
exposure to 405 nm light during cultivation resulted in higher dose requirements for complete
inactivation and increased stress tolerance, however the process was unlikely to be selective.
Results also demonstrated that repeated sub-lethal exposure of antibiotic sensitive and

resistant vegetative cells did not give rise to tolerance or alter antibiotic susceptibility.

This study has provided significant fundamental information about antimicrobial violet-blue
light. The results demonstrate proof-of-concept evidence of the virucidal efficacy of 405 nm
light, as well as demonstrating that bacterial tolerance is unlikely. These results further support
the clinical use of antimicrobial 405 nm light for continuous environmental decontamination,

with implementation likely to aid infection control and reduce hospital associated infections.
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Chapter One

Thesis Introduction

1.0 Overview

According to the World Health Organisation (WHO 2011), hospital associated infections
(HAISs) affect on average 7% of patients in developed countries and 10% in developing
countries at any given time. Acquisition of HAIs can lead to increased morbidity and
mortality, as well as increased durations of patient stays and treatment costs (Cosgrove
2006). It is now accepted that contaminated surfaces play a major role in the transmission of
HAIl-associated pathogens, which are becoming increasingly resistant to antibiotics. It is
therefore of upmost importance that new technologies are developed to help address the
problem of environmental contamination within hospitals. The High Intensity Narrow
Spectrum-light Environmental Decontamination System (HINS-light EDS) is one such
technology, which emits visible violet-blue light to continuously reduce microbial bioburden
in occupied hospital environments. As part of the ongoing research surrounding the clinical
use of the EDS, there are several areas which require further investigation to ensure

optimisation of this system and prevention of adverse effects. These study areas include:

¢ Investigating the potential antiviral efficacy of high-intensity 405 nm light

e The potential for viral inactivation using the EDS in hospital related scenarios

e Evaluation of the inactivation of microorganisms using 380-480 nm violet-blue light
¢ Investigating the potential for bacterial tolerance to 405 nm light in proliferating and

non-proliferating clinically relevant organisms

Investigating these four objectives will provide crucial, novel information on this emerging
healthcare technology. The results will aid the improved application of antimicrobial violet-
blue light for decontamination, both with regards to expanding its use for viral inactivation
and understanding the potential for bacterial resistance. This will ensure that the technology
can be used more effectively in the hospital environment to reduce contamination, and

subsequently the transmission of hospital associated pathogens.



A brief overview of the contents of each chapter of this study is listed below:

Chapter 2 (Background and Literature Review): Discusses the current problems associated
with infectious pathogens in the hospital environment, and issues which arise due to
inadequate environmental cleaning. This chapter looks at important nosocomial pathogens
including Norovirus and methicillin-resistant Staphylococcus aureus; standard hospital
decontamination practices; and provides information on novel decontamination technologies,

with a focus on violet-blue light technology.

Chapter 3 (Methodology): Details the microorganisms, cell culture techniques, media,
chemical preparations, enumeration techniques, biochemical tests, and light arrays used
throughout this study.

Chapter 4 (Proof-of-Concept of the Antiviral Efficacy of 405 nm Light): Investigates the
antiviral efficacy of high-irradiance 405 nm light using feline calicivirus as a surrogate for
Norovirus. This chapter compares the inactivation of viral particles when suspended in
organically-rich and biologically-relevant media including human blood plasma, artificial
saliva and artificial faeces.

Chapter 5 (Viral Inactivation using Low-Irradiance 405 nm Light): Investigates the potential
for using the HINS-light EDS for viral decontamination. Studies focus on the virucidal
efficacy of low-irradiance 405 nm light (emitted by the HINS-light EDS) against
bacteriophage and viruses when suspended in organically-rich media. Additionally,

inactivation of viral contamination on clinically-relevant surfaces was also evaluated.

Chapter 6 (Comparison of the Virucidal Efficacy of Violet-Blue Light with the Wider
Antimicrobial Efficacy): Compares the average dose requirements of violet-blue light for
inactivation of viruses with a range of microorganisms including vegetative bacteria,
bacterial endospores, yeasts and fungi. Firstly, data from the present research study and the
wider research carried out at the ROLEST laboratory was analysed, followed by a
systematised review of published literature on microbial inactivation using violet-blue light
between 380-480 nm. Comparisons are also made between the efficacy of different
wavelengths of violet-blue light, the irradiance used and starting population on the

antimicrobial efficacy of this technology.



Chapter 7 (Potential for Bacterial Tolerance to 405 nm Light): Discusses the potential for
bacterial tolerance to 405 nm light, using S. aureus as a model organism. The potential for
tolerance was investigated in proliferating and non-proliferating bacteria, with inactivation
kinetics and antibiotic susceptibility investigated before and after repeated sub-lethal
exposure. Additionally, HPLC was performed to analyse the porphyrin content within
S. aureus, to provide further evidence on the antimicrobial mechanism of violet-blue light.

Chapter 8 (Conclusions and Recommendations for Future Work): Concludes the scientific
findings from each chapter, and highlights the beneficial use of 405 nm light for
decontamination in the hospital environment with regards to the key findings within this
study. Recommendations for future work, to expand on the novel results found in this study,
are also discussed.



Chapter Two

Background & Literature Review

2.0 Overview

Modern medicine is becoming increasingly complex with more invasive procedures and
complicated equipment than ever before (Dancer 2008). To add to the challenge, antibiotic
resistant organisms are a common occurrence in the hospital environment and cause
increased morbidity and mortality of patients (Cosgrove 2006). Hospital surfaces have been
linked to transmission of these antibiotic resistant pathogens, with up to 50% of surfaces
untouched or uncleaned following terminal cleaning with disinfectants (Carling et al., 2008;
Dancer et al., 2008). As hospital cleaning strategies require improvement, there is an
increased demand for novel technologies which can improve environmental cleanliness and
reduce spread of nosocomial pathogens. One such technology is antimicrobial violet-blue
light, which is the focus of the present study.

This chapter discusses common nosocomial pathogens, routes of transmission, hospital
cleaning methods and novel decontamination technologies in order to clarify the current
situation within hospitals. Additionally, this chapter will focus on antimicrobial violet-blue
light technology to fully understand the mechanism of action and its potential benefit for

many clinical applications, as well as discussing current research on this technology.

2.1 Hospital Associated Infections

HAIs are localised or systemic infections in patients who did not present any evidence as to
the presence or incubation of pathogenic organisms, before admission to hospital (Horan et
al., 2008). HAIs can be caused by infectious agents from endogenous sources such as skin,
nose, mouth or exogenous sources such as health care workers (HCWs), visitors, the patient
environment or medical devices (Horan et al., 2008). Old, young and immunocompromised
patients are at particular risk of HAIs, which can arise due to: surgery, invasive medical
devices, immunosuppressive treatment, previous antibiotic treatment, blood transfusion,
underlying illness, sepsis and long hospital stays (Inweregbu et al., 2005). HAIs include

surgical site infections (SSls), blood stream infections, urinary tract infections (UTIs),



respiratory tract infections, gastric infections or ears, eyes, nose and throat infections, as well

as device-related infections.

HAIs can be associated with many pathogenic organisms, as detailed in Table 2.1. Infection
with antibiotic resistant organisms such as methicillin-resistant Staphylococcus aureus
(MRSA), vancomycin-resistant  Enterococcus spp. (VRE), Escherichiacoli and
Klebsiella pneumoniae (B-lactamase and carbapenemase producing), can result in increased
morbidity and mortality as well as increased length of patients stays and increased treatment
costs (Cosgrove 2006). Filice et al. (2010) noted that infections caused by MRSA are twice
as expensive to treat as those caused by methicillin-sensitive S. aureus (MSSA) in the USA,
with average costs of $35,000 and 24% mortality for MRSA and costs of $16,000 and
11.5% mortality for MSSA. Delays in treatment, or inappropriate treatment, may also
increase morbidity, with some antimicrobial treatments thought to be toxic. It is estimated
that in long-term care facilities in Europe there are > 100,000 HAIs on any given day, with
an estimated total of 4.2 million HAIs for the entire year, which results in 37,000 deaths and
16 million extra days of hospital stay (European Centre for Disease Prevention and
Control 2008, 2015).

With regards to HAIs in Scotland, it is estimated that there is 4.9% prevalence in acute care
and 2.5% in non-acute hospitals (Health Protection Scotland (HPS) 2012). UTIs and SSls are
the most common, estimated to account for 22.6% and 18.6% of inpatient HAISs, respectively
within NHS Scotland, followed by infections of the blood stream (10.8%), gastrointestinal
tract (6.8%), and skin and soft tissue (4%) (HPS 2012). Additionally, the highest prevalence
of HAIs in Scotland have been linked to intensive care units (ICU) (16.1%) and
surgery (6.3%) (HPS 2012). The latest data on HAIls in Scotland, during 2015, shows
increasing trends in resistance observed among E. coli urinary isolates, with significant
increases in resistance to the third generation cephalosporins, carbapenems and
nitrofurantoin (HPS 2016). During 2015 there were 62 outbreaks and incidents reported,
with respiratory and gastrointestinal infections accounting for 47% of all outbreaks and
incidents reported (HPS 2016). Table 2.2 summarises the key pathogenic organisms within

Scottish hospitals and the latest data on incidence during 2015.



Table 2.1. Common nosocomial bacteria and viruses and their associated clinical illnesses.
Adapted from Murray et al. (2008a).

Nosocomial Bacteria

Associated Clinical IlIness

Acinetobacter baumannii

Clostridium difficile

Enterococcus spp.
Escherichia coli
Klebsiella pneumoniae
Pseudomonas aeruginosa
Stenotrophomonas
maltophilia

Staphylococcus aureus

Streptococcus pyogenes

Wound infections; Urinary tract infections; Respiratory tract
infections; Septicaemia

Antibiotic associated diarrhoea; Pseudomembranous colitis

Bacteraemia; Endocarditis; Urinary tract infections; Wound
infections

Gastroenteritis; Urinary tract infections; Haemorrhagic
colitis; Haemolytic uremic syndrome; Bacteraemia

Wound infections; Soft tissue infections; Urinary tract
infections; Pneumonia

Burn wound infections; Skin, ear and eye infections
Bacteraemia; Endocarditis; Pulmonary infections

Bacteraemia; Pneumonia

Wound infections; Impetigo; Pneumonia; Empyema;
Bacteraemia; Endocarditis; Septic shock

Pyoderma; Cellulitis; Necrotizing fasciitis; Scarlet fever;
Pharyngitis

Nosocomial Viruses

Associated Clinical IlIness

Adenovirus
Hepatitis A/B/E
Influenza A
Norovirus
Respiratory syncytial virus

Rotavirus

Conjunctivitis; Gastroenteritis; Respiratory tract infections;
Pneumonia; Haemorrhagic cystitis; Myocarditis

Liver disease

Respiratory tract infections; Diarrhoea; Vomiting;
Pneumonia; Respiratory system failure

Diarrhoea; Nausea; Vomiting; Abdominal cramps; Fever
Respiratory tract infections; Pneumonia

Diarrhoea; Nausea; VVomiting; Abdominal Cramps; Fever




Table 2.2 Annual cases of hospital associated infection within Scotland in 2015. Adapted

from Health Protection Scotland Annual Report 2015.

Pathogen Annual cases in Scotland 2015

1600 cases of bacteraemia:
110 (6.9%) were MRSA, 2.2 per 100,000 acute bed days
1,490 (93.1%) were MSSA, 29.5 per 100,000 acute bed days

Staphylococcus aureus
(including MRSA)

4596 cases of E. coli bacteraemia,
90.9 per 100,000 acute bed days

Escherichia coli

Carbapenemase
Producing Organisms 66 Cases of Carbapenemase producing
(including organisms in Scottish hospitals

Enterobacteriaceae spp.)

543 cases in 15-64 year olds, 38.3 per 100,000 bed days
1133 cases in > 65 year olds, 31.2 per 100,000 bed days

Clostridium difficile

Norovirus 1,390 confirmed cases*

*This data remains provisional (Norovirus Scotland Annual Totals on 28 July 2016, Health
Protection Scotland)

As this study focusses particularly on application of 405 nm light with regards to the
potential antiviral efficacy against Norovirus (NoV) and bacterial tolerance in
Staphylococcus aureus, the following sections provide a general overview of these two HAI-
associated pathogens with regards to prevalence within hospitals and clinical symptoms:

2.1.1 Norovirus

Viruses are obligate intracellular parasites that have the ability to invade human and bacterial
cells, replicate using host machinery and ultimately cause cell death (Murray et al., 2008a).
NoV, a common nosocomial pathogen, is a member of the Caliciviridae family, has a
non-enveloped icosahedral structure with a (+ve) single stranded RNA genome, and

measures 27-40 nm in diameter (Siebenga et al., 2010; Cromeans et al., 2014).



This virus is of particular importance in the hospital environment as it causes 19-21 million
cases of associated illness in the USA annually, and has become the most common cause of
epidemic acute gastroenteritis (Patel 2009; Hall et al., 2013). It is estimated that globally
over 200,000 people die annually due to NoV with > 100,000 of these occurring in children
up to 14 years and > 77,000 in adults over 55 years (Bartsch et al., 2016).

NoV is highly transmissible through several routes: faecal-oral pathway; via contaminated
food and water; aerosolised particles; and contaminated surfaces, and can occur via multiple
routes during an outbreak (Glass et al., 2009). The virus is highly contagious with as little as
18-100 viral particles needed for infection, and ~30 million viral particles released during a
vomiting episode and > 10° particles/g in faeces. (Caul 1994; Lee et al., 2007; Tenuis et al.,
2008; Karst 2010; Bentley et al., 2012; Robilotti et al., 2015). NoV shedding in stools can
continue for four to eight weeks in those who have recovered, and will last even longer in
those with persistent infections (Atmar et al., 2008, 2103; Schorn et al., 2010).

NoV has a short incubation period of 24-48 hours after which the main symptoms include
vomiting, diarrhoea and abdominal cramps for one to three days (Murray et al., 2008a). The
illness is usually mild and self-limiting however can be more serious for infants, the elderly,
the immunocompromised and transplant patients, the latter two of which can suffer persistent
infections with symptoms lasting over 2 years (Karst 2010; Lopman et al., 2012;
Schorn et al., 2010). Due to the features outlined above and the lack of any licensed vaccines
to prevent NoV, transmission can be a major issue amongst hospitalised patients, and those
affected can only be offered nursing support care and rehydration solutions, as there are no

available specific treatment options (Gonzalez et al., 2016).

At least 6 genogroups have been recognised (GI-GVI), with GI, GII and GIV generally
responsible for human infections (Glass et al., 2009; Morter et al., 2011,
Knipe and Howley 2013; Eden et al., 2014). The virus is highly flexible and diverse, and
genetic variability between genotypes can differ by 14-44% (Zheng et al., 2006). Such
variability is due to the replication of RNA which is carried out by virus-encoded RNA-
dependant RNA polymerase which does not ‘proof-read’ resulting in errors occurring during
transcription (Bull et al., 2010). The virus evolves in an epochal manner as there are periods
of stability followed by a quick accumulation of mutations and emergence of new variants
(Siebenga et al., 2007). Due to the nature of NoV replication, antigenic variants arise every
three to four years, with GIll.4_Sydney 2012 thought to be currently responsible for
outbreaks within Scottish hospitals (Bull et al., 2010; Bennet et al., 2013).



Recombination also contributes to the genetic variation seen in NoV isolates. A recombinant
is a NoV isolate which contains genomic information regarding the viral capsid and
polymerase from two distinct groups of NoV (Bull et al.,, 2007). At present, new
recombinant variants may be emerging, with GI1.P16-Gll.2. identified in German hospitals
(Neindorf et al., 2017). This variant was found to be responsible for 48% of sporadic cases
and 42% outbreaks in Germany in the winter of 2016 (Neindorf et al., 2017). The genetic
and antigenic variability, as well as lack of long term-immunity, means that one person can
have repeated infections. Therefore, there is the potential for repeated outbreaks which
enables NoV to be an enduring threat to the healthcare environment (Wyatt et al., 1974;
Glass et al., 2009).

If a NoV outbreak does occur within the clinical environment, this can result in substantial
operational and financial losses for healthboards. Hospital bays and wards may be closed
following confirmation of an outbreak which will prevent admissions and cause procedures
and operations to be postponed (Barclay et al., 2014). Additionally, if staff become infected
they cannot return to work for 48 hours. As a result, NoV outbreaks can have a severe
financial impact. For example, a study by Danial et al. (2011) investigated the effect of NoV
gastroenteritis within NHS Lothian between 2007-2009, during which period there was a
loss of £1.2 million. Losses were incurred as a result of lost bed days, due to restricted
admissions and therefore treatments; as well as due to staff absences and agency staffing
costs (Danial et al., 2011). The global economic impact is even greater, with NoV infections
thought to result in additional costs of approximately £3.2 billion ($4.2 billion US Dollars)
per year to global health systems (Bartsch et al., 2016).

2.1.2 Staphylococcus aureus

S. aureus bacteria are Gram positive cocci, 0.5 to 1.5 um in diameter, non-motile and
facultatively anaerobic (Murray et al., 2008a). According to the WHO (2014), one of the
most commonly identified antibiotic resistant bacteria to cause nosocomial infections
worldwide is S. aureus. Antibiotic resistant isolates of S.aureus were first identified
75yearsago, shortly after the introduction of the antibiotic penicillin
(Rammelkamp and Maxon 1942). Resistance to penicillin occurred as a result of bacterial
production of penicillinase, a B-lactamase enzyme, encoded by the blaZ gene residing on a
large plasmid transposon (Peacock and Paterson 2015). This enzyme is able to inactivate
penicillin via hydrolysation of the p-lactam ring, and is now thought to be present in > 90%

of human S. aureus isolates (Kirby 1944; Peacock and Paterson 2015).



A semisynthetic antibiotic, methicillin, was subsequently developed to help overcome
penicillin-resistant S. aureus. This B-lactamase stable p-lactam antibiotic was designed to
target cell wall synthesis, however resistance also occurred rapidly following clinical
implementation, and these resistant bacteria were termed methicillin-resistant S. aureus
(MRSA) (Jevons et al., 1963). The term MRSA is now used to describe isolates resistant to
other B-lactam antibiotics, such as flucloxacillin and amoxicillin. Methicillin-resistance has
emerged due to alterations in the penicillin-binding-protein, PBP. The altered PBP, known as
PBP2a, has reduced affinity for B-lactam antibiotics allowing cell wall biosynthesis to
continue (Peacock and Paterson 2015). PBP2a is encoded by the mecA gene carried on a
distinct mobile genetic element, staphylococcal chromosomal cassette (SCCmec)
(Peacock and Paterson 2015).

Recently, isolates of MRSA have also been identified with resistance to vancomycin, which
is a last resort drug for treating MRSA associated infections (Gardete and Tomasz 2014).
This resistance mechanism is due to plasmid-borne copies of the transposon Tn1546, which
was acquired from vancomycin-resistant Enterococcus faecalis, which lowers affinity of

vancomycin to the precursor units of the bacterial cell wall (Sivert et al., 2008).

Although attention has recently shifted to Gram negative multi-drug resistant (MDR)
organisms, such as E.coli, K.pneumoniae and P.aeruginosa (Table 2.1), S.aureus
continues to be a persistent problem within healthcare settings and a major cause of
nosocomial infections, with Epidemic MRSA-15 and EMRSA-16 regularly identified
(Coia 2016). S.aureus can be transmitted by direct contact with colonised/infected
individuals or via environmental surfaces and air. This organism is both a commensal and a
pathogen, with around 20% of people persistently nasally colonised and a further 30%
intermittently colonised (Wertheim et al., 2005). Screening and decolonisation of S. aureus
carriers in hospitals is an important strategy to help control MRSA, as carriers are more
likely to develop nosocomial infections (Wertheim et al., 2005; Coia et al., 2006). This
includes: skin and soft tissue infections, device-related infections, pulmonary infections,
endocarditis, bacteraemia and sepsis, which can become systemic and life-threatening
(Tong et al., 2015).

Recently there has also been widespread emergence of community associated MRSA
(CA-MRSA). CA-MRSA is genetically distinct from hospital associated MRSA
(HA-MRSA) and can be rapidly spread in the community, affecting younger, healthier
people, compared to HA-MRSA, which usually affects hospitalised, elderly patients with a
history of surgery or indwelling devices (Naimi et al., 2003; Chambers and DeLeo 2009;
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Otter and French 2011). CA-MRSA strains such as USA300 are beginning to
replace/overtake traditional HA-MRSA lineages as a common cause of hospital infection
(Otter and French, 2011; Thurlow et al., 2012).

The emergence of CA-MRSA is a further burden for hospitals. These pathogens can cause
infections in previously healthy individuals and therefore can infect wider groups of patients
and HCWs, increasing hospitals costs and resource utilisation. Reservoirs of MRSA in the
community (as well as reservoirs within livestock) provide opportunities in which new
antimicrobial resistance and virulence traits can be selected (Coia 2016). These can be
passed on to HA-MRSA, and in turn CA-MRSA may also develop additional resistance
mechanisms due to the antibiotic selective pressure in hospitals, making infections harder to
treat (Otter and French 2011). Finally, and perhaps most importantly, as CA-MRSA can be
constantly re-introduced into the hospital environment, this will reduce current hospital
control of MRSA, with nasal screening only detecting 67% of CA-MRSA carriers
(Yang et al., 2009; Otter and French 2011).

2.2 Transmission of Nosocomial Pathogens

Due to the relentless prevalence of infectious pathogens within the hospital environment it is
important to understand the general routes in which they are released into the environment
and are transferred amongst patients. The main routes of potential transmission in the clinical
setting include transmission via aerosols, droplets, contact, food, water and common
environmental sources such as surfaces, equipment and water outlets (and in warmer

climates also vectors such as mosquitos and ticks).

Microorganisms can be dispersed into the air via talking, coughing, laughing and sneezing,
in both small droplets (< 5 um) and large droplets (> 5 pm), which are involved in airborne
transmission or droplet transmission, respectively (Fernstrom and Goldblatt 2013). The small
droplets form aerosols which can spread over wide areas and can also evaporate to form
droplet nuclei. Droplet nuclei can remain infectious for long periods of time depending on
size, velocity, density, humidity and light (Memarzadeh et al., 2010). Droplet nuclei can
travel via air currents, which can be enhanced by ventilation systems, and cover wide areas
within hospitals. These infectious particles can be inhaled by susceptible patients and HCWs
and as a result cause infection (Memarzadeh et al., 2010). However, this is dependent on
close proximity, high levels of dispersal, high susceptibility or a combination of these factors

(Coiaet al., 2013). Large respiratory droplets can travel directly from the respiratory tract to
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HCWs or other patients by depositing on mucosal surfaces such as eyes, nose, or mouth.
When in close contact, this can be an efficient means of transmission as droplets contain
high numbers of microorganisms (Coia et al., 2013). Droplet transmission was only thought
to be effective over short distances, with sedimentation occurring within 1-2 m, due to the
large droplet size (Memarzadeh et al., 2010). However recent studies observing sneezing and
coughing indicated that droplets can travel up to 6-8 m, and stay suspended in clouds for up
to 10 min, before landing on surfaces to act as a secondary source of transmission
(Bourouiba et al., 2014). Although the range of pathogens transmitted by airborne
transmission is fairly small, this can include respiratory and enteric viruses. A prime example
being NoV, which can be inhaled directly following aerosolisation of vomit, as well as
droplets of vomit and faeces being able to settle on near-by surfaces and act as a secondary

source of transmission if touched.

Additionally, aerial dispersal involves the distribution of pathogenic organisms on particles
such as skin squames. This occurs in the case of MRSA, which is commonly found on the
skin of colonised patients. MRSA can be shed into the air directly from patients or following
changing of wound dressings or bed sheets, and remain in the air for up to an hour
(Sergent et al., 2012; Bache et al., 2015). These skin particles travel via air and land on
different surfaces, with bigger scales landing nearby, and smaller travelling the length of
wards and often settling on hard to reach surfaces and ledges (Eames et al., 2009). These
MRSA particles can then survive for long periods of time, with MRSA capable of surviving

in dust for up to a year (Wagenvoort et al., 2000).

Contact transmission, either through direct or indirect contact, is the most common route of
pathogen transmission, and is illustrated in Figure 2.1. Direct contact occurs when
susceptible patients are touched by a HCW or visitor who is colonised or infected with a
pathogenic organism. Indirect transmission can also occur when HCWs transmit pathogens
from an infected/colonised patient to a susceptible patient, usually via their hands. Indirect
transmission can also occur if an infected/colonised patient touches and contaminates
surfaces or inanimate objects which can also be referred to as fomites. Fomites can become
contaminated through contact with droplets or bodily fluids such as faeces, vomit, blood and
nasal discharge (Boone and Gerba 2007). Subsequent contact with these fomites by
susceptible patients may result in colonisation and infection, especially if they come into

contact with hands.

Common sources such as food, water, medications, solutions, devices, or equipment can also

act as vehicles of transmission of nosocomial pathogens, with many people exposed and
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becoming ill. Sinks and taps have acted as common sources of P. aeruginosa within the
clinical environment, with biofilms contaminating water, resulting in outbreaks and many
unnecessary deaths (Hotaet al., 2009; Walker et al., 2014; Garvey et al., 2016).
Additionally, NoV is not only spread via the air and fomites but also via the faecal-oral
route. Infected individuals can contaminate food and water, and in turn these can act as
common sources of transmission (Maunula 2005; Raj et al., 2017; Smith et al., 2017).
Contaminated fomites such as inanimate objects and equipment can also become common
sources of outbreaks, with incidences of K. pneumoniae linked to ultrasound gel
(Galliout 1998) and outbreaks of P. aeruginosa and E. coli linked to surgical probes
(Bancroft et al. 2013; Seki et al. 2013). Even unexpected items such as ‘non-slip’ socks have
recently become implicated as vectors in the transmission of MDR organisms around
hospitals (Mahida and Boswell 2016).

2.2.1 Transmission via Healthcare Workers Hands

It is apparent that transmission of nosocomial pathogens can be via multiple routes and is
interlinked (Fig 2.1). HCWs play a pivotal role in transmission, with hands thought to be the
main way in which nosocomial pathogens are spread (Allegranzi and Pittet 2009). It is
therefore imperative that HCWs wash their hands (i) before touching patients; (ii) before
clean/aseptic care techniques; (iii) after contact with body fluid; (iv) after touching patients
and (v) after touching patient surroundings (Pittet et al., 2006; WHO 2009).

Numerous studies have demonstrated that improvement of hand hygiene compliance helps to
reduce HAIs (Pittet et al., 2000; Lam et al., 2004; Pessoa-Silva et al., 2007,
Grayson et al., 2008; Salama et al., 2013; Sickbert-Bennet et al., 2016). The long-term effect
of hand hygiene improvement was demonstrated almost twenty years ago, by
Pittet et al. (2000), who investigated hand hygiene compliance over a 3 year period.
Following an awareness campaign with posters and implementation of alcohol rubs, hand
hygiene compliance improved from 47.6% pre-intervention to 66.2% post intervention.
Increased hand hygiene then lead to a reduction of nosocomial infections from
16.9% pre-intervention to 9.9% over the 3 year period (Pittet et al., 2000). Increased hand
hygiene has also recently been shown to reduce infections with MDR organisms.
Salama et al. (2013) demonstrated hospital hand hygiene compliance rose from 43 % to 65%
following a multifaceted intervention using lectures, posters, leaflets and installations of
alcohol based hand sanitizers. Following intervention, the total number of nosocomial
infections fell from 37.2 to 15.1 per 1,000 patient-days, with 35.5 %, 50 %, 74.4% and

74.4% reductions of infections due to MDR Acinetobacter baumannii, E. coli,
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K. pneumoniae and MRSA (Salama et al., 2013). Additionally, no infections occurred due
to Clostridium difficile and P. aeruginosa, following improved hand hygiene practices
post-intervention (Salama et al., 2013).

Transmission via hands is likely due to hand contamination following direct contact with an
infected/colonised patient or contact with surfaces and equipment surrounding patients’ bed
spaces. An interesting study by Barker et al. (2004) demonstrated that clean fingertips
inoculated with NoV could contaminate common hand touch surfaces and up to 7 clean
surfaces, demonstrating the importance of hand hygiene to prevent spread. Several studies
have also demonstrated the contamination of HCW’s hands or gloves after contact with
environmental surfaces surrounding patients (Bhalla et al., 2004; Stiefel et al. 2011;
Guerrero et al., 2012; Morgan et al., 2012). For example, Bhalla et al. (2004) demonstrated
that 53% of hands were contaminated with one or more pathogens following contact with
environmental surfaces near patients. Furthermore, hands are just as likely to become
contaminated following exposure to surfaces as exposure to patients. This was demonstrated
by Stiefel et al. (2011) who found a 40% chance of gloved hand contamination following

contact with colonised skin and 45% chance of contamination following surface contact.

Hand hygiene compliance is therefore equally as important when touching patients as it is
when touching surfaces surrounding patients. However, Randle et al. (2010) demonstrated
compliance differs between these two clinical contact scenarios. A 24 hour observational
study of hand hygiene in two hospital wards, found that hand hygiene compliance is reduced
when HCWs touch surfaces compared to patients, with only 50% compliance when touching

surfaces compared to 80% compliance after patient contact (Randle et al., 2010).
2.2.2 Transmission via Environmental Surfaces

It is now widely accepted that environmental surfaces may facilitate the transmission of
nosocomial pathogens (Boyce et al., 2007; Dancer et al., 2008; Weber et al., 2010). There is
likely to be cross-infection between patients and their environment, with those infected or
colonised shedding pathogens into their surrounding environment. Not only can MRSA be
shed into the environment on skin and respiratory secretions but it can also be shed via
stools. Boyce et al. (2007) demonstrated that patients with gastrointestinal tract colonization
with MRSA caused increased environmental contamination, with >50% of the surfaces
sampled contaminated with identical or similar strains of MRSA. NoV is similarly shed into
the environment via stools: asymptomatically, before symptom onset, during infection, and

following infection resolution, as well as via aerosolised vomitus which can settle onto
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surfaces (Atmar et al., 2008; Lopman et al., 2012; Sabria et al., 2016). Additionally, MDR
organisms such as K. pneumoniae cause environmental contamination, with the same strain
infecting a patient found on environmental sites including handrails, shower faucets, light

switches and mattress covers (Judge et al., 2013).

As well as environmental surfaces, modern technological equipment such as computers,
keyboards, mobile phones and up to 95% of bed control handsets can become contaminated,
so these items may also play a role in nosocomial pathogen transmission (Neely et al. 1999;
Bures et al. 2000; Hartmann et al. 2004; Brady et al. 2007; Ulger et al., 2009;
Messina et al. 2013). Portable equipment such as blood pressure monitors and radiograph
machines have also been found to be inadequately cleaned by nursing and technical staff,
with A. baumannii, K. pneumoniae and P. aeruginosa isolated (Levin et al. 2009;
Havil et al. 2011).

Upon release, nosocomial bacteria can thrive in the warm hospital environment and
subsequently survive on these hospital environmental surfaces and in the air (Dancer 2014).
Surfaces can act as long term reservoirs of both bacterial and viral pathogens, and as can be
seen in Table 2.3, these pathogens can survive from hours to years. The long-term survival
of vegetative organisms may be attributed to biofilms on dry surfaces, with some species
shown to survive even after terminal decontamination (Vickery et al., 2012). A key example
of ineffective terminal cleaning against nosocomial pathogens was demonstrated by
Manin et al. (2011), who found MRSA and A. baumannii on surfaces after 4 rounds of
terminal cleaning and disinfection with bleach. Another example of substandard cleaning
was demonstrated by Morter et al. (2011) who identified NoV on 31% of environmental
swabs post cleaning on keyboards, computers, soap dispensers, equipment as well as

surfaces around bedside furniture and fixtures.

This failure to fully decontaminate surfaces has been shown to increase the risk of
acquisition of nosocomial pathogens, with an increased risk of infection if a room was
previously occupied by a patient infected with A. baumannii, C. difficile, MRSA,
MDR P. aeruginosa and VRE (Huang et al., 2006; Drees et al, 2008;
Shaughnessy et al., 2011; Nseir et al., 2011; Mitchell et al., 2014). However, if cleaning is
improved or increased as part of an outbreak control bundle, this can lead to the resolution of
outbreaks (Mayfield etal.,, 2000; Denton et al., 2004; Hayden et al., 2006;

Palmore and Henderson 2013).
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Table 2.3 Survival rates of common hospital associated pathogens on surfaces. Adapted
from Kramer et al. (2006), Otter et al. (2013) and Kotwal and Cannon (2014).

Nosocomial Bacteria

Survival on Environmental Surfaces

Acinetobacter spp.
Clostridium difficile (spores)
Escherichia coli
Enterococcus spp. (incl VRE)
Klebsiella spp.
Pseudomonas aeruginosa

Staphylococcus aureus
(incl MRSA)

3 days — 11 months
> 5 months
1.5 hours — 16 months
5 days — > 46 months
2 hours — > 30 months
6 hours — 16 months

7 days — 12 months

Nosocomial Viruses

Survival on Environmental Surfaces

Adenovirus
Hepatitis B
Influenza
Norovirus
Respiratory syncytial virus

Rotavirus

7 days — 3 months
> 1 week
1- 2 days
8 hrs —>1 month
6 hours

6 — 60 days
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2.3 Environmental Decontamination in Hospitals

As contaminated hands and environmental surfaces have an interlinked and integral role in
transmission of nosocomial pathogens (Fig 2.1), environmental decontamination is an
important method for reducing the threat of nosocomial pathogens. Decontamination
includes (i) cleaning and disinfection of non-critical and semi-critical items, or (ii) cleaning
and sterilisation of critical items, both in an effort to reduce the risk of patients acquiring
HAIs (Veerabadran and Parkinson 2010). Decontamination of non-critical environmental
surfaces and non-invasive equipment, like blood pressure cuffs, first requires cleaning with
detergents for the physical removal of pathogens and organic matter
(Veerabadran and Parkinson 2010). Subsequently, the surfaces are treated for > 1min using
low-level chemical disinfectants (detailed in Table 2.4) which physically or chemically
destroy any pathogens present (Veerabadran and Parkinson 2010; Rutala and Weber 2013).
Inadequate cleaning can, however, interfere with disinfection if organic matter is not

completely removed from surfaces and equipment.

Isolation of patients and increased decontamination measures are also required to control
environmental contamination when patients are infected or colonised with pathogens such as
C. difficile, MDR Gram negative bacilli, MRSA, NoV and VRE
(Veerabadran and Parkinson 2010; Dancer 2014). In the case that transmission occurs
between several patients and results in an outbreak, additional measures are required to help
to reduce the spread of infection. These include closure of wards and restriction of patient
movement (Danial et al., 2011). After an isolated patient is discharged or an outbreak is
resolved, wards and isolation rooms must undergo a terminal clean whereby the area is
stripped of rubbish, curtains and bed linen, and all equipment and surfaces are

decontaminated before rendering safe for new patients (Danial et al., 2011).
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Table 2.4 Comparison of commonly used disinfectants within hospitals. Adapted from
Rutala and Weber (2013).

Disinfectant

Advantages

Disadvantages

Alcohol

Chlorine

Idophors

Improved
Hydrogen
Peroxide*

Phenolics

Quaternary
Ammonium

Effective against bacteria, fungi &
viruses

Rapid

Easy to use

No toxic residue

Broad antimicrobial efficacy against
bacteria, fungi, viruses & spores

No toxic residue

Inexpensive

Not affected by water hardness
Stable (30 day half-life)

Effective against bacteria,
mycobacteria & viruses

Effective against bacteria,
mycobacteria & viruses

Safe for users

Not affected by organic matter
Non-corrosive and non-staining
Compatible with common surface
materials

12 month shelf life

Effective against bacteria, fungi &
viruses

Inexpensive

Effective against bacteria, fungi &
enveloped viruses

Compatible with common surface
materials

Undisturbed solutions can have
persistent antimicrobial activity

Not effective against spores
Affected by organic matter

May cause material damage (e.g.
rubber, glue)

Cannot be used for large surface
areas

Flammable

Exposure can cause eye irritation,
oropharyngeal, oesophageal and
gastric irritation and burns
Affected by organic matter

May corrode metal surfaces and
discolour fabrics

Can release toxic fumes if mixed
with acids or ammonia

Not effective against spores

e Requires long exposures for fungal

inactivation

More commonly used as an
antiseptic than disinfectant

Can cause material damage (e.g.
silicon)

Expensive

Limited proof of antimicrobial
efficacy

Not effective against spores

e Absorbed by porous materials

Irritates tissues and causes
depigmentation of skin

If not prepared correctly may cause
hyperbilirubinemia in infants

Not effective against spores

Not effective against non-enveloped
viruses

Less microbicidal when used with
hard water and cotton

Exposure may potentially cause
asthma

Affected by organic matter

* Improved hydrogen peroxide contains very low levels of anionic and/or non-ionic
surfactants, which help to increase the speed of antimicrobial activity (Rutala et al., 2012).
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2.3.1 Routine and Terminal Decontamination

For effective decontamination, it is important that staff are aware of their specific
responsibilities and schedules, including frequency and method of environmental
decontamination, to prevent confusion and inadequate cleaning (Anderson et al., 2011). In
general, domestic staff should clean surfaces, tables, floors and under bed areas, with nursing
staff cleaning all patient care equipment and the base of the bed, mattress and rails
(NHS GGC 2016). The National Infection Prevention and Control Manual (NIPCM 2012)
has been developed in Scotland to help provide guidance on standard procedures to help
reduce the risk of HAIs. Procedures within the manual are mandatory for all NHS Scotland
staff, and therefore ensure a constant, effective infection control practice across Scottish

hospitals, allowing better-quality auditing and improvements.

The NIPCM (2012) states that routine cleaning of the patient environment should be carried
out using a fresh solution of neutral pH detergent, however detergent wipes are commonly
used for this purpose for convenience (NHS GGC 2016). Additionally, chlorine based
disinfectants should be used routinely on sanitary fittings including toilets, sinks, basins,
baths, taps and fixtures. Cleaning of isolation or cohort rooms housing patients suspected,
colonised or infected with a contagious pathogen, must be carried out using either detergent
followed by disinfection solution of 1000 ppm chlorine (cl), or a combined
detergent/disinfectant solution (1000 ppm cl). Cleaning in these cases is required at least
daily and even more frequently in the case of high-touch surfaces and toilet/commodes
(NIPCM 2012).

When patients have been discharged, transferred, or are no longer an infection risk, terminal
decontamination is required. The NIPCM (2012) states that firstly all rubbish, screens,
curtains and laundry should be bagged and removed from the patient area. Using the
previously described chlorine based disinfectants, all surfaces, basins, showers, toilets,
patient equipment, computing equipment, beds, mattresses, rails, buzzers, lockers and tables
in each patient space must then be cleaned, with cleaning starting at the top and finishing on
the lower surfaces (NIPCM 2012). Supplies should then be replenished and surfaces left to
dry before the area can be re-opened (NHS GGC 2016).

2.3.2 Detergent Wipes

Detergents wipes are becoming increasingly popular for environmental cleaning in hospitals

due to their convenience, ease of use and disposal. Detergents within these wipes are water
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soluble chemical compounds such as surfactants (Ramm et al., 2015). These disposable
wipes have been demonstrated to reduce bacterial burden on high risk sites such as bed rails
and over-bed tables, reducing levels to below 5 CFU/cm® for up to 24 hours
(Boguz et al., 2013).

However, the effectiveness of these wipes has been challenged by Ramm et al. (2015), who
found that bacterial reduction could not only vary between microorganisms, but also brands
of wipes tested. Following 10 seconds of wiping, the average removal of bacteria from
stainless steel surfaces ranged from 0.96 logi,, 1.5 logy, and 3.5 logy, reduction for
C. difficile, S. aureus and A. baumannii, respectively (Ramm et al., 2015). Furthermore,
vegetative bacteria and spores could also be transferred over 3 surfaces via detergent wipes
(Ramm et al., 2015). Therefore, these wipes may be useful for removing bacterial bioburden,
but do not have a universal efficacy against the various organisms found in the environment.
Wipes can spread pathogens if users do not change wipes in between surfaces, and may
necessitate the need for additional disinfectants following use.

2.3.3 Chlorine Based Disinfectants

Chlorine based disinfectants such as bleach made of 0.1% sodium hypochlorite
(1000 ppm cl) are commonly used for disinfection in hospitals as they can inactivate a broad
range of organisms (Tanner 2009). However, these disinfectants can be toxic to humans,
may be corrosive to surfaces, and also ineffective if diluted or if contact time is not long
enough (Tanner 2009; Veerabadran and Parkinson 2010).

Actichlor is one such chlorine based disinfectant commonly used in Scottish hospitals (NHS
GGC 2016). With sodium dichloroisocyanurate as the active ingredient, Actichlor has been
demonstrated to inactivate vegetative bacteria as well as spores (Vohra and Poxton 2011).
Actichlor also has greater efficacy than other disinfectants, with > 3 logy, inactivation of
C. difficile spores in organic soiling compared to only 0.7 logy, 0.5 logy and 0.2 logse
reductions achieved using Mirasol 3+, TriGene Advance and Virkon, respectively (Vohra
and Poxton 2011).

However, Actichlor has been shown to be less effective during NoV outbreaks.
Morter et al. (2011) studied environmental cleanliness during NoV outbreaks for 4 months
and demonstrated that many surfaces were contaminated with the virus even after cleaning
with Actichlor. After an initial clean, NoV was detected in 31.4% of the 239 environmental

swabs tested, with ~50% of swabs from soap dispensers and patient equipment testing
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positive. Furthermore, in two of the wards studied, surfaces were re-cleaned but NoV was
still detected on 13.2% and 19.4% of the surfaces swabbed (Morter et al., 2011).

2.4 Novel Decontamination Technologies for Hospitals

Although there is greater awareness of the importance of environmental cleaning for
reducing HAIs, cleaning can be inefficient, particularly in busy, understaffed wards
(Harbarth et al., 1999). This has resulted in the development of technologies which are
designed for ‘whole-room’ decontamination. These novel technologies are designed to
provide more thorough environmental decontamination over and above normal procedures
used in hospitals. The following section will discuss the mechanisms and antimicrobial
efficacy of terminal decontamination technologies such as hydrogen peroxide vapour, ozone,
cold atmospheric pressure plasma and UV light, as well as the HINS-light Environmental
Decontamination System which is alternatively used for continuous environmental

decontamination.

2.4.1 Hydrogen Peroxide Vapour

Hydrogen peroxide vapour technologies are becoming increasingly popular for terminal
decontamination of surfaces and objects within hospital rooms and wards. These
technologies release hydrogen peroxide (H,0,) that forms oxidizing hydroxide and ferryl
free radicals, which inactivate microorganisms by reacting with nucleic acids, proteins and
membrane lipids, preventing them from functioning correctly and halting replication and
infection (Pottage et al., 2010; Linley et al., 2012). Hydrogen peroxide is commonly used in
one of two forms for hospital disinfection: aerosolised hydrogen peroxide (aHP) or hydrogen
peroxide vapour (HPV) (Otter et al., 2013)

Aerosolised HP systems, such as ASP Glosair and Oxypharm Nocospray, deliver a pressure
generated fine mist aerosol of H,O,. The chemical composition is usually 5%-6% hydrogen
peroxide, 50 ppm silver and 95% de-ionised water (Barbut et al., 2009). The recommended
dose for hospitals is 6 ml/m? per cycle, during which electrically charged particles circulate
in the air, adhere to microbial particles in the air and on surfaces and inactivate them (Barbut
et al., 2009; Boyce et al., 2009). As the H,0, used in aHP systems naturally decomposes, no
aeration systems are required. Alternatively, HPV works by generating a 30-35% w/w
vapour of hydrogen peroxide through a high-velocity air stream, with a dose of 10 g/m?

recommended per cycle (Boyce et al., 2009; Fu et al., 2012). HPV systems differ. The Steris
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VHP system produces non-condensing vaporised hydrogen peroxide, at a constant
concentration, which does not condense onto surfaces as the air is continually dried
(Otter et al., 2011). In contrast, the Bioquell BQ-50 system fills the air with hydrogen
peroxide vapour, whichis not controlled, and the vapour subsequently condenses on surfaces
(Boyce et al., 2009). Unlike aHP systems, HPV systems require active catalytic conversion
to aid decomposition of the hydrogen peroxide into non-toxic by-products
(Otter et al., 2009).

Both aHP and HPV have broad antimicrobial efficacy. aHP has efficacy against nosocomial
pathogens including A. baumannii, C. difficile, MRSA and VRE (Barbut et al., 2009;
Boyce et al., 2008; Chan et al., 2011). Decontamination of various surfaces in hospital
rooms previously occupied by C. difficile infected patients, using aHP, resulted in 91%
reduction of contamination compared to only 50% using conventional cleaning with
0.5% sodium hypochlorite (Barbut et al., 2009). Although aHP is easier to use, has lower
costs, and can naturally decompose, HPV is thought to have superior efficacy against
nosocomial pathogens (Barbut et al., 2009; Herruzo et al., 2014). Fu et al. (2012) confirmed
this, by demonstrating > 2 log,, inactivation of A. baumannii, C. difficile and MRSA using
HPV, over and above the level of inactivation achieved using aHP. Tuladhar et al. (2012)
also demonstrated that HPV can be used for viral decontamination on surfaces, with > 4 log,,
reduction of several respiratory and enteric viruses including avian Influenza virus, swine
Influenza virus, human Adenovirus type 1 and surrogates of NoV and severe acute
respiratory syndrome coronavirus (Goyal et al., 2014). However, Fuetal. (2012)
demonstrated that organic soiling reduced the efficacy of both aHP and HPV inactivation of

MSSA, indicating the need for pre-clean before use.

2.4.2 Ozone

Ozone is a very strong oxidizing agent which has also been utilised for terminal
decontamination. It is thought that free radicals produced cause oxidative damage to the
bacterial cell wall and cytoplasmic membrane, and lipid peroxidation of viruses and
subsequent lipid envelope and protein shell damage (Li and Wang 2003; de Boer et al.,
2006; Murray et al.,, 2008b). Systems used for ozone decontamination include the
Meditrox 100, which takes approximately one hour for a full cycle, including conversion of
ozone to safe levels using a catalytic convertor or quench gas at the end of the cycle
(Sharma and Hudson 2008; Moat et al., 2009).
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Ozone can inactivate a wide range of microorganisms including A. baumannii, C. difficile,
MRSA and NoV (Hudson et al., 2007; Sharma and Hudson 2008). Hudson et al. (2007)
demonstrated that a 3 log;o reduction of the NoV surrogate, feline calicivirus, could be
achieved within one hour when the virus was dried onto hard surfaces and fabrics in
conditions relative to the healthcare setting. However, this technology is less efficacious
against spores and fungi, with only a 1.3 log;, reduction of C. difficile spores and
Bacillus cereus achieved after exposure (Moat et al., 2009; Doan et al., 2012).

Interestingly, recent studies have also indicated that a high level of decontamination can be
achieved when ozone is used in conjunction with HPV. In a study by Zoutman et al. (2011)
of room decontamination using 80 ppm ozone and 1% hydrogen peroxide, >6 logi
reduction of E. coli, MRSA and VRE was achieved after 60 mins and ~ 6 logyo reduction of
B. subtilis and C. difficile was achieved after 90 minutes.

2.4.3 Cold Atmospheric Pressure Plasma

The use of cold atmospheric pressure plasma (CAPP) is also gaining attention for potential
environmental decontamination applications. CAPP systems release reactive oxygen and
nitrogen species such as 'O, 0, NO, peroxynitrous acid and UV radiation, with
combinations released depending on the plasma-generating mechanism e.g. plasma jet,
di-electric barrier charge (O’Connor et al., 2014; Aboubakr et al., 2015). A mixture of the
above properties, in different proportions can be used to inactivate microorganisms, through
disruption of bacterial cell walls, destruction of viral capsids, and damage to microbial
DNA/RNA (Cahill et al., 2014; Aboubakr et al., 2015, 2016).

CAPP has a wide antimicrobial efficacy and has demonstrated potential for many different
clinical applications including skin decontamination, wound healing and dermatitis treatment
(Daeschlein et al.,, 2012; Klampfl et al., 2012; Isbary et al., 2012, 2013a, b;
Emmert et al., 2013; Ahlfeld et al., 2015). Recent laboratory studies have focused on using
this technology for decontamination of clinical surfaces. A ‘CAPP Single Jet’ system
generally achieved > 3 log;, reductions of MDR A. baumannii, MDR E. coli, VRE and
MRSA on clinically relevant surfaces including mattresses, marmoleum, polypropylene and
stainless steel, when exposed for 90s, 1 cm from the surfaces (Cahill et al., 2014).
Additionally, Aboukhar et al. (2015) demonstrated an approximate 6 logyo reduction of a
NoV surrogate in distilled water when exposed to Argon plus 1% O, plasma for 15 seconds.

As exposure only requires a matter of minutes, this may point to using CAPP for direct
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applications on specific surfaces such a spot cleaning of areas which have been in contact

with biological fluids from infected patients.

2.4.4 UV Light Decontamination Technologies

Ultra-violet (UV) light (100-400 nm) is electromagnetic radiation, which is divided into four
distinct spectral areas (Fig 2.2): UVA (315-400 nm), UVB (280-315 nm), UVC
(200-280 nm) and vacuum UV (100-200 nm) (Kowalski 2010). UV exposure of DNA causes
the formation of pyrimidine (cytosine & thymine) dimers in the same strand of nucleic acid
by covalent bonding. The bonding forms cyclobutane dimers and pyrimidine-pyrimidone 6-4
photoproducts (Maclean et al., 2008c). These photoproducts prevent the transcription and
replication processes of the microorganism so it can no longer function
(Maclean et al., 2008c; Ben Said 2009). Less is known about UV damage to RNA, although
damage is thought to occur due to photochemical modification, crosslinking, and oxidative
damage (Wurtmann and Wolin 2009). UV in the region of 250-270 nm is considered most
effective for microbial inactivation, due to the nucleotide base components of DNA having

peak absorbencies in this region (Maclean et al., 2008c; Kowalski 2010).

UV light is particularly popular for terminal decontamination in hospitals, with mobile
devices designed for room decontamination utilising either continuous or pulsed UV light
(Rutala et al., 2010; Otter et al., 2013; Maclean et al., 2015). It is popular due to the fact it
has reliable biocidal activity against a range of hospital associated pathogens; does not
produce by-products; does not require storage, handling or disposal of corrosive chemicals;
does not require sealing of rooms (unlike HPV and Ozone); and the cycle times are relatively
short (15-45 mins) (Rutala and Weber 2013b). There are two main type of UV device which

emit either continuous or pulsed UV light, as discussed below.
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Figure 2.2 Electromagnetic spectrum. Adapted from Soehnge et al. (1997).

2.4.4.1 Continuous UV Light

There are several continuous UV light systems available for hospital decontamination
including: Clinell UV-360; Ultra-V (Hygiene solutions); Helios Tripe UV system
(Surfacide) and Tru-D Smart UVC (Lumalier). These continuous UV systems generate UVC
light using low pressure mercury vapour lamps, which emit UVC at a wavelength of 254 nm
(Boyce 2016).

The majority of studies to date have investigated inactivation using the Tru-D device using
doses of 12 mJ/cm? for vegetative bacteria and 22 mJ/cm? for spores (Rutala et al., 2010).
Studies have shown that these devices can decontaminate rooms spiked with important
hospital pathogens including C. difficile spores, MDR A. baumannii, MRSA and VRE, with
2-4 log;o reduction achieved when in direct line of UVC irradiation (Nerandzic et al., 2010;
Havil et al., 2012; Mahida et al., 2013; Rutala et al., 2010, 2013a, 2014). Inactivation of
vegetative cells is relatively quick at around 15-45 mins, however spores require double that
normally between 45-90 mins (Nerandzic et al., 2010; Rutala et al., 2010, 2013a, b, 2014;
Havil et al., 2012; Mahida et al., 2013).

However in all these aforementioned studies there was significantly less inactivation when

organisms were out of direct line of sight. This was apparent in a study by
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Mabhida et al. (2013), with > 4 log;, reduction of A. baumannii, Aspergillus spp. and VRE, in
direct site after a dose of 12 mJ/cm?, but only 1.7 logse, 2 logy, and 2.3 logy, reduction,
respectively, when in shaded areas. Continuous UV has also been demonstrated to reduce
bacterial contamination in patient rooms of infected or colonised patients (Boyce et al.,
2011; Anderson et al., 2013). Anderson et al. (2013) demonstrated an overall 1.71 log,
1.16 logy and 1.68 logy, reduction of A. baumannii, C. difficile and VRE on common
surfaces such as bed rails, following UVC exposure.

2.4.4.2 Pulsed UV Light

Pulsed UV (PUV) light technology is an alternative UV technology, which uses xenon flash
lamps. These flash lamps can be operated to give a high-energy pulsed-output
(milliseconds/pulse) and produce an intense light pulse of polychromatic light with output
ranging from UV to infrared wavelengths (Lamont et al., 2007). Currently the first and only
commercially available system making use of PUV for hospital decontamination, is the Light
Strike Germ Zapping Robot™ (Xenex). It is recommended these UV-robots undergo 2 to 3

5-min cycles per room, with each cycle emitting ~ 450 flashes (Jindatha et al., 2014).

Following a 10 min exposure in a sluice room, 5 log;o reduction of A. baumannii, MDR
enterococci, MRSA and VRE could be achieved on spiked plates when 1.2 m away from a
pulsed UV device (Hosein et al., 2016). Even greater inactivation efficacy can be achieved,
with 8.7-9.3 logo reduction of A. baumannii, E. coli, K. pneumoniae, P. aeruginosa and
S.aureus when exposed for 5 mins, 1 m away from the sources
(Stibich and Stachowiak 2016). PUV also has efficacy against bacterial spores and to a lesser
extent  fungi, with 3.3-3.8 logy, reduction of Bacillus atrophaeus and
Geobacillus stearothermophilis and 0.33 logy, reduction of Aspergillus spp. following
5 mins of exposure. (Stibich and Stachowiak 2016). The virucidal efficacy has also been
demonstrated with 0.86-1.54 log,, reduction of avian infectious bronchitis virus, Middle East
respiratory syndrome coronavirus and vaccinia virus, when exposed in liquid and, > 5 log;o
reduction of wvesicular stomatitis virus on a petri dish after 5 min exposure
(Stibich and Stachowiak 2016). Additionally a >7 logy, reduction of Ebola virus was

achieved after 1 min exposure (Stibich and Stachowiak 2016).

This technology has also been shown to reduce up to 99% of contamination on surfaces
within hospitals, with 15 min exposures thought to improve general hospital hygiene
(Jinadatha et al., 2014; Hosein et al., 2016). Stibich et al. (2011) demonstrated enhancement
of hospital decontamination of VRE, with 23.3% VRE positive plates before cleaning,
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8.2% positive after terminal clean and 0% present after PUV treatment. Unlike continuous
UV, PUV is also effective if there is no pre-cleaning carried out, however increasing
distance from the device does reduce killing efficiency (Jinadatha et al., 2015;
Nerandzic et al., 2015)

2.4.5 HINS-Light Environmental Decontamination System

The HINS-light EDS is a new technology developed at The Robertson Trust Laboratory for
Electronic Sterilisation Technologies (ROLEST), at the University of Strathclyde. Unlike the
previously discussed technologies the EDS is designed for continuous decontamination of
the  hospital environment rather than for terminal cleaning  purposes
(Maclean et al., 2010, 2013a; Bache et al., 2012). This technology can be installed into
hospital ceilings and contains light emitting diodes (LEDs) which emit 405 nm violet-blue
light at an irradiance of 0.1-0.5 mW/cm? (Fig 2.3) (Maclean et al., 2008a, 2014). This
wavelength of violet-blue light has been proven to inactivate many common bacterial
pathogens (as will be discussed in Section 2.5.3) including C. difficile, E. coli and MRSA
(Guffey and Wilborn 2006; Enwemeka et al., 2008; Maclean et al., 2008a, 2009, 2013b;
Murdoch et al., 2012, 2013).

Figure 2.3 HINS-light EDS installed into a hospital isolation room.
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2.4.5.1 Light Emitting Diodes

LEDs, such as those used in the EDS, are semiconductors, which emit light when an
electrical current is passed through. In the centre of the LED is the semiconductor chip made
from nitride based materials, n-type and p-type, with the n-type material acting as a source of
electrons and the p-type material providing mobile vacancy called ‘holes’ (Stevenson 2009).
When a voltage is applied across the semiconductor, the electrons recombine with the
positive electron holes, and in the active region between the n-type and p-type layers, the
energy is released as photons of light (Stevenson 2009). The wavelength of light emitted is
determined by the materials used for the band gap, with blue LEDs normally composed of
gallium nitride, with the n-type doped with silicon and the p-type doped with magnesium and
with the quantum well of the active region made of indium gallium nitride (Stevenson 2009).

The use of LEDs within the HINS-light EDS has many advantages and allows the colour
output of this technology to be specifically violet-blue, peaking at 405 nm. LEDs are
compact, long lasting, and can generate a bright level of light with less heat and energy
consumed than normal fluorescent lighting (Ghate et al.,, 2013; Yeh et al., 2015).
Additionally, several LEDs can be used to increase brightness rather than needing a higher
current (Yeh et al., 2015). With LEDs increasingly being used in medical treatments,
phototherapy, aquaculture, agriculture, biomass production and for photocatalyst activation,
they are a smart choice for the EDS, as they are likely to become even more cost effective

and efficient as their uses grow (Yeh et al., 2015).

2.4.5.2 Clinical Efficacy Testing

The HINS-light EDS has undergone numerous clinical evaluations within in-patient and out-
patient settings. An initial study by Maclean et al. (2010) demonstrated the reduction of
Staphylococcus contamination in burns isolation rooms using two HINS-light EDS units.
Environmental surfaces were sampled using Baird parker agar contact plates, before, during
and after EDS use. When the EDS was used in an unoccupied room there was a 91%
reduction after 24 hours use, with a 40% increase in environmental contamination 24 hours
after the lights were no longer in use. Similar patterns were seen when the EDS was used in
an occupied burns patient room with 62-86% reduction in contamination over five days use,
and sampling six days post use revealed an 126% increase in environmental contamination
(Maclean et al., 2010).
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Further evidence of the efficacy of the HINS-light EDS has been demonstrated through use
in burns unit outpatient rooms as well as an ICU isolation room (Bache et al., 2012;
Maclean et al., 2013a). The normal increase in contamination of environmental surfaces,
throughout the duration of a burns outpatient clinic, decreased by 61.3% when the EDS was
utilised (Bache et al., 2012). The investigations in an ICU isolation room also demonstrated
37.9% and 66.8% reduction in Staphylococcus counts after one and five days use
(Maclean et al., 2013a). Reductions in total viable bacterial counts (through sampling with
tryptone soya agar plates) were also demonstrated, with a 53.3% reduction of CFU when the
EDS was in use for two days, and a 75% increase in CFU following sampling carried out
two days after the lights had been switched off (Maclean et al., 2013a).

More recently this technology has been licensed in the USA, with ‘Indigo-Clean’ devices
(Kenall, USA) available for use in American hospitals. These units emit low levels of
405 nm light at an irradiance of 0.1-0.2 mW/cm? Studies on the clinical efficacy of these
units were presented at the ID Week Conference 2016. Sandhu et al. (2016) sampled 20 sites
in an ICU suite for Staphylococcus species. Sampling was carried out at 7 am three times a
week for four weeks. Sampling during the first week of the study, when the lights were not
utilised, indicated 2456 CFU/plate. However, when indigo-clean was used during the second
and third weeks of the study, there was an 88.8% reduction in week two (275 CFU/plate) and
99.4% reduction in week three (14 CFU/plate). Sampling in week four, when the lights were
no longer in use demonstrated an 8714% increase in contamination (1234 CFU/plate)
compared to week three. Additionally, Sutton et al. (2016) measured total CFU on 5
sampling sites in a trauma room, using Replicate Organism Detection and Counting
(RODAC) plates, before and after two and fifteen weeks use of Indigo-Clean. Before use,
there was a mean 25 CFU/plate when there was an average 254 patient min/day, after 2
weeks there was similar 27 CFU/plate however room utilisation was increased, with 368
patient min/day . The benefit of Indigo-Clean was evident after 15 weeks use, with total CFU

reduced to 5 CFU/plate and increased room use with 490 patient min/day.

These studies all indicate that the long-term use of 405 nm light in the clinical setting may be
beneficial to reduce microbial contamination on surfaces and air, with up to 86% reductions
in bacterial contamination over and above regular cleaning (Maclean et al., 2010).
Discontinuing use resulted in environmental contamination levels rising to similar levels of
that before use, further demonstrating the ability of this technology to maintain low levels of

pathogenic bioburden with regular use (Maclean et al., 2014).
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2.4.6 Operational Considerations of Novel Decontamination

Technologies

The aforementioned technologies have an established antimicrobial efficacy however there
are several limitations which generally make UV light, ozone, HPV and CAPP more
appropriate for terminal decontamination. Conversely the HINS-light EDS can be used
continuously to maintain low levels of environmental contamination within hospitals. The

benefits and limitations of each system are discussed below and summarised in Table 2.5.

2.4.6.1 Safety Considerations

The primary concern about many of the novel technologies discussed is their potentially
harmful effects to both hospital staff and patients. UV light has detrimental effects on human
health, can damage the skin and components of the eye, as well as having mutagenic effects
on cellss, so must not be wused in the presence of patients and staff
(Matsumura and Ananthaswany 2004; Young 2006). HPV and ozone are also potentially
toxic at high concentrations, meaning that rooms and wards must be also be vacated, as well
as being sealed to prevent any gas leakage (Fu et al., 2012; Otter et al., 2013;
Herruzo et al., 2014; Maclean et al., 2015). Less is known about the safety implications of
CAPP however there could be potential for harm as toxic gases such as Oz, NO, and NO, are
released as well as UV light (Isbary et al., 2013a, b). Although these CAPP systems have
been used for wound healing and dermatological purposes, there is large variation in system
design and composition of generated plasma so further safety testing of systems designed for

environmental decontamination is required (Isbary et al., 2013a, b).

As these technologies can be harmful, it is essential that a high level of staff training is
carried out before use. Training is also required to ensure correct placement of devices and to
reduce the level of human error. UV light systems need to be carefully placed, with the
Ultra-V system requiring 6 ‘spectromes’ to be placed around the room, so that the system
can respond depending on the amount of UV light the spectromes receive. Additionally, as
multiple cycles of PUV are required due to objects being out of the line of sight, these
devices must be moved at least 2-3 times in a single room. Staff are also required to correctly
seal rooms and put up hazard signage when using HPV and ozone and must be able to
operate equipment to check levels of H,O, are below health and safety limits within rooms
afterwards (Otter et al., 2013; Dancer 2014).

Material damage and corrosion are also important to consider. Ozone can be very corrosive

to metals such as stainless steel and if used at high humidity (> 80%) will degrade rubber,
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therefore may be impractical if surfaces in the hospitals are not able to tolerate exposure
(Brown and Dugquette 1993; Davies et al., 2011). UV light may also have a deleterious effect
on the hospital environment and can damage plastics and polymers upon repeat exposures
(Yin et al., 2013). As further studies are required to discover how CAPP would be applied in
the environment, these will confirm if CAPP would have any detrimental effects on surfaces
and equipment (O’Connor et al., 2014).

However, the EDS is able to overcome many of the aforementioned limitations. The EDS
can firstly be used in the presence of patients and staff, with the optical output carefully
evaluated to ensure its safe use. The violet-blue wavelengths utilised (in the region of
405 nm) are out-with the UVB region, which is associated with photokeratitis (burn of the
cornea) and erythema (sunburn), and are also out-with the higher wavelength blue light
regions which are associated with photoretinitis (~435 nm; damage to the retina), and
circadian rhythm (~480 nm). In addition to the wavelengths used, the irradiance levels used
have also been selected so that they are well below the accepted international safety
threshold levels for continuous use, set by the International Commission on Non-lonizing
Radiation Protection (ICNIRP) and the American Conference of Governmental Industrial
Hygienists (ACGIH) (Bache et al., 2012). Only basic staff training is required with the EDS,
and once installed, staff only need to ‘flick a switch’. Therefore this technology can be used
continuously to enhance current hospital cleaning regimes inactivating a wide range of

nosocomial pathogens, without the need for rooms to be vacated (Maclean et al., 2015).

Additionally, 405 nm light does not cause photo-degradation of plastics/polymers that is
associated with 254-260 nm wavelengths of UV light (Mitsuoka et al., 1993; Maclean et al.,
2009). Irving et al. (2016) demonstrated this by exposing endoscope tubing to 2.6 mW/cm?
405 nm, UVC and broadband light for 400 hours. No visible cracking or increases in the
surface roughness were seen in the endoscope material after storage in 405 nm light and
broadband light, however following storage in UVC there was visible cracking and a
significant increase in surface roughness from 2.3 mm to 68.7 mm. Additionally, there was
no increase in bacterial adhesion to the endoscope material following 405 nm or broadband
light exposure whereas there was a significant increase (~87%) in adhesion following UV

light exposure for 400 hours.

2.4.6.2 Time Considerations

As patient rooms generally have to be pre-cleaned before use of these terminal whole-room

decontamination technologies (UV light, HPV, ozone), turnaround times can be long.
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Pre-cleaning is required not only for aesthetic reasons but also to reduce organic soil which
may reduce inactivation effect (Piskin et al., 2011; Tuladhar et al., 2012). Moving furniture
and positioning aHP and UV devices can also be time consuming, and this has to be done
before decontamination cycles have even began.

Cycle times vary between decontamination systems, with UV light requiring at least
15 mins, ozone 1 hour, and HPV 1.5-3 hours (Sharma and Hudson 2008; Moat et al., 2009;
Passaretti et al., 2013; Rutala and Weber 2013b). In the case of CAPP, treatments of 5 cm?
areas require up to 90 seconds, when this is extrapolated to every surface in an isolation
room, decontamination could take a considerable amount of time (Cahill et al., 2014).
Therefore these technologies may be impractical in busy ward settings which have high bed
occupancy and are unlikely to be able to be utilised daily for decontamination (Dancer 2009;
Otter et al., 2009).

However, as the HINS-light EDSs are installed in the ceiling, this technology can be
continuously used throughout the day and also removes issues regarding portability, room
preparation and re-positioning, as well as the requirement to put up warning signs/barriers

which are required with the other technologies discussed.

2.4.6.3 Reduction of Nosocomial Infections

It is also important to consider the effects of these technologies on overall hygiene levels of
hospitals and their potential to reduce acquisition of HAIs. Studies have demonstrated that
following HPV decontamination rooms can become quickly re-contaminated with
pathogens, which is detrimental to hygiene levels (Hardy et al., 2007). Furthermore,
Haas et al. (2014) reported a reduction in rigorous manual cleaning due to reliance on the
technology. These novel technologies could therefore present additional problems if staff
consider them a replacement rather than a supplementary treatment for environmental
decontamination. As the HINS-light EDS is designed to be integrated into existing lighting
systems, it is less likely that staff will be aware of the technology and therefore it is less

likely to cause a reduction in manual cleaning.

As with any new decontamination technology is it essential to carry out clinical evaluations
to investigate if implementation leads to reduction in HAIs. A recent review by
Weber et al. (2016), discussed the reduction in HAIs following the implementation of HPV
or UV light into hospital terminal decontamination procedures. The review highlighted a 30
month prospective-cohort study which demonstrated that patients admitted to rooms which

had been decontaminated using HPV were 64% less likely to acquire a MDR pathogen and
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80% less likely to acquire VRE, however there was no significant reduction in acquisition of
C. difficile, MDR Gram negative bacilli or MRSA (Passaretti et al., 2013
Weber et al., 2016). The review also highlighted a randomised clinical trial which used UVC
light in 9 hospitals and showed that decontamination using UV light reduced acquisition of
C. difficile, MRSA and VRE by 10-30% (Anderson et al., 2015; Weber et al., 2016).
However to the best of my knowledge there have been no studies conducted to investigate
the reduction in HAIs following implementation of ozone for terminal decontamination,
following long-term use of the HINS-light EDS, or implementation of CAPP
decontamination systems (however CAPP systems are in an earlier stage of development). It
is therefore essential for clinical evaluations to be carried out to ensure that the technologies
discussed do indeed reduce the acquisition of nosocomial pathogens and prove they are a

worthwhile investment for health boards.

2.4.6.4 Running Costs

It is inevitable that the initial capital costs of these decontamination technologies would be
substantial compared to traditional cleaning using disinfectants. However, it is likely the
running costs of the EDS will be lower than those of HPV, Ozone and UV light. Use of the
HINS-light EDS (Section 3.5.3) for 12 hours per day, has a monthly cost of approx. £3.65
per EDS per bed-space (based on a laboratory prototype, and current electricity costs), which
would be around £365 if 100 EDS units were installed in high-risk areas. The monthly costs
of using HPV and ozone for staff, equipment and resources are estimated to be much higher
at £1154.98 and £1232.67, respectively (Doan et al., 2012). Additionally, the estimated
monthly cost of UV-robots, before staff costs are included, is £2438.58
(Ghantoyji et al., 2015).

The EDS may also be better value for money as it can be used daily, whereas HPV, ozone,
UV light and CAPP can only be used sporadically depending on how busy the hospital is,
and the availability of trained staff. Furthermore, UV devices will require more maintenance
and bulb replacements, with bulbs lasting between 400-1600 hours (Veenhuis 2017) but EDS
LEDs being able to be utilised for 125,000 hours (Indigo-Clean 2016).

The EDS could also be considered to be more environmentally friendly than the other
decontamination technologies discussed. There is no requirement for disposal of harmful
chemicals (unlike HPV and chlorine based disinfectants) and LEDs are more compact and
easier to dispose of than mercury-containing UV bulbs (Hamamoto et al., 2007;
Mori et al., 2007).
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2.4.7 Summary

The novel decontamination technologies discussed all have benefits and disadvantages. UV
light, HPV, and ozone are targeted towards terminal cleaning, and have rapid and broad
antimicrobial efficacy but with this comes quick room recontamination once the systems are
no longer in use. The HINS-light EDS overcomes this by providing continual
decontamination however prolonged use is required for the benefits to be seen. A best-case
scenario might be to develop a decontamination protocol whereby technologies such as UV
or HPV are utilised for terminal decontamination, immediately followed by use of the EDS,
and spot cleaning of high-risk areas using CAPP. This combination may result in lower
levels of microbial bioburden during patients stays, and reduce the risk of acquisition of

nosocomial pathogens.
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Table 2.5 Comparison of traditional and novel hospital decontamination technologies.
Adapted from Maclean et al. (2015).

Technology Operational Advantages Operational Disadvantages
Cleaning e Broad antimicrobial efficacy e Episodic use
(Chlorine e Simple to operate e Exposure to chemicals can be
Based e Suitable for hard & soft surfaces harmful
[ ]

Disinfectants)

Ozone

UV-Robots

HPV

CAPP

HINS-light
EDS

Standard protocols in place (e.g.
NIPCM)

Broad antimicrobial efficacy

e Suitable for hard & soft surfaces

& air
Effective for terminal
decontamination

Broad antimicrobial efficacy
Suitable for hard & soft surfaces
& air

Effective for terminal
decontamination

Broad antimicrobial efficacy
Suitable for hard & soft surfaces
& air

Effective for terminal
decontamination

Broad antimicrobial efficacy
Suitable for hard & soft surfaces
Effective for high level
decontamination of surfaces
Broad antimicrobial efficacy

e Can be used continuously

Suitable for hard & soft surfaces
& air

Simple to operate

Safe for exposure

No compliance issues

Maintains low levels of surface
contamination

e Labour intensive

e Relies on user to ensure all
surfaces decontaminated

o Air not treated

e May corrode surfaces

e Surfaces quickly re-contaminated

e Episodic use

e Exposure can be toxic

e Requires staff training

e Rooms require to be vacated and
sealed

e May cause corrosion of materials

e Surfaces quickly re-contaminated

e Episodic use

e Exposure can be harmful and
mutagenic

e Requires staff training

e Rooms require to be vacated

e Causes material degradation

e Surfaces quickly re-contaminated

e Episodic use

e Exposure can be toxic

e Requires staff training

e Rooms require to be vacated and
sealed

e Surfaces quickly re-contaminated

e Episodic use

e Safety implications unknown

e Likely to require staff training

¢ No established system in place

e Slower efficacy against
microorganisms than
UV/HPV/Ozone/CAPP

e Bacterial and fungal spores
require long exposure

e Virucidal efficacy unknown

¢ Not suitable for terminal
decontamination
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2.5 Violet-Blue Light Technology

As the HINS-light EDS is a promising addition to infection control procedures within
hospitals, this next section of the literature review includes an in-depth review of violet-blue
light technology. This will allow a greater understanding of the mechanism of inactivation
and spectrum of antimicrobial activity.

2.5.1 Photoexcitation Mechanism of 405 nm Light

The narrow band of violet-blue visible light, peaking at 405 nm, utilised in the HINS-light
EDS causes the photoexcitation of endogenous porphyrin molecules within microbial cells,
causing them to act as photosensitizers (Fig 2.4). (Maclean et al., 2009). Upon absorption of
a photon of light, the porphyrins are excited to the first excited singlet state. This excited
state is short lived and undergoes intersystem crossing to a third excitation state which is
longer lived or returns to the ground state by releasing heat and fluorescence (Maisch 2009).
In the triplet state, the porphyrin can interact with ground state molecular oxygen, which can
then follow two pathways (Yin et al., 2013). The type | pathway involves electron or
hydrogen atom transfer to molecular oxygen resulting in the formation of reactive oxygen
species (ROS) such as peroxides, superoxide ions and hydroxyl radicals
(Luksiené and Zukauskas 2009; Maisch 2009). The type Il pathway involves energy transfer
from the triplet state porphyrin to molecular oxygen to produce singlet oxygen (‘O,)
(Maisch 2009; Vatansever et al., 2013).

It is widely accepted that the ROS produced by photo-excited porphyrins can target a range
of biomolecules within microbial cells, and cause widespread oxidative damage (Hamblin
and Hassan 2004; Maclean et al., 2008b, 2009; Lubart et al., 2011). Maclean et al. (2008b)
demonstrated that oxygen was integral for photo-inactivation and showed significantly
reduced inactivation of S. aureus in the presence of reactive oxygen scavengers; ascorbic
acid, catalase, and dimethylthiourea. The production of intracellular ROS in
Staphylococcus epidermidis was demonstrated using non-fluorescent carboxyl-H,DCFDA
dye, which became fluorescent following 405 nm light exposure, indicating oxidative stress
(Ramakrishnan et al., 2016). Ramakrishnan et al. (2016) also demonstrated through the use
of scavengers, that H,O, may play a predominant role in the cytotoxic mechanism of 405 nm

light within bacteria (Ramakrishnan et al., 2016).
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Figure 2.4 Diagram illustrating the photoexcitation mechanism of porphyrins following
405 nm light exposure. Demonstrating the potential photoexcitation of porphyrins within
microbial cells following exposure to high intensity narrow spectrum visible light. Adapted
from Luksiené and Zukauskas (2009), Maisch (2009), and Vatansver et al. (2013).

2.5.1.1 Porphyrins

The endogenous photosensitizers within microorganisms, porphyrins, are naturally occurring
molecules which are involved in a wide range of biological processes including
photosynthesis, oxygen transport and catalysis (Goldoni 2001). This ubiquitous class of
molecules have a basic porphine macrocycle structure with 16 atom rings containing 4
nitrogen atoms, obtained by linking 4 tetrapyrrolic subunits with 4 methane bridges (Fig
2.5a) (Goldoni 2001). Porphyrins strongly absorb light around 400 nm (known as the soret
band), and also absorb light between 450-700 nm (g-bands) (Goldoni 2001). Violet-blue
light excitation of porphyrins results in characteristic fluorescence emission peaks around
612 nm (Ashkenzai et al., 2003).
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Porphyrins have been identified in violet-blue light sensitive organisms by using
fluorescence spectrophotometry or high performance liquid chromatography (HPLC)
analysis. Several studies have indicated the presence of coproporphyrin (Fig 2.5b)
within ~ microorganisms  including  B.cereus, E.coli, Listeria monocytogenes,
Propionibacterium acnes, P. aeruginosa Salmonella spp. and S. aureus
(Ashkenzai et al., 2003; Hamblin et al., 2005; Kumar et al., 2015, Amin et al., 2016,
Kimand Yuk 2017). Additionally, other porphyrins such as protoporphyrin and
uroporphyrin have been identified within light sensitive organisms such as A. baumannii,
Helicobacter pylori, and P. aeruginosa (Hamblin et al., 2005; Soukos et al., 2005;
Dai et al., 2013a; Wang et al., 2016). It has been suggested that coproporphyrin may be the
most important porphyrin involved in violet-blue light inactivation, and has been shown to
be the porphyrin that produced the majority of free radicals (Nitzan et al., 2004).
Additionally, light sensitive strains of S. aureus have been found to contain 10 fold more

porphyrins than the more resistant strains (Liposky et al., 2009).
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Figure 2.5 Basic structure of (a) porphine and (b) coproporphyrin molecules. Adapted

from the Open Chemistry Database (www.pubchem.com).

2.5.2 Inactivation Mechanism

There are differing opinions over the inactivation mechanism of violet-blue light.

Enwemeka et al. (2008) hypothesised that damage may occur in the double bond between
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pyrimidine bases of DNA, causing new bonds to form between incorrect base pairs. As the
dose delivered would cause the rate of damage to exceed the rate of repair, cells are likely to
die after exposure to violet-blue light and not photo repair (Enwemeka et al., 2008). A recent
study by Kim and Yuk (2017) supports this hypothesis, with TEM revealing disorganisation
of chromosomes and ribosomes following violet-blue light exposure as well as DNA
oxidation. The authors hypothesised that violet-blue light inactivation was due to DNA
damage and loss of efflux pump activity rather than membrane peroxidation, as no
noticeable changes to the «cell envelope were witnessed using microscopy
(Kim and Yuk 2017).

However, a greater amount of evidence has been produced which indicates that inactivation
is not due to DNA damage but rather membrane damage. Kim et al. (2015, 2016), exposed
B. cereus, E. coli, L.monocytogenes, Salmonella sonnei; Salmonella typhimurium; and
S. aureus to 405 nm light and found no DNA damage. There was no evidence of DNA
fragmentation or changes in the DNA ladder profile after performing a comet assay and
DNA ladder analysis respectively (Kim et al., 2015, 2016). Additionally, TEM has been
used to demonstrate structural damage following 415 nm light exposure of P. aeruginosa
and MRSA. Membrane degradation, large vacuole formation, release of cytoplasmic material
and complete cell disruption was witnessed in P. aeruginosa, whilst there was disruption of
cytoplasmic contents, breakage of bacterial cell walls and cell debris seen in MRSA samples
(Dai et al., 2013a, b). TEM of Candida albicans also revealed decomposition of inner
organelles, deformed cell walls and unusual vacuole growth following a dose of 35.1 J/cm?,
and complete loss of cytoplasmic contents due to disrupted cell walls after a dose of
70.2 J/lem® 415 nm light (Zhang et al., 2016).

Loss of membrane integrity has also been investigated in two recent studies by
Kimet al. (2016) and McKenzie et al. (2016). In both studies there was a significant
decrease in salt and bile tolerance in a range of organisms including E. coli, S. sonnei,
S. typhimurium and S. aureus following violet-blue light exposure, which implies a loss of
outer membrane function as a permeability barrier. Both studies also used staining to
visualise membrane damage. McKenzie et al. (2016) demonstrated membrane damage in
E. coli using SYTOX analysis, with > 500% increase in fluorescence, demonstrating
permeated membranes. Furthermore the use of LIVE/DEAD® Backlight™ staining by
Kim et al. (2016) indicated light exposed samples had a loss of membrane integrity with the
increase in red fluorescence compared to green fluorescing control cells, with cells only able

to stain red after a loss of membrane function as a permeability barrier.
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2.5.3 Scope of Antimicrobial Efficacy

Violet-blue light has been proven to inactivate many organisms in both liquid suspensions
and on surfaces including HAIl-associated pathogens such as A.baumannii,
Aspergillus niger, B. cereus, C. albicans, C. difficile, E. coli, K. pneumoniae, P. aeruginosa,
S.aureus, S.epidermidis and Mycobacteria (Guffey and  Wilborn  2006;
Enwemeka et al., 2008; Maclean et al., 2008a, 2009, 2013b; Murdoch et al., 2012, 2013).

The fact that ROS produced by endogenous porphyrins are not likely to be site specific,
unlike antibiotics, explains why these antimicrobial light wavelengths have such broad-
spectrum action, and can also inactivate antibiotic resistant  pathogens
(Ramakrishnan et al., 2014). Successful inactivation of antibiotic resistant organisms, such
as B-lactam resistant E. coli, MDR Enterobacteriaceae, and MRSA has been demonstrated,
with little difference in lethal doses required (Maclean et al., 2009: Rhodes et al., 2016;
Barneck et al., 2016; Halstead et al., 2016).

The ability of 405 nm light to inactivate MRSA and E. coli as well as C. difficile spores is
also particularly important considering their prevalence in Scottish Hospitals (Table 2.2) and
the ability of C. difficile spores in particular to survive in the environment and resist
disinfectants (Wilcox 2003). It should be noted however that vegetative C. difficile cells are
far more susceptible to violet-blue light inactivation, with a dose of 250 J/cm? required for
> 3 log,, inactivation whereas endospores required almost 10x that for a similar level of
inactivation (Moorhead et al., 2016a). Additionally, the virucidal efficacy of 405 nm light
has not yet been established, however initial studies have indicated that in certain

circumstances bacteriophage can be inactivated by violet-blue light (Tomb et al., 2014).

2.6 Violet-Blue Light Research

In addition to the use of violet-blue light for environmental decontamination, there are a
number of other areas of research currently investigating the potential of this antimicrobial
light for clinically-relevant applications. This section will focus on the current laboratory,

animal and clinical studies involving violet-blue light between 400-420 nm.

2.6.1 Wound Decontamination Studies

As SSis are one of the most common HAIs, and wound infections are the principle cause of

death in burns patients, there is potential for using antimicrobial violet-blue light to
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decontaminate these lesions (McDonald et al., 2011; HPS 2016). Decontamination of
artificially spiked skin abrasions and burn wounds has been demonstrated in mice models.
Skin abrasions were created by scraping mouse skin using scalpels, and burns created using
heated blocks pressed on skin for ~ 3 seconds, prior to adding a bacterial suspension to the
affected area (Daietal., 2013 a, b; Zhang et al., 2014). Inactivation of pathogens was
measured via bioluminescence intensity, which is linearly proportional to viable bacterial
population (Dai et al., 2013 a, b; Zhang et al., 2014).

Initial studies by Dai et al., (2013b) used 415 nm light at an irradiance of 15 mW/cm? for
treatment of early and established MRSA infections in mouse skin abrasions. Exposing
wounds 30 mins after inoculation (as a prophylactic measure) resulted in near complete
inactivation following a dose of 41.4 J/cm® (46 mins) (Dai et al., 2013b). Near complete
inactivation was also achieved in 24 hour old wounds, requiring higher doses of 108 J/cm?
(120 mins) (Dai et al., 2013b). However as complete inactivation was not achieved in the
established wounds, this allowed bacterial re-growth after 24 hours following exposure
(Dai et al., 2013b). It is likely that complete bacterial inactivation did not occur due to
biofilm formation, bacterial penetration into deeper tissues, and the issue of light
transmission through blood and other tissue and wound fluids, which indicated higher doses,

and different application measures were required in future studies.

Several subsequent studies demonstrated successful inactivation in wound models.
Following a dose of 55.8 Jlcm® 30 mins after inoculation, >4 log;, reduction of
A. baumannii in a mouse burn model was achieved with no subsequent recurrence of
infection (Zhang et al., 2014). Exposure of P. aeruginosa resulted in 3 log,, and 5 logsg
reductions in burn and wound models following doses of 55.8 Jicm? and 48 Jicm?,
respectively (Dai et al., 2013a; Amin et al., 2016). Fungal inactivation has also been
demonstrated, with up to 99.3% reduction of C. albicans in a burn model 12 hours after
inoculation, using a dose of 43.2 Jicm?® (Zhang et al., 2016) The results in the case of
Pseudomonas inactivation highlight the benefit of violet-blue light for wound
decontamination as the control mice died of sepsis, whereas all the violet-blue light treated

mice survived (Dai et al., 2013a).

A. baumannii biofilms have also been reduced in mice burn wounds following 24 and
48 hours of growth. Biofilms were harder to eradicate, with high doses of 360-540 Jlem?
required for 3 logyo reduction (Wang et al., 2016). However assessment of mouse skin
biopsies following exposure to these high doses (540 J/cm?), demonstrated very few

apoptotic cells and almost no blue light induced DNA damage, up to 48 hours after exposure
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(Zhang et al., 2014; Wang et al., 2016). Although further research is required to investigate
the effect on human wounds, these results indicate potential for violet-blue light
decontamination of a multitude of lesions including surgical sites and burn wounds, either as
a prophylactic treatment or as an adjunct treatment alongside antibiotics. This could be
particularly useful when medical assistance is required in situations with limited resources,

as light units can be portable and battery powered (Zhang et al., 2014).

2.6.2 Mammalian Cell and Tissue Studies

Investigating the potential cytotoxic effect of violet-blue light on mammalian cells is
additionally important. This will help to establish its safety for wound decontamination as

well other application areas where human tissue is to be exposed.

As mammalian cells also contain intracellular porphyrins, there may be the potential for
these to become photosensitised and produce ROS (Lavi 2004, Ramakrishnan et al., 2016).
The overproduction of ROS could have serious consequences in cells. Normally, free
radicals play a role in cell signalling and homeostasis however over production would alter
redox balance and oxidation of cellular components which could lead to damaged cell
structures (Devasagayam 2004: Ramakrishnan et al., 2016). Exposure of fibroblasts, kidney
epithelial cells and human keratinocytes to 400-410 nm light induced the production of H,0,
in peroxisomes and mitochondria, which was thought to be associated with cell pathology
(Hockberger et al., 1999). Additionally, cytotoxic effects have been seen in cells which were
exposed to 412 nm and 419 nm light using doses of 66-100 J/cm?, every 24 hours for 3 days.
Results indicated that high irradiance exposure was cytotoxic for the skin derived endothelial
cells and Kkeratinocytes, with non-toxic levels of light also reducing proliferation
(Liebmann et al., 2010).

Bacterial cells however have greater sensitivity to 405 nm light than mammalian cells, which
may be due to greater antioxidant defence mechanisms in mammalian cells compared to
bacteria (Dai et al., 2013a, b; MacDonald et al., 2013; Ramakrishnan et al., 2014).
Therefore, there is potential for a ‘critical window’ whereby cells can be exposed to violet-
blue light without detrimental effects occurring, whilst microbial numbers are reduced
(Dai et al., 20133, b; Zhang et al., 2014). Several studies have investigated the effect of
415 nm light on human keratinocytes (HaCaT). Doses of 70.2 J/cm? 109.9 J/cm® and
168 J/cm? have been shown to cause 4 logyy, 4.6 logyy and 7.5 logy reductions of
A. baumannii, P. aeruginosa and MRSA respectively whilst only 0.1 logs, 0.16 log;o and
0.29 log,, reductions of HaCaT cells occurred (Dai et al., 2013a, b: Zhang et al., 2014). In
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the case of Pseudomonas inactivation there was up to 21-fold faster inactivation of bacteria
compared to cells, demonstrating the therapeutic window in which violet-blue light can be
used without causing damage to host cells (Zhang et al., 2014). Zhang et al. (2016) also
demonstrated a 42-fold increase in susceptibility of C. albicans compared to keratinocytes,
with 5.4 logy, reduction of C. albicans and only 0.11 log;, reduction of HaCaT cells,
following exposure to a dose of 70.2 J/cm? violet-blue light.

Additionally, McDonald et al. (2011) investigated if violet-blue light would affect wound
healing by using a fibroblast-populated collagen matrix of 3T3 mouse cells, as an in vitro
model. Exposure for 1 hour using irradiances up to 1.8 mW/cm? did not affect cell
contraction, morphology, expression of a-smooth muscle actin (a marker of fibroblast
contractile activity) or cause a decrease in cell numbers. The maximum intensity that could
be used, before contraction was affected was 5 mW/cm?, however at this irradiance a 3 logso
reduction of S. epidermidis, could be achieved; therefore, supporting the use of violet-blue
light for wound decontamination purposes.

The use of 405 nm light for environmental decontamination could be extended from use in
patient isolation rooms and wards to other high-risk areas such as operating theatres. To
investigate the safety implications of this, the sensitivity of (rat) osteoblasts to 405 nm light
has been investigated (McDonald et al., 2013; Ramakrishnan et al., 2014, 2016). In a study
by Ramakrishnan et al. (2014) exposure of osteoblasts to doses of up to 36 J/cm? 405 nm
light resulted in no significant effects on cell viability, function, proliferation rate or
morphology, but resulted in complete inactivation (2 log, reduction) of common surgical
pathogens such as P. aeruginosa, S. aureus and S. epidermidis, thus indicating the potential
of utilising 405nm light during orthopaedic surgery to prevent contamination
(Ramakrishnan et al., 2014).

Interestingly, intracellular inactivation of bacteria has also been demonstrated. A study by
Wasson et al. (2012) demonstrated the inactivation of Chlamydia trachomatis in endothelial
epithelial cells (HeLa) during active and persist infections. Significant inactivation of active
infections was achieved using doses of between 5-20 J/cm?, and higher doses of 20 J/cm?

were required for persistent infections (Wasson et al., 2012).

2.6.3 Helicobacter Infections

Alongside the potential for microbial inactivation in wounds and cells, there is also potential
to use this technology to eradicate bacteria within the human body. Helicobacter pylori

inactivation is of particular interest as this pathogen can cause peptic ulcers and cancer of the
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stomach, with current treatment options having significant side effects and/or little
therapeutic effect (Chey and Wong 2007). A preliminary study by Ganz et al. (2005)
delivered 405 nm light to 1 cm spots in the gastric antrum in 10 patients and found a 91%
reduction of H. pylori in tissue samples after treatment. This treatment method was further
investigated by Lembo etal. (2009) using a device which delivered 408 nm light to the
whole stomach of 18 patients for between 15-60 minutes. Following exposure there was up
to 99% inactivation, however urease breath tests 5 weeks post treatment, indicated that
H. pylori had regrown. These studies indicate potential for violet-blue light eradication of
H. pylori however further work is required to improve therapy by using different methods of
delivery, using adjuvants alongside violet-blue light or using 405 nm light as an initial
treatment followed by additional exposures using lower doses or antibiotics (Lembo et al.,
2009).

2.6.4 Violet-Blue Light for Blood Product Storage

The use of 405 nm light during storage of ex vivo blood plasma is another novel clinical
application of this technology, which could help to reduce the occurrence of transfusion
transmitted infections. As normal pathogen reduction technologies for treatment of blood
components require the use of additional chemicals, photosensitizers and/or exposure to UV
light, use of 405 nm light would reduce risk of residual toxicity due to detergents or UV
damage (Aubuchon et al., 2011; Tsen et al., 2014). A study by Maclean et al. (2016)
demonstrated the potential for 405 nm light for decontamination of human blood plasma,
with proof-of-concept results showing a 99.9% reduction in S. aureus contamination using a
dose of 144 J/cm?. Significantly, due to the higher penetrability of 405 nm light compared to
UV light, the treatment effect was able to be achieved within sealed transfusion bags,
meaning that decontamination can be applied after blood products have been bagged and
sealed, reducing processing stages which may introduce further contamination to the
products (Maclean et al., 2016). Further work is required to investigate if there would be any
detrimental effects seen in the violet-blue light irradiated products, such as the effect of
irradiation on plasma proteins such as immunoglobulins. However, this study clearly
indicates a potential for using 405 nm light to prevent contamination in injectable blood

products.

2.6.5 Violet-Blue Light for Ophthalmological Purposes

There is also potential to use violet-blue light for inactivation of pathogens which cause

ocular infection and disease such as infectious keratitis. 415 nm light has been shown to
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significantly reduce bioluminescent bacteria within infected corneas, using light at an
irradiance of 100 mW/cm?® on the surface of the cornea (Zhu et al., 2017). Exposure of
P. aeruginosa to 415 nm light 6 hours after inoculation caused a 3 logy reduction in ex vivo
rabbit corneas following a dose of 84 J/cm? and 2 log,, reduction in in vivo mice corneas
following exposure to a dose of 36 J/cm” (Zhu et al., 2017). More established infections of
keratitis required higher doses, with 304 J/cm?® (50 min) for a similar 3 log;, reduction in
rabbit corneas, 24 hours after inoculation (Zhu et al., 2017). Inactivation of 24 hour
infections in mice corneas required a dose of 144 Jicm® for > 2.5 log;, reduction,
(Zhu et al., 2017). However bacterial infection reoccurred in mice corneas after treatment of
both 6 and 24 hour infections (Zhu et al., 2017). Similar to the studies investigating H. pylori
infection reduction, repeated violet-blue light treatment would be required for complete
bacterial eradication in corneas or a combination treatment with antibiotics. Additionally, as
blue light in the region of 435 nm can be toxic to the retina, it will be critical to select a light
source which has light emission < 420 nm. Also, exposures should be kept to a minimum as
the current doses used on the ex vivo rabbit corneas would cause retinal damage if there is
100% transmission thorough the cornea, however if the cornea is cloudy due to infection,
this will reduce the risk of damage (Zhu et al., 2017).

A more practical option may be to implement violet-blue light during the storage of ocular
products such as contact lenses. This would be particularly beneficial as there are approx.
2.44 per 10,000 cases of microbial Kkeratitis per year in contact lens wearers
(Seal et al., 1999). Additionally, the chemicals used for contact lens decontamination can
cause ocular cell damage and some bacterial strains are even becoming resistant
(Cheung et al., 2016; Matoba et al., 2016). A novel study by Hoenes et al. (2016)
demonstrated that 405 nm light could be effective against B. subtilis and E. coli when
exposed in contact lens cases, with a dose of 75.6 J/cm?® delivered over 60 min resulting in
1.5-2 log,g reductions. Future studies should investigate if there are any interactions between
405 nm light and contact lens cleaning solutions, materials within the contact lenses, as well
as the effect ocular bioburden may have on the antimicrobial efficacy, allowing optimisation

of the contact lens decontamination process.

2.6.6 Biofilm Inactivation

A microbial biofilm can be defined as a ‘microbially derived sessile community
characterised by cells that are irreversibly attached to a substratum or interface or to each
other, are embedded in a matrix of extracellular polymeric substances that they have

produced, and exhibit an altered phenotype with respect to growth rate and gene
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transcription” (Donlon and Costerton 2002). Biofilms protect microorganisms against
environmental stresses and allow greater resistance to antibiotics, disinfectants and
germicides, with multispecies biofilms having greater resistance than single species biofilms
(Ceri et al., 1999; Harriot and Noverr 2009; Smith and Hunter 2008; Wang et al., 2013a;
Leeet al., 2014). As discussed earlier, biofilms are commonly found in hospitals on
indwelling devices, sinks and showers and can exist for long periods of time on clinical
surfaces, even after cleaning (Lindsay and von Holy 2006; Espinal et al., 2012;
Vickery et al., 2012; McLean et al., 2013; Soto-Giron et al., 2016). It is important to
establish the efficacy of violet-blue light for inactivation of biofilms as the majority of
studies have focussed on microbial inactivation in liquid suspension or on agar surfaces, but
when in the environment bacteria are more likely to be found in these complex communities
(Hall-Stoodley et al., 2004; Halstead et al., 2016).

McKenzie et al. (2013) demonstrated inactivation of E. coli biofilms on acrylic and glass.
After 4 hours growth 3-4 log,, reductions could be achieved on glass and acrylic following
15 min exposure to 405 nm light at an irradiance of 141 mW/cm?®. Additionally, 5 logs,
7logye and 8logy reductions of mature biofilms were achieved following 24, 48 and
72 hours growth on glass, and ~5 log;, reductions were achieved on acrylic following 24 and
48 hour growth. A dose of 168 J/icm® also achieved 2.48-3.72 log;, inactivation of
L. monocytogenes, P. aeruginosa and S. aureus after 4 hours development on glass
(McKenzie et al., 2013). Mixed biofilms which had evolved over 24 hours on glass were
also susceptible, with 2.19 log,, reduction of the total bacterial counts following 30 min

exposure (McKenzie et al., 2013).

Inactivation of mature biofilms has also been demonstrated by Wang et al. (2016). Doses of
432 Jlem? 415 nm light achieved >3 logy, reductions of 24 hour old biofilms of
A. baumannii and P. aeruginosa (Wang et al., 2016). Reduced inactivation was seen in more
mature 72 hour biofilms, with 3.12 log;, and 3.18 logy, reductions respectively, following
exposure to the same dose. Halstead et al. (2016) also demonstrated differing levels of
biofilm inactivation dependent on strain susceptibility to 400 nm light, by measuring optical
density of samples following exposure. Of the 34 bacterial isolates studied, the most
susceptible was A. baumannii, with a 93.5% reduction in biofilm following a dose of
54 J/cm® whereas Enterobacter cloacae was least susceptible following the same dose, with

an increase in biofilm development seen (Halstead et al., 2016).
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2.6.7 Enhancing 405 nm Light Inactivation

There is also potential to enhance 405 nm light inactivation of microorganisms, if they are
exposed to violet-blue light whilst subjected to sub-lethal stresses. Enhanced inactivation of
E. coli and L. monocytogenes was evidenced by McKenzie et al. (2014) with inactivation
increased by up to 50% when exposed to violet-blue light during temperature stress
(4 & 45 °C), osmotic stress (10% sodium chloride) and acid pH stress (pH 3 & 3.5). These
results indicate the potential for enhanced bacterial inactivation in hospitals, where these
organisms have been sub-lethally stressed by desiccation or disinfectants during normal

cleaning procedures (Maclean et al., 2014).

An example of enhanced inactivation was recently demonstrated by Moorhead et al. (2016a).
Inactivation of C. difficile spores was enhanced when exposed to 405 nm light alongside
diluted chlorinated disinfectants. Following a dose of 1.6 kJ/cm?, there was ~1.3 10010,
0.9 logip and 1.1 logy, greater reductions of spores compared to 405 nm light inactivation
alone, when exposed with sodium hypochlorite, Tristel and Actichlor respectively
(Moorhead et al., 2016a). Results not only demonstrated the sporicidal efficacy of 405 nm
light, but also indicated that 33% less dose is required in presence of diluted disinfectants,
with reduced concentration beneficial to domestic cleaning staff: reducing risk of respiratory

irritation, corrosion of surfaces and equipment (Table 2.4).

2.6.8 Research on 405 nm Light Research yet to be Addressed

There are several areas of violet-blue light research which require further investigation to
ensure safe and effective use of this technology within the hospital environment. This
includes investigating the potential for antiviral efficacy using high and low-intensity
405 nm light, an evaluation of published data on the antimicrobial efficacy of violet-blue
light and also the potential for bacterial tolerance to 405 nm light in clinically relevant

organisms.

Little is known with regards to the potential antiviral efficacy of 405 nm light. It is
hypothesised that viral inactivation is unlikely. This is due to the lack of endogenous
porphyrins within the viral structure (Hamblinetal., 2005; Guffey and Wilborn 2006;
Enwemeka et al., 2008; Maclean et al., 2008b, 2009, 2013b). However, a recent study
investigating bacteriophage exposure to 405 nm light demonstrated successful inactivation
when the viral surrogate was suspended in nutritious photosensitive media
(Tomb et al., 2014). Therefore, it is not unlikely that the same effect could occur when

mammalian viruses are exposed in similar photosensitive media. This could prove
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particularly beneficial if the HINS-light EDS was shown to have virucidal efficacy against
nosocomial viral pathogens such as NoV (Section 2.1.1). This may reduce viral transmission
which would not only benefit patient and staff well-being, but may help to reduce costs
associated with NoV outbreaks.

Another important aspect of violet-blue light research which requires attention is the
comparison of inactivation profiles of microorganisms via review. Although many
proof-of-concept studies have been carried out within this rapidly expanding research area,
there are very few reviews published analysing the data generated to date (Dai et al., 2012;
Maclean et al., 2014; Hessling et al., 2017). The preparation of a comprehensive review
would allow in-depth analysis and evaluation of the efficacy of violet-blue light. This would
help to draw conclusions about the inactivation kinetics when different irradiances of 405 nm
light are used and the effect of bacterial population on inactivation kinetics. Additionally, it
would be important to compare the efficacy of 405 nm light to a broader range of violet-blue
wavelengths used for microbial inactivation (380-480 nm). A review of the published data
would also help to identify areas of research on violet-blue light which require further
evaluation and allow conclusions to be drawn about the scope of this technology for clinical

applications.

To ensure safety of use of 405 nm light for clinical applications the potential for microbial
resistance to 405 nm light must also be investigated. As bacteria are rapidly evolving, with
some strains now found resistant to last resort drugs (McGann et al., 2016), it is important to
ensure that bacteria will not also evolve to become resistant to antimicrobial 405 nm light
treatments. The potential for tolerance development is considered to be unlikely due to the
non-specific mechanism of action and multiple targets of ROS generated by 405 nm light
(Dai et al., 2013a; Maclean et al., 2014; Amin et al., 2016). However, there has been little
evidence published to demonstrate this with only three studies published to date specifically
investigating potential for tolerance following violet-blue light exposure in bacteria. An
initial study by Guffey et al. (2013a) demonstrated potential for S. aureus to become tolerant
to 405 nm light, but conversely, two studies using 415 nm light demonstrated no evidence of
tolerance formation in A.baumannii and P.aeruginosa (Zhang et al, 2014;
Amin et al., 2016). Therefore, further work is required to clarify whether there is potential

for tolerance in proliferating and non-proliferating organisms.

Research must be carried out to investigate these key areas, and will provide novel and

important information regarding this decontamination technology. This will enable improved
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application of antimicrobial violet-blue light within and out with the clinical environment,

and may influence future research surrounding antimicrobial violet-blue light.

2.7 Overall Summary

This literature review has highlighted the issue of environmental contamination within
hospitals and the role that surfaces play in infection transmission. Recent developments in
whole-room decontamination technologies have been discussed, with each system displaying
both practical advantages and limitations. As discussed, the HINS-light EDS, developed to
provide continuous environmental decontamination, may be a more practical solution than
the terminal decontamination systems. This thesis addresses some important questions
surrounding the antimicrobial efficacy of 405 nm violet-blue light utilised by the HINS-light
EDS, including the potential for (i) viral inactivation, (ii) anti-viral efficacy compared to

other microorganisms, and (iii) bacterial tolerance development.
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Chapter Three

Methodology

3.0 Overview
This chapter provides details of the cultivation and sample preparation of the microbial
samples (viruses, bacteriophage and bacteria) used throughout this study. Details of the

405 nm light arrays used throughout the study are also included.

3.1 Viral Methodology

Viral studies utilised feline calicivirus and feline embryonic host cells. This section details
the procedures for cell passage, maintenance, enumeration and seeding; and viral

preparation, co-incubation and enumeration.

3.1.1 Virus and Cell Strains

The virus and cell strains used were as follows:

¢ Mammalian virus, feline calicivirus (FCV) vaccine strain F9; University of Glasgow
Culture Collection (Glasgow, UK)
e Mammalian cell line of feline embryonic cells, strain FEA (Jarrett et al., 1973);

University of Glasgow Culture Collection (Glasgow, UK).

3.1.1.1 Passage and Maintenance of Mammalian Cells

Initial cell stocks were grown as monolayers in 75 cm” and 150 cm? tissue culture flasks
(0.2 um vent cap treated flasks, Corning, UK) in supplemented 10% fetal bovine serum-
Dulbecco’s Modified Eagle medium (FBS-DMEM) (Table 3.2) in a humidified atmosphere
of 5% CO, in air at 37 °C. When the cell monolayer was confluent, usually after 24 hours
growth in 150 cm? flasks, the medium was removed and 10 ml 10% Trypsin-EDTA in
phosphate buffered saline (PBS) (Section 3.4.4) was used to wash cells in the flask twice.
Following the second wash, 2 ml of the wash was left in the flask and used to roll over the
cell layer, using a tapping action to dislodge cells from the surface. Following this,

10% FBS-DMEM was added to the flask and washed over the cell monolayer several times
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to inhibit the action of trypsin and break any cell clumps. The cells were normally suspended
in 18 ml 10% FBS-DMEM and transferred to a sterile universal tube. When using 75 cm?
flasks the described volumes were halved.

A small volume of cell suspension was removed from the universal tube to perform a cell
count (Section 3.1.3) and then the cells were split into new tissue culture flasks according to
requirements. A 1:3 split was normally carried out to ensure 80-90% confluency of cells the
following day, with the flasks kept in the incubator set at 37 °C and 5% CO, for the
appropriate time required. Large 150 cm?® flasks were generally used to culture cells, to
ensure there was a sufficient number of viable cells available to seed 6-well plates for plaque
assays (Section 3.1.5).

To ensure adequate stocks of FEA cells (replacing those in use after 25 passages and in case
of contamination) stock populations of FEA cells were produced. Cells were gathered after
growing to a confluence of 90%, and if the population was > 1 x 10° cells/ml, they were
centrifuged at 960 xg for ten minutes and then re-suspended in 10% DMSO in DMEM
(Section 3.4.4). Vials of cell stock were slowly frozen at a rate of -1°C/minute using a
Mr Frosty™ freezing container (Thermo Fisher Scientific, UK) and then placed in liquid
nitrogen at -190°C for long term storage. When new cells were required, vials were quickly
defrosted in a 37°C water bath for 3 minutes, re-suspended in 10% FBS-DMEM and

incubated for several days in 5% CO; in air at 37 °C.

3.1.2 Enumeration and Seeding of Mammalian Cells

As described in Section 3.1.2, confluent cells were gathered in 20 ml universal tubes. The
cell suspensions were shaken to allow equal distribution of cells throughout the liquid before
removing 10 pl and adding to the counting chamber of an Improved Neubauer
Haemocytometer, via capillary action. The layout of the counting chamber of the
haemocytometer is shown in Figure 3.1a, with the typical appearance of FEA cells in the

counting chamber seen in Figure 3.1b.
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Figure 3.1 Appearance of (a) counting chamber within the Improved Neubauer
haemocytometer and (b) FEA cells in a single square of the counting chamber at x400
magnification. Blue squares highlight the 4 quartiles in which cells were counted in the
Improved Neubauer haemocytometer, adapted from ww.laboratoryinfo.com. Cells were

pictured using a Nikon Coolpix 4500 microscope camera.

To count the cells, the haemocytometer was viewed under a microscope (x400
magnification). All cells were counted in each of the 4 quartiles of the counting chamber
(Fig 3.1a, highlighted in blue). To ensure consistency, the following counting rule was used:
when cells were touching the 4 perimeter sides of a corner square, cells were only counted
on 2 sides, either the 2 outer sides or 2 inner sides. The number of cells was calculated using

equation (3.1):

Total cells/ml = Total Cells Counted x  Dilution Factor  x 10,000 cells/ml (3.1)

Number of Squares

Once enumerated, FEA cells were diluted in 10% FBS-DMEM to allow seeding of 6-well
plates at a density of 7 x 10° cells/well or 6 x 10° cells/well, depending on experimental
requirements. Seeded 6-well plates were then incubated overnight in a humidified

atmosphere of 5% CO, in air at 37 °C, ready for use for viral plaque assay (Section 3.1.5).
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3.1.3 Propagation and Maintenance of Viral Stocks

Viral stocks of FCV were used to prepare a viral pool. To prepare, firstly the growth medium
from confluent FEA monolayers in 850 cm? cell culture roller flasks (Corning, USA) was
removed and 6 ml of the virus inoculum was added to each flask, along with 6 mi
10% FBS-DMEM to ensure coverage of the cells. The flasks were filled with CO, gas and
were then incubated at 37 °C on a roller stand for 90 minutes to allow for virus absorption.
Each flask then received 12 ml 10% FBS-DMEM and were again filled with CO, gas. The
flasks were then incubated at 37 °C for 24 hours on the roller which resulted in virus-induced
destruction of nearly 90% of the monolayer. The medium from each roller bottle was
collected and each bottle was washed with 7 ml 10% FBS-DMEM and collected into the
same universal tube. The universal tube was then frozen and thawed twice and the contents
centrifuged at 3300 xg for 10 minutes to remove cell debris. The virus-containing

supernatant was dispensed in 300 pl volumes and stored at —80 °C until required.

3.1.4 Co-Incubation and Enumeration of Viruses

To enumerate FCV, samples were co-incubated with FEA cells, in pre-seeded 6-well plates
(Detailed in Section 3.1.3). To co-incubate, the growth medium was aspirated from the FEA
cells and replaced with 1 ml of FCV sample, with different dilutions in each well. Plates
were co-incubated at 37 °C in a humidified 5% CO, incubator for 90 minutes, with the plates
gently rocked every 15 minutes to ensure even distribution of the inoculum over each
monolayer. The inoculum was then aspirated and the well washed with medium (10% FBS-
DMEM or Dulbecco’s phosphate buffered saline (DPBS)) before adding 4 ml overlay
mixture  consisting of 2x  supplemented DMEM 1:1 with 2x agarose
(Table 3.2/Section 3.4.4). The overlay was left to set before the plates were incubated at
37 °C in 5% CO, for 44-48 hours.

Post-incubation, the monolayers were fixed and stained overnight with 0.5% crystal violet in
10% buffered neutral formalin (Sigma Aldrich, UK). The agarose plugs and stain were
then removed, the plates left to dry, plaques counted, and the virus infectivity titre calculated
(Table 3.1).

To calculate the reduction in viral population densities during inactivation studies, the
population before and after light treatment where enumerated by counting the number of
plaques formed per cell monolayer respectively. This allowed the level of inactivation to be

calculated in plaque forming units per millilitre (PFU/mI).
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3.2 Bacteriophage Methodology

Bacteriophage studies utilised bacteriophage ¢$C31, and host bacterium Streptomyces
coelicolor. This section details the procedure for cultivation of both organisms as well as
sample preparation and enumeration of $C31.

3.2.1 Bacteriophage and Host Bacteria Strains
The strains used were as follows:

e Streptomyces bacteriophage $C31, strain cA25; University of Strathclyde Culture
Collection (Glasgow, UK)

e Streptomyces coelicolor, A3(2) ApglW; University of Strathclyde Culture Collection
(Glasgow, UK).

3.2.2 Cultivation and Maintenance of Bacterial Stocks

For culture of Streptomyces coelicolor spores, 50 pl of stock culture was spread onto soya
flour mannitol agar plates and incubated at 30 °C. Following a 7-day incubation period,
10 ml sterile water was added to each plate. A pooled spore suspension was obtained after
scraping the spores from the plates and centrifuging at 3939 xg for 10 minutes. The resultant
pellet was re-suspended in 20% (W/V) glycerol (Thermo Fisher Scientific, UK). The
suspension was stored at —20 °C, and small aliquots were defrosted when spores were

required.

3.2.3 Cultivation and Maintenance of Bacteriophage Stocks

The bacteriophage, $C31, was cultivated to create a stock population. $C31 was diluted in
nutrient broth, and 100 pl of each dilution was pipetted onto enriched nutrient agar plates
(Table 3.3). A thin layer of molten soft agar (Table 3.3) containing 0.1% S. coelicolor spores
was poured onto the plates. The plates were swirled to ensure even distribution of $C31 and
incubated at 28 °C overnight. The following day, 10 ml nutrient broth was added to the
plates which had complete bacterial clearance, and these were left for 3 hours. Following
this, the 10 ml liquid was removed and filtered using a Minisart 0.25 um filter (Sartorious,
UK). The filter only allowed passage of the bacteriophage and NB, which was then stored at

4 °C for experimental use.
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3.2.4 Co-Incubation and Enumeration of Bacteriophage

With regards to enumerating bacteriophage populations, this was carried out via co-
incubation with S. coelicolor spores through a double-agar layer method. Several dilutions of
bacteriophage samples were pipetted in various volumes (100, 200 and 500 pl volumes) onto
enriched nutrient agar plates before a soft agar overlay containing 0.1% S. coelicolor spores
thinly poured on top. The plates were swirled, left to set and then co-incubated at 28 °C
overnight. Post-incubation, the surviving ¢C31 were enumerated and the bacteriophage

infectivity titre calculated (Table 3.1).

To calculate the reduction in bacteriophage densities during inactivation studies, the
populations before and after light treatment were enumerated by counting the number of
plaques formed in bacterial lawns. This allowed the level of inactivation to be calculated in

plagque forming units per millilitre (PFU/mI).
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Table 3.1 Appearance of plaques formed by feline calicivirus in FEA cells, and ¢C31 in
Streptomyces coelicolor lawns. Plaques were formed following: (a) incubation at 37 °C for
48 hours and (b) incubation at 28 °C overnight.

Apperance of Viral & Bacteriophage Plaques

FCV

$C31

No Plaques Formed Individual Plaques Lysis of Host Cells
(TFTC) (Countable) (TNTC)

*TFTC: too few to count; TNTC: too numerous to count
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3.3 Bacterial Culture and Methodology

Bacterial studies utilised methicillin-sensitive and methicillin-resistant S. aureus. This

section details the procedures for cultivation, sample preparation and enumeration.

3.3.1 Bacterial Strains
The bacterial strains used were as follows:

o Methicillin-sensitive Staphylococcus aureus NCTC 4135; National Collection of
Type Cultures (Colindale, UK)

e Methicillin-resistant Staphylococcus aureus EMRSA-15; Scottish Microbiology
Reference Laboratories (SMIRL; Glasgow, UK).

3.3.2 Culture and Maintenance of Bacterial Stocks

For culture of Staphylococcus aureus, a loop of S. aureus was transferred from a stock
culture (stored on a nutrient agar (NA) slope/plate) and inoculated into 100 ml nutrient
broth (NB). The broth was incubated under rotary conditions (120 rpm) at 37 °C for
18-24 hours. For short term storage, and as a source of inoculum for daily experimental
work, S. aureus was cultured on a NA slope and refrigerated at 4 °C. All bacterial strains
stored on slopes were re-streaked onto a new agar slope every four weeks, and Gram stained
(Section 3.3.5.1) to ensure purity. For long term storage, S. aureus was kept on Microbank™
beads (Pro-Lab Diagnostics Inc., UK) at —70 °C.

3.3.3 Re-Suspension and Serial Dilutions

Following bacterial cultivation, broths were centrifuged at 3939 xg for 10 minutes. The
supernatant was discarded and the resultant pellet was re-suspended in 100 ml phosphate
buffered saline (PBS). In order to achieve the desired starting population of bacteria for
experimental use, the stock suspension was serially diluted (10-fold dilutions; 1 ml bacterial
suspension into 9 ml PBS) until the desired starting population was achieved. At each stage
of dilution, the suspension was mixed using a vortex (Thermo Fisher Scientific, UK) to

ensure the microorganism was equally dispersed throughout the suspension.

3.3.4 Plating and Enumeration

To calculate the reduction in bacterial population densities following exposure to

antimicrobial 405 nm light, the population before and after light treatment was enumerated,
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allowing the level of inactivation in colony forming units per millilitre (CFU/ml), to be

calculated.

In most cases to enumerate S. aureus, samples in suspension were plated onto agar and
incubated at 37 °C for 18-24 hours. When bacterial populations where expected to be high,
suspensions were serially diluted prior to plating, to ensure quantifiable results. Additionally,
depending on the expected population, the method of plating differed. The two main
techniques used for plating samples were spiral plating and spread plating:

Spiral plating, using a WASP2 spiral plater (Don Whitley Scientific, UK), was used to plate
samples that were expected to be between 10%® and 10° CFU/ml. Spiral plating deposited
50 pl sample volumes in a logarithmic spiral across the agar surface

Manual spread plating was used when the CFU count was expected to be less than 10°
CFU/ml. The spiral plater was used to plate ‘spread plates’ by linear deposition of 100 pl
samples. Spread plates were also prepared manually by pipetting 100, 200 or 500 pl sample

volumes onto agar plates and spreading using L-shaped spreaders.

Following plating, agar plates were incubated at 37 °C for 18-24 hours and then enumerated.
Logarithmic spiral plates were enumerated using a counting grid and reference table
(provided by the manufacturer), with results reported as colony-forming units per millilitre
(CFU/mI). For enumeration of spread plates, all bacterial colonies grown on the plate were

counted, and results calculated to give the CFU/ml.

3.3.5 Bacterial Identification Tests

Several identification tests were used to check that bacterial stocks were not contaminated.
These tests were also used to ensure bacterial samples were not contaminated during

repeated culture (discussed in Chapter 7).

3.3.5.1 Gram Staining

This staining technique is used to aid bacterial identification by confirming the Gram status

as well as providing information on the cell morphology. The procedure used was as follows:

Preparation of a heat-fixed sample: A single bacterial colony was mixed into a drop of water
on a microscope slide, or a drop of bacterial suspension, was smeared over the slide forming
a thin film. The slide was then air-dried at room temperature before passing through a

Bunsen flame several times to fix the bacterial film.
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Staining procedure: the slide was flooded with crystal violet and left for 30 seconds. The
slide was then briefly rinsed with Gram’s Iodine before being flooded with the lodine for
60 seconds. The lodine was rinsed off with tap water and the sample decolourised using
ethanol until all violet colour had drained from the slide. The ethanol was then rinsed off
using tap water and the sample counterstained with safranin for 60 seconds. The slide
underwent a final rinse using tap water and was blotted dry. All reagents were from Sigma
Aldrich, UK.

The slide was then viewed under the microscope, using the x100 oil-immersion objective
lens giving a magnification of x1000. Gram-positive bacteria retained the crystal violet and
appeared as purple, while Gram-negative bacteria were decolourised and stained by safranin
and appeared pink/red.

Figure 3.2 Viewing a Gram stain of Staphylococcus aureus under a microscope.
Demonstrating: (a) Nikon Eclipse E400 Microscope used to view Gram stain under x100 oil
immersion lens (b) Photograph of Gram stain taken with a Euromex Image 4.0 Microscope

Camera.
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3.3.5.2 Latex Agglutination Tests

Latex agglutination tests were used to confirm the identity of S. aureus and MRSA.

Staphaurex Plus

Staphaurex® Plus was used to confirm samples were S. aureus (Remel, Thermo Fisher
Scientific, UK). This test used yellow latex particles coated with human fibrinogen to detect
clumping factor, and were also coated with rabbit 1gG for detection of protein A and cell
surface antigens characteristic of MRSA and MSSA strains.

The test was conducted following the manufacturer’s instructions. In brief, single colonies of
the isolate were mixed with a ‘test’ latex and a ‘control’, the samples were rocked for 30
seconds, and observed for agglutination (Fig 3.3). Agglutination indicated the presence of
either coagulase, protein A or surface antigens commonly found on S. aureus. A known

strain of S. aureus was used as a positive control.

Figure 3.3 Appearance of latex agglutination test, Staphaurex® Plus. (a) agglutination of

test latex and (b) no agglutination of control latex.

Penicillin-Binding Protein 2a Test

The Penicillin-Binding Protein 2a (PBP2a) test (Oxoid, UK) was used to confirm methicillin
resistance. This test used latex particles sensitised with a monoclonal antibody against
PBP2a, an altered penicillin-binding protein with reduced affinity for B-lactam antibiotics.
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The test was conducted following the manufacturer’s instructions. In brief, four drops of
‘extraction reagent 1’ and a loopful of bacterial cells were vortexed in a microcentrifuge tube
to produce a turbid suspension. The tube was heated in a water bath at 98 °C for 3 minutes
before cooling at room temperature. A drop of ‘extraction reagent 2’ was then added, mixed
and the centrifuge tube was centrifuged at 1500 xg for 5 minutes. The resultant supernatant
was then used for the latex agglutination test. 50 ul of sample supernatant was added to ‘test
latex’ or ‘control latex’, and samples rocked for up to three minutes to identify agglutination.
Agglutination confirmed the presence of methicillin-resistance. Known strains of
methicillin-resistant and methicillin-sensitive S. aureus were used as positive and negative

controls, respectively.

3.4 Media

The following section details the cell culture media used for mammalian cell culture and the

agar and broths used for microbial culture.

3.4.1 Culture Media for Mammalian Cells

Supplemented, 2x and 10x DMEM were prepared as detailed in Table 3.2. All media was
stored at 4 °C, with small volumes of supplemented 10% FBS-DMEM held in a 37 °C
incubator for 48 hours to ensure no contaminants were present. Once prepared, 10x DMEM

was also sterile filtered to remove any contaminants.

3.4.2 Culture Media for Microorganisms

Agar and broths used for microbial cultivation were prepared according to manufacturer
guidelines (Table 3.3). Media was sterilised by autoclaving at 121°C for 15 minutes before

use.

3.4.3 Biologically-Relevant Suspending Media

The biologically-relevant media used in this study include human blood plasma, artificial

saliva and artificial faeces as can be seen in Figure 3.4.

Human blood plasma was obtained from the Scottish National Blood Transfusion Service
(SNBTS, UK). The blood was stored at —20°C until required and was slowly defrosted and
decanted into a sterile container before use. Artificial saliva was a modified version of that

used by Margomenou et al. (2000) and artificial faeces was a modified version of that by
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Colon et al. (2015). The constituents of both artificial media can be seen in Table 3.6 and
after preparation (and sterilisation of artificial faeces at 121 °C) both media were adjusted to
pH 7 (pH210 microprocessor pH meter; Hannah Instruments, UK). The modifications made
to the original formulations, to ensure compatibility with the FEA cells, are provided in
further detail in Chapter 4.

Additionally, samples were also exposed in minimal media (DPBS) with the addition of 5%
or 10% FBS, which acted as organic soiling.

Figure 3.4 Appearance of biologically-relevant media used within this study. Appearance
of: (a) human blood plasma, (b) artificial saliva and (c) artificial faeces.
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34.4

Diluents and Other Media

Phosphate Buffer Saline [BR0014G] (Oxoid, UK) — 1 tablet in 100 ml distilled
water, sterilised at 121 °C for 15 minutes, and used for bacterial and viral
suspension.

HyClone™ Dulbecco’s phosphate-buffered saline [SH3026401] (GE Healthcare
Life Science, USA) — premade filter sterilised salt solution containing magnesium
and calcium used for viral suspension.

10% Trypsin-EDTA in PBS — 20 ml of 0.5% Trypsin-EDTA (10x) [15400054]
(Gibco, UK) added to 180 ml phosphate buffered saline, used to dissociate
mammalian cells from cell culture flasks.

Low Melting Point Agarose [A9045 and 16520] (Sigma Aldrich and Invitrogen,
UK, respectively) — 2x agarose was prepared by dissolving 20 g agarose in 1 |
deionised distilled water and was sterilised at 121°C. Used 1:1 with
2x supplemented DMEM to form an overlay for viral experiments.

Dimethyl sulfoxide (DMSO) [D8418] (Sigma Aldrich, UK) — used in 10%

concentration during cell storage to prevent ice crystal formation.
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Table 3.2 Supplemented media for mammalian cell culture.

. . uantit Product
Media Additives Q y Manufacturer
Used Code
Dulbecco’s Modified Eagle Medium 11 Gibco, UK 42430025
Fetal Bovine Serum, 100 mift Gibco, UK 10500064
Heat Inactivated
10% FBS- . .
DMEM 200 mM L-Glutamine (x100) 10 ml/I Gibco, UK 25030081
100 mM Sodium Pyruvate (x100) 10 mi/I Gibco, UK 11360039
Penicillin-Streptomycin ;
(10000 U/mL) 24 mi/I Gibco, UK 15140122
Dulbecco’s Modified Eagle Medium 140 g/l Gibco, UK 52100021
Powder
10x DMEM
Sterile H,O 11 - -
10x DMEM 200 ml/l - -
Fetal Bovine Serum, 200 ml/l Gibco, UK 10500064
Heat Inactivated
200 mM L-Glutamine (x100) 20 ml/l Gibco, UK 25030081
2x DMEM 100 mM Sodium Pyruvate (x100) 20 mi/l Gibco, UK 11360039
Penicillin-Streptomycin ;
(10000 U/mL) 40 ml/l Gibco, UK 15140122
Sodium Bicarbonate (7.5%) 98.6 ml/I Gibco, UK 25080094
Sterile H,0 421.4 ml/l - -
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Table 3.3 Broth and agar media for microbial cultivation, with required additives.

. . uantit Product
Media Additives Q y Manufacturer
Used Code
Nutrient Broth N/A 13 g/l Oxoid, UK CMO0001
Nutrient Agar N/A 28 g/l Oxoid, UK CM0003
0L A L N/A 38 g/l Oxoid, UK CM0337
Agar
Soya Flour 20 g/l Holland & Barrett, UK -
Soya Flour Mannitol 20 g/l ACROS Organics, UK 125341000
Mannitol Agar
Agar Bacteriological 20 g/l Oxoid, UK LPOO11
Nutrient Agar 28 g/l Oxoid, UK CM0003
Glucose 5 g/l Thermo Fisher Scientific, G/0500/53
UK
Enriched Nutrient
Agar 10 mM Magnesium :
Sulfate (MgSO,) 10 ml/I ACROS Organics, UK 413485000
8 mM Calcium Thermo Fisher Scientific,
Nitrate (Ca(NO3),) 10 ml/l UK C/1882/53
Nutrient Broth 13 g/l Oxoid, UK CMO0001
Agar Bacteriological 3g/1 Oxoid, UK LPOO11
Thermo Fisher Scientific,
Enriched Soft Agar Glucose 59/ UK G/0500/53
Overlay
10 mM Magnesium .
Sulfate (MgSO,) 10 ml/I ACROS Organics, UK 413485000
8 mM Calcium 10 mi/l Fisher Scientific, UK~ C/1882/53

Nitrate (Ca(NO3),)
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Table 3.4 Constituents of biologically-relevant media; artificial saliva and faeces.

. . uantit;
Media Additives QUsed y Manufacturer Product Code
Sterile H,O 11 - -
Sodium Bicarbonate .
524/l ARCOS Organics, USA 217125000
(NaHCO:3)
Sodium Chloride (NaCl) 0.88 g/l Thermo Fisher Scientific, UK 10428420
Artificial Saliva Dipotassium Phosphate )
1.36 g/l BDH Chemicals Ltd, UK 9266
(KHPO,)
Potassium Chloride (KCI) 0.48 g/l Sigma Aldrich, UK 208000
a-Amylase 2000 .U Sigma Aldrich, UK A3176
Mucin from Porcine Stomach 29/l Sigma Aldrich, UK M1778
Distilled H,O 920 g/l - -
Inactivated Yeast
309/l Marigold, UK -
(S. cerevisiae)
Psyllium Powder 7 g/l Buy Whole Foods Online, UK -
Miso Paste 119/ Yutaka, UK -
Artificial Faeces
Cellulose 8gl/l Sigma Aldrich, UK 435236
Oleic Acid N/A Sigma Aldrich, UK 75096
Sodium Chloride (NaCl) 1.6 9/l Thermo Fisher Scientific, UK 10428420
Potassium Chloride (KCI) 169/l Sigma Aldrich, UK 208000
Calcium Chloride (CaCly) 0.8 g/ Sigma Aldrich, UK 746495
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3.5 405 nm Light Exposure Systems

For this study, LED arrays were used as the light sources for exposure of microorganisms to
405 nm light. Several different arrays were used throughout the study: an ENFIS PhotonStar
24-LED array, a 9-LED array, and a HINS-light EDS. The optical emission spectra of the
systems were measured using a spectrometer (model HR4000, Ocean Optics). The peaks of
violet-blue light from these light sources are in the region of 405 nm, and their bandwidth
18-21 nm at full-width-half maximum (FWHM), but these light sources will all be referred
to as 405 nm LEDs throughout the text.

The different arrays used in this study were selected to allow a range of irradiances from
0.5-155 mW/cm?, with the irradiance of the light sources measured at the sample surface,
using a radiant power meter and photodiode detector (LOT Oriel, USA). Details of how each
array was utilised are described in subsequent experimental chapters, however an overview

of each system is provided in the following subsections.

3.5.1 ENFIS PhotonStar 24-LED Array

The ENFIS PhotonStar, a 24-LED array (PhotonStar Technologies, UK) powered by a 40 V
Xitanium LED Driver (Phillips, Netherlands) was used for high-intensity exposure of viral
and bacterial samples (Chapter 4 & 7, respectively). The array had a peak wavelength of
407 nm and a FWHM of 19 nm (Fig 3.5). The system was mounted onto a polyvinyl chloride
(PVC) stand, which consisted of a PVC base and holding plate with a connecting metal pole,
allowing the distance between the light source and surface sample to be changed depending
on experimental requirements (Fig 3.6a). The 405 nm LED array (Fig 3.6b) was connected to
two variable resistors, to allow the irradiance of the array to be altered when at a fixed
height. The array was also connected to a heat sink and a cooling fan (Fig 3.6c) to dissipate
heat and prevent transfer to the test samples. For viral exposure experiments the distance
between the array and sample surface was 4 cm and for bacterial tolerance experiments

6 cm, with the output irradiance measured as 155.8 mW/cm? and 60 mW/cm? respectively.

3.5.2 9-LED Array

The 9-LED array system was used for experiments investigating bacterial cultivation in low-
intensity 405 nm light (Chapter 7). The system was composed of a 9-LED array
(GE Hllumination, USA) with LEDs arranged in a 3 x 3 grid pattern (Fig 3.7) powered by a
variable DC power supply (Velleman, Belgium). The array was also connected to a heat sink
to dissipate heat. The LEDs had a peak wavelength of 406 nm and a FWHM of 18 nm
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(Fig 3.5). It should be noted that the LEDs were purchased as warm white LEDs, however
the hemispherical phosphor coated caps were removed, to expose the 405 nm diodes. The
voltage and current supplied to the LEDs differed during experiments, depending on the
irradiance required, which was between 0.15-1 mW/cm?.
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Figure 3.5 Optical emission spectrum of the ENFIS PhotonStar 24-LED and 9-LED array

used during this study. Measured using an HR4000 spectrometer (Ocean Optics, Germany)

and Spectra Suite software version 2.0.151.
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Figure 3.6 ENFIS PhotonStar 405 nm Lighting System. Appearance of: (a) system placed

on movable PVC housing, (b) 24-LED Array and (c) heat sink, fan and control circuit.

Figure 3.7 Appearance of 9-LED array arranged in a 6 x 6 cm grid pattern. (a) lights on
and (b) lights off.
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3.5.3 HINS-Light EDS Prototype

The HINS-light EDS is a prototype lighting system developed at the University of
Strathclyde, device patent numbers: 2211914 (Europe) and 8,398,264 (USA) (Fig 3.8). The
system has been designed to be retrofitted in place of conventional ceiling tiles, to
continually emit low levels of blue 405 nm light (0.1-0.5 mW/cm?) to aid environmental
decontamination. In addition to the violet-blue 405 nm light output, the system incorporates
a white light output to ensure that the colour output is more similar to commonly used
fluorescent lighting (Fig 3.8b). This ensures that the system is aesthetically acceptable when

utilised in occupied environments.

The prototype EDS used in this study, used only violet-blue LEDs to investigate virucidal
efficacy of 405 nm light, with the white LEDs disconnected (Fig 3.9). The system was a
more recent design, based on 4-LED arrays rather than a matrix of 16 405 nm 99-LED arrays
used in older systems (Bache et al., 2012). The violet-blue LEDs had a peak wavelength of
408 nm and a full-width-half maximum of 21 nm (Fig 3.9) and when white LEDs were
connected the system had an additional output of white light between 500-700 nm
(Fig 3.8; Fig 3.9).

Figure 3.8 High Intensity Narrow Spectrum-light Environmental Decontamination
System (HINS-light EDS). Appearance of: (a) the view of the EDS unit in place of a ceiling
tile, and (b) EDS switched on utilising both white and 405 nm LEDs.
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Figure 3.9 Optical emission spectrum of the HINS-light EDS used during this study.
Spectrum of the EDS was measured when both the blue and white LEDs were utilised, and
when only the blue LEDs were utilised. Measured using an HR4000 spectrometer (Ocean

Optics, Germany) and Spectra Suite software version 2.0.151.

3.6 Data Analysis

The following section details how dose was calculated for each of the light sources used in

the study, as well as methods of statistical analysis.

3.6.1 Calculating Dose

For antimicrobial tests, microbial samples were subjected to 405 nm light for different
exposure periods. Using the measured irradiance and exposure times, the applied dose of

405 nm light could be calculated using equation (3.2):

E =Pt (3.2)

Where E = dose in Jcm? P = irradiance in W/cm? and t = exposure time in

seconds.
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3.6.2 Statistical Analysis

Data points on graphs represent the mean results (+ standard deviation) of triplicate
independent experiments, with a minimum of two replicates for bacterial sample
experiments (n >6) and at least one replicate for viral experiments (n > 3). Significant
differences were calculated at the 95% confidence interval using either T-tests (paired or
2-sample) or ANOVA (one way), depending on the data, using Minitab software release 17.
Results were found to be significant when P < 0.05. Significant differences are highlighted

in figures using an asterisk “*’.
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Chapter Four

Proof-of-Concept of the Virucidal
Efficacy of 405 nm Light

4.0 Overview

As NoV regularly causes outbreaks within the hospital setting, studies in this Chapter
focussed on establishing the antiviral efficacy of high-intensity 405 nm light, using feline
calicivirus (FCV) as a NoV surrogate. This involved investigating the virucidal efficacy of
405 nm light when viral particles were suspended in different liquid media, including
minimal, organically-rich and biologically-relevant media. Additionally, investigations were
carried out to discover the photometric properties of the suspending media. The results
provide the first proof-of-concept evidence of the virucidal efficacy of 405 nm light, and the
enhancement that can be achieved when viral particles are surrounded by biologically-

relevant media.

4.1 Introduction

NoV causes acute vomiting and diarrhoea, which can result in major outbreaks within a short
period of time. NoV outbreaks are a global issue not only in hospitals but also places where
people are in close contact such as nursing homes, schools and cruise ships
(Vivancos et al., 2010; Lai et al., 2013; Xu et al., 2013). It is estimated that there are up to
700 million cases of NoV each year globally (Bartsch et al., 2016). Most NoV outbreaks are
thought to occur in health facilities with 79% of outbreaks in England and Wales occurring

in hospitals and residential care facilities (Lopman et al., 2003).

Due to the low infectious dose, high infectivity, persistent shedding in stools and
environmental survival of NoV, (as discussed in Section 2.1.1 and 2.2.2) cleaning during an
outbreak is of particular importance in the hospital setting, as otherwise surfaces can play a
role in transmission (Wu et al., 2005). However, if hospitals are inadequately cleaned
transmission can be rapid among staff and patients. Upon confirmation of a NoV outbreak

the bay or ward will be closed to new patients and occasionally outbreaks can result in
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complete hospital closure. This can lead to a huge loss for health boards as was demonstrated
by Danial et al. (2011) who calculated a loss of £1.2 million between 2007 and 2009 for
NHS Lothian, Scotland, indicating the increasing need for novel decontamination systems to
help prevent NoV outbreaks.

As described in Section 2.4.5, 405 nm light is one such technology designed to aid
environmental decontamination, and can inactivate a wide range of bacteria and fungi
including nosocomial pathogens. However, to date there has been little work carried out to
investigate whether this technology can be used for the inactivation of viruses. A brief report
which exposed a viral surrogate, Streptomyces bacteriophage $C31, to 405 nm light,
indicated that when in nutritious media the bacteriophage was inactivated and no longer able
to infect Streptomyces coelicolor (Tomb et al., 2014). The results indicated that 405 nm light
was able to inactivate viruses in photosensitive media and suggested that inactivation may
also be possible in non-nutritious media (e.g. PBS) with higher doses of 405 nm light
(Tomb et al., 2014).

Further evidence of the virucidal effect of 405 nm light needs to be established, and
confirming the inactivation of viruses using light alone would strengthen the case for use of
405 nm light for environmental decontamination. Currently, inactivation studies of NoV are
limited: as there is no established cell-culture system, it is not possible to quantify viral
inactivation (Duzier et al., 2004a; Richards 2012; Cromeans et al., 2014). To overcome this,
this study used FCV as a model to study the antiviral effects of 405 nm light on NoV.

This chapter focusses on establishing the first proof-of-concept evidence of the antiviral
effects of narrowband 405 nm light, using FCV as a model for NoV. The study investigates
the influence of various types of suspending media on viral inactivation and is divided into

three main subsections as follows:

e Inactivation of FCV when suspended in minimal and organically-rich media, using
high-irradiance 405 nm light (~150 mW/cm?) in order to generate proof-of-principle
inactivation kinetics.

e Inactivation of FCV when suspended in biologically-relevant media including
artificial saliva and faeces using high-irradiance 405 nm light (~150 mW/cm?), in
order to generate inactivation kinetics in clinically-relevant scenarios.

o Assessment of the photometric properties of the range of minimal, organically-rich
and biologically-relevant media in which viruses were suspended and exposed to

high-intensity 405 nm light.
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4.2 Inactivation of FCV when Suspended in Minimal and

Organically-Rich Media

Previous studies have shown successful inactivation of a viral surrogate, bacteriophage
$C31, using 405 nm light when suspended in nutrient-rich media and, to a lesser extent,
when suspended in minimal media. The aim of this study was to determine whether similar

results could be achieved using FCV as a NoV surrogate.

4.2.1 Viral Preparation

The viral stock of FCV was previously prepared as described in Section 3.1.4. Small aliquots
of viral stocks were defrosted at room temperature when required and then serially diluted in
a particular suspending medium to achieve the desired starting population of
1-2 x 10° PFU/m.

4.2.2 Cell Plate Preparation

Mammalian FEA Cells were maintained as described in Section 3.1.2. Prior to experiments,
6-well cell culture plates (Thermo Fisher Scientific, UK) were seeded with 7.5 x 10° FEA
cells per well by adding 3 ml of the cell suspension to each well and incubating at 37 °C in

5% CO; in air for approximately 20 hours, resulting in confluent monolayers.

4.2.1 Suspending Media Preparation

For suspension in minimal media, phosphate buffered saline or Dulbecco’s phosphate
buffered saline supplemented with Ca®* and Mg?*, were used. Dulbecco’s Modified Eagle
medium supplemented with 240 U/ml penicillin streptomycin, 2 mM L-glutamine and 1 mM
sodium pyruvate (Table 3.2), with or without a 10% FBS addition, was used as an

organically-rich media for viral suspension.

4.2.2 405 nm Light Source

To investigate viral inactivation using 405 nm light, experiments were conducted using the
ENFIS PhotonStar 24-LED array, as described in Section 3.5.1. The light source was held on
a PVC stand at a distance of 4 cm from viral samples giving an irradiance of 155.8 mW/cm?
at the sample surface, measured using a radiant power meter and photodiode detector (LOT
Oriel, USA).
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4.2.3 High-lrradiance Exposure of Viral Suspensions

FCV stock was defrosted at room temperature and diluted to 2 x 10° PFU/ml in the selected
minimal media or organically-rich media. 1.5 ml volumes of viral suspension were
transferred into the central wells of a 24-well plate (Techno Plastic Products, Switzerland)
with only wells A, B & D used (Fig 4.1) (scoping experiments revealed reduced transmission
of 405 nm light through well C compared to wells A, B & D). The plate was positioned on a
raised rack stand, with the sample wells 4 cm directly below the light source. The plates
were held on the rack stand, rather than a solid base in order to permit airflow around the
sample dish and prevent a build-up of heat. Furthermore, the plate lid was kept on to prevent

evaporation.

Test samples were exposed to increasing doses of 405 nm light at room temperature, with the
dose calculated as described in Section 3.6. Control samples were set up under identical
environmental conditions but without 405 nm light illumination. Post-exposure, FCV

samples were serially diluted in minimal media for enumeration by plaque assay.
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Figure 4.1 Experimental arrangement for exposure of viral suspensions to 405 nm light.
Ilustrating: (a) 24-well multi-dish used to hold viral suspensions, with central wells A;, B; &
D, used initially and then the dish was rotated and re-used, utilising wells A,, B, & D,, and
(b) ENFIS PhotonStar 24-LED array held on a PVC housing 4 cm above viral samples held

in the 24-well multi-dish on a PVC stand with ventilation.
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4.2.4 Plaque Assay

Post-exposure, the viral suspension and control were diluted in DPBS. The growth medium
was then aspirated from the FEA cells in the pre-prepared 6-well plates and replaced with
1 ml of viral sample. As described in Section 3.1.5, the plates were co-incubated at 37 °C in
a humidified 5% CO, incubator for 90 minutes, with plates rocked every 15 minutes to

ensure even distribution of the inoculum over each monolayer.

Following the viral incubation period, the inoculum was aspirated and the well washed with
medium (10% FBS-DMEM or DPBS) before adding 4 ml overlay mixture consisting of
2x supplemented DMEM 1:1 with 2x agarose (Section 3.4.4). The overlay was left to set
before the plates were incubated at 37 °C for 44-48 hours in 5% CO,.

Post-incubation, the monolayers were fixed and stained overnight with 0.5% crystal violet in
10% buffered neutral formalin. The agarose plugs and stain were then removed, the plates

left to dry, plaques counted, and the virus infectivity titre expressed as PFU/m.

4.2.5 Results: FCV Inactivation in Minimal and Organically-Rich Media

Viral suspensions were firstly exposed to high-irradiance light whilst suspended in PBS.
Figure 4.2 highlights the inactivation kinetics when the virus was suspended in this minimal
medium, with a significant 4.2 logy, reduction of FCV found after a final dose of 2.8 ki/cm?.
However, upon analysis of the results, it was firstly noted that the initial starting population
(6 x 10" PFU/mI) was significantly lower (P = 0.029) than the expected population
(1-2 x 10° PFU/mI) established during viral titre assays (in DMEM) after initial viral
preparation. There was also a decrease in the non-exposed control population from
6 x 10 PFU/mI to 2.5 x 10* PFU/mI after the equivalent exposure time. This indicated that
there was less viral attachment and infection of FEA cells than expected. To overcome this,
the experiment was repeated with FCV suspended in modified PBS, Dulbecco’s PBS
(DPBS) which contained calcium and magnesium cations (Ca** & Mg®* respectively), used

to aid viral attachment and infection of cells.

Using DPBS as a suspending medium ensured that the initial population was the expected
10° PFU/mI population (Fig 4.2). There was also no significant difference in control
populations over the duration of the experiments (P = 0.656). Therefore, the 3.9 logyg
inactivation occurring after a dose of 2.8 kJ/cm?, when FCV is suspended in DPBS, is more
likely the true level of inactivation due to exposure to 155.8 mW/cm? 405 nm light. These

initial results indicate that high doses of 405 nm light are required for FCV inactivation when
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suspended in minimal media, with relatively linear inactivation occurring after doses of
561 J/cm?, 1683 J/cm’and 2804 J/cm?, all of which were found to be significantly different
to the final control population (P = 0.003, 0.002, 0.001 respectively).
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Figure 4.2 Inactivation of feline calicivirus suspended in minimal media (phosphate
buffered saline and Dulbecco’s phosphate buffered saline), exposed to high-irradiance
405 nm light. Samples were exposed to 405 nm light at an irradiance of 155.8 mW/cm?’.
Data points show the mean counts (n = 2 for PBS and n = 3 for DPBS respectively) + SD.
Asterisks ‘*’ indicate light-exposed samples that were significantly different to the non-
exposed final control samples (P < 0.05), using one-way ANOVA. No significant decrease

was observed in the final control populations (P > 0.05).

To investigate if the virucidal efficacy of 405 nm light could be enhanced, FCV was
suspended in organically-rich media: supplemented DMEM (Table 3.2), normally used as a
cell-culture medium. As can be seen in Figure 4.3, when exposed in this nutritious medium,
a significantly lower dose was required for viral inactivation compared to when in the
minimal medium, with a 4.8 logy reduction achieved after a dose of 421 Jicm? in
10% FBS-DMEM compared to 3.9 log,, reduction achieved after a dose of 2.8 kd/cm? in

minimal medium.
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As the presence of FBS (10%) in DMEM is thought to reduce the level of oxidation upon
exposure to normal laboratory lighting (Grzelak et al., 2001), the exposure was repeated with
FCV suspended in DMEM without FBS to observe any differences in inactivation kinetics.
Results (Fig 4.3) demonstrate that slightly greater inactivation was observed, when the serum
additive was omitted from the medium, however statistical analysis showed this difference
was not significant (P > 0.05). Control samples also showed no significant decrease
(P >0.05).

As components of DMEM have been shown to be photosensitive (Grzelak et al., 2001),
exposures were repeated with riboflavin added to DPBS with and without tyrosine,
tryptophan, pyridoxine and folic acid, in the same concentrations as found in DMEM
(Table 4.1). Results demonstrated that exposure of FCV suspended in DPBS with riboflavin
only resulted in a 1.3 logy, reduction after a dose of 421 J/cm? however when all components

were present, enhanced inactivation occurred and a 5.1 logyo inactivation was achieved.
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Figure 4.3 Comparison of the inactivation of feline calicivirus suspended in organically-
rich media (Dulbecco’s Modified Eagle medium (DMEM), without and without 10% fetal
bovine serum (FBS)), exposed to high-irradiance 405 nm light. Samples were exposed to
405 nm light at an irradiance of 155.8 mW/cm?. Data points show the mean counts (n = 3)
+ SD. Statistical analysis showed no significant difference between inactivation in the two
media (P > 0.05), using a paired T-test. No significant decrease was observed in the final

control populations (P > 0.05).
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Table 4.1 Comparison of the inactivation of feline calicivirus when suspended in
Dulbecco’s phosphate buffered saline supplemented with riboflavin alone or alongside
tyrosine, tryptophan, pyridoxine and folic acid, upon exposure to high-irradiance 405 nm
light. Samples were exposed to 405 nm light at an irradiance of 155.8 mW/cm?®. Table
entries represent the mean count (n = 3) + SD. Asterisks ‘*’ indicate light-exposed samples
that were significantly different to the non-exposed final control samples (P < 0.05).

DPBS Supplements

Riboflavin (0.4 mg/l)
Tyrosine (104 mg/l)
Photosensitive Components Riboflavin (0.4 mg/l) Tryptophan (16 mg/l)
Pyridoxine (4 mg/l)
Folic Acid (4 mg/l)

Starting Population

5.01£0.02 5.15+0.03

Log;o PFU/mI (£ SD)

Exposed Viral Population

3.77 £0.61 0.00 £0.00

Log;o PFU/mI (£ SD)

Non-Exposed Control Population

5.05 £ 0.06 5.12 £ 0.07

Logio PFU/mI (+ SD)
Logio Reduction PFU/mI (£ SD) 1.28* £ 0.60 5.12* £ 0.00

4.3 Inactivation Kinetics of FCV when suspended in Biologically-

Relevant Media

Once the baseline inactivation kinetics for FCV in minimal and organically-rich media were
established, experiments were conducted to determine if FCV could be inactivated when in
biologically-relevant media. This was carried out to investigate whether there was potential
for enhanced virucidal activity when using 405 nm light for clinical decontamination

applications. The three different biologically-relevant media used were: artificial saliva,
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human blood plasma and artificial faeces, representing biological substances which

commonly contaminate the environment and can potentially carry viral particles.

4.3.1 Artificial Saliva Preparation

Artificial saliva was based on that used by Margomenou et al. (2000), modified to contain a
minimal number of ingredients which would represent the protein (mucin) and enzyme
(amylase) content of human saliva. The formula was prepared as detailed in Table 3.4. The
amount of a-amylase was reduced following initial tests in which higher concentrations were
found to be not compatible with FEA cells. NaN; was also excluded as it has oxygen
scavenger properties and therefore may protect against oxidative damage occurring
(Egyeki et al., 2003). Once dissolved the artificial saliva was adjusted to a pH of between 7-
7.5 to replicate the pH of saliva (Edgar et al., 2004). Artificial saliva was prepared

immediately before it was required, and stored at 4 °C between use on the same day.

4.3.2 Human Blood Plasma Preparation

The human blood plasma used in viral inactivation studies was acquired from the Scottish
National Blood Transfusion Service (SNBTS, Glasgow). The SNBTS have very stringent
donation and screening procedures to ensure that blood products are not contaminated and
safe for use (NHS National Services Scotland, 2016), therefore it was not necessary to filter
the plasma before use to remove contaminants. The plasma was stored at —20 °C and slowly
defrosted at 4 °C overnight, it was then decanted into a sterile container and mixed

thoroughly before use.

4.3.3 Artificial Faeces Preparation

The artificial faeces was based upon a formulation detailed by Colén et al. (2015)
(Section 3.4.3). Inactivated Saccharomyces cerevisiae, oleic acid, psyllium powder, miso
paste and cellulose were used to represent microbial debris, fats, fibre, nitrogen and
carbohydrates, respectively. The original formulation (Table 4.2; Column 1), was tested with
the FEA cells but was found to be extremely thick, causing the FEA cell layer to dislodge
from 6-well plates, and also left a fatty residue on the remaining cells. This occurred even if

the formulation was diluted by a factor of 10°,

To ensure compatibility with FEA cells, work was conducted to adapt the formulation to
ensure it was suitable for use. As the original formula was extremely viscous, the
formulation was adapted to have an increased water content of 900 g (Formula 1), which is

also more indicative of the water level of diarrhoea (Wenzl et al., 1995). Upon incubation of
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the FEA cells with Formula 1, the solution was still viscous and cells still appeared stressed
with oily deposits on the surface. Subsequently several different formulations were produced
to reduce fatty residue and cell stress, firstly by further increasing the water content and
gradual reduction in the levels of constituents, with reductions in psyllium and miso found to
be most favourable for reducing visible cell stress and removal of the faeces from cell wells
(Formula 2). However, although the increased water content reduced viscosity to a
favourable level and cell stress appeared somewhat reduced, the fatty residue was still
present. Several attempts were made to remove the fatty residue from cells with various
washing techniques and formulations were tested with reduced oleic acid, but it was found
that complete removal of oleic acid was ultimately the best way to resolve this and remove
any additional stress incurred (Formula 3). As Formula 3 was seen to cause little stress and
there were no oily deposits, it was selected for use as the artificial faeces simulant, and the

pH was adjusted to pH 7-7.5 to ensure that there would not be any negative effects on FCV.

Although the chosen formula had an increased total percentage of water (~94% vs 80%), and
an increased percentage dry weight of all components, except psyllium powder and oleic
acid, compared to the original formulation (Colén et al., 2015), it was found to be the most
suitable formulation that could be used during virucidal efficacy testing and least likely to
cause additional inactivation of FCV and stress to FEA cells. Results when FCV was
suspended in these artificial faeces are preliminary indicators of the likelihood of viral
inactivation in real human faecal matter but cannot completely replicate the true inactivation

kinetics.

4.3.4 Viral and Cell Plate Preparation

FCV was prepared and suspended in the different biologically-relevant media, in a manner
similar to that described in Section 4.2.1. Cell plates were also prepared as described in
4.2.2.

4.3.5 Experimental Arrangement

Experimental arrangement, exposure to 405 nm light at an irradiance of 155.8 mW/cm? and
resultant plaque assays were carried out in the same manner as detailed in Sections 4.2.3-
4.2.4.
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Table 4.2 Combinations of the different components of artificial faeces, allowing compatibility with FEA cells.

Component l(::(:)rlgnnu:jl :Iy So_lid Dry Formula 1 So'lid Dry Formula 2 So_lid Dry Formula 3 So_lid Dry
) Weight (%0) (9) Weight (%0) (9) Weight (%0) (9) Weight (%0)
Distilled Water 800 - 900 - 920 - 920 -
Inactivated Yeast 60 30 30 30 30 37.5 30 50
Microcrystalline 20 10 10 10 8 10 8 133
Cellulose
Psyllium powder 35 175 175 175 7 5.6 7 11.7
Miso Paste 35 175 17.5 175 11 8.8 11 18.3
Oleic Acid 40 20 20 20 20 16 / /
NaCl 4 2 2 2 1.6 13 1.6 2.7
KCl 4 2 2 2 16 13 1.6 2.7
CaCl, 2 1 1 1 0.8 1 0.8 13




4.3.6 Results: FCV Inactivation when in Biologically-Relevant Media

Artificial saliva, human blood plasma and artificial faeces were selected as organically-rich
media, which are biologically-relevant in terms of media in which viral particles may be
found in the environment, with NoV regularly identified in faeces. Exposure of FCV when
suspended in artificial saliva yielded results similar to those achieved when suspended in
DMEM, with a 5.1 logy, reduction of infectivity achieved after a dose of 421 J/icm?
(Fig 4.4a). (In this case, inactivation was measured to a sensitivity of ten PFU/ml, as the
artificial saliva in the undiluted samples adversely reacted with the FEA cells causing them
to dislodge from the plate). Control samples showed no significant change when FCV was

suspended in artificial saliva (P = 0.618).

The dose required for inactivation when FCV was suspended in blood plasma was slightly
greater than that of artificial saliva, with 561 J/cm? required for 4.8 logy, inactivation of the
NoV surrogate (Fig 4.4b). Control samples showed no significant change when FCV was
suspended in plasma (P = 0.101).

Exposure of FCV in artificial faeces required far greater doses of 405 nm light for
inactivation, with 4.5 log;, inactivation achieved after a dose of 1.4 kl/cm?® (Fig 4.4c).
Control samples showed no significant change when FCV was suspended in artificial faeces
(P =0.747).
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Figure 4.4 Inactivation of feline calicivirus suspended in biologically-relevant media upon
exposure to high irradiance 405 nm light. Samples were exposed to 405 nm light at an
irradiance of 155.8 mW/cm? Feline calicivirus was suspended in (a) artificial saliva, (b)
blood plasma and (c) artificial faeces. Data points show the mean counts (n = 3) + SD.
Asterisks “*’ indicate light exposed samples that were significantly different to non-exposed
final control samples (P < 0.05), using one-way ANOVA. No significant decrease was

observed in the final control populations (P > 0.05).
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Comparison of the inactivation kinetics of FCV when suspended in the different selected
media can be seen in Figure 4.5. Results demonstrate three distinct clusters within the
inactivation profile of FCV in the differing media. The first cluster of inactivation occurs
when FCV was suspended in organically-rich and biologically-relevant media including
DMEM, artificial saliva and blood plasma, with doses of 420-560 J/cm? required for 5 logy,
reduction. This is followed by > 3x increase in dose requirements for a similar level of
inactivation when FCV is exposed in artificial faeces. These differences in dose requirements
when FCV is suspended in biologically-relevant media could be due to reduced levels of

transmission through the media, as detailed in Section 4.4.2.

The final inactivation cluster requires the greatest doses of 405 nm light for viral
inactivation. When suspended in minimal media (DPBS) a dose of 2.8 kl/cm” was required
for 3.9 logy, reduction of FCV. This is likely due to the differing inactivation mechanism
when the virus is suspended in minimal media compared to organically-rich media as

discussed in section 4.5.
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Figure 4.5 Comparison of inactivation kinetics of feline calicivirus when suspended in a
range of media. FCV was suspended in minimal medium (Dulbecco’s phosphate buffered
saline (DPBS)), organically-rich media (Dulbecco’s Modified Eagle medium (DMEM), 10%
fetal bovine serum supplemented DMEM (10% FBS-DMEM)) and biologically-relevant
media (artificial saliva, human blood plasma and artificial faeces), upon exposure to
increasing doses of 405 nm light at an irradiance of 155.8 mW/cm®. Data points show the

mean counts (n = 3) £ SD.
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4.4  Assessment of the Photosensitivity of the Suspending Media

This section provides analysis of the suspending media used for viral exposures in this study.
The aim was to assess the potential photosensitivity of the different suspending media, and
discuss the potential affect that these may have exerted on FCV during high-intensity

405 nm light exposure.

4.4.1 Spectrophotometry Techniques

The transmission and absorbance of 405 nm light through the suspending media was

measured using a Biomate 5-UV-Visible Spectrophotometer (Thermo Fisher Scientific, UK).

The presence of porphyrins, or other components with the ability to absorb 405 nm light and
emit fluorescence, within the suspending media was determined using fluorescence
spectrophotometry. Media were freshly prepared and fluorescence measurements were
carried out using a RF-5301 PC spectrofluorophotometer (Shimadzu, USA). Excitation was

carried out at 405 nm and emission spectra were recorded between 450 and 700 nm.

4.4.2 Results

The transmission of light through the suspending media can be seen in Figure 4.6a. The
greatest transmission of 405 nm light occurred through minimal media (DPBS) with 99.9%
transmission. Least transmission occurred in blood plasma (2.1%) and artificial faeces
(0.05%). Transmission of 405 nm light through DMEM and artificial saliva was similar,
between 30-41%, with transmission through DMEM reduced from 40.9% to 30.6% when the
FBS additive was present.

The absorbance measurements of the suspending media were also recorded (Fig 4.6Db).
Maximum absorbance of 405 nm light was by blood plasma and artificial faeces (1.8 and
3.3 a.u, respectively). Again there were differences in the measurements of DMEM with and
without FBS, with absorbance of 405 nm light greater in 10% FBS-DMEM (0.5 a.u)
compared to DMEM (0.4 a.u). Minimal absorbance of light occurred in DPBS (0.0003 a.u).

The fluorescence emission spectra of all the suspending media can be seen in Figure 4.7.
When excited at 405 nm, emission peaks for organically-rich media were seen between
518-520 nm. Additionally, the excited biologically-relevant media had emission peaks at

461, 510 and 519 nm for artificial saliva, blood plasma and artificial faeces, respectively.
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Selected components of artificial saliva and faeces were then individually excited at 405 nm.
Constituents of artificial saliva and artificial faeces were suspended in distilled water in the
concentrations described in Table 3.4, with the exception of the yeast which underwent a
10-fold dilution as the neat solution was very opaque. As can be seen in Figure 4.8 small
peaks appear around 465-470 nm for both pig gastric mucin and a-amylase, both of which
are components of artificial saliva. With regards to artificial faeces, small peaks were found
at 671 nm for psyllium (Fig 4.9a) and 478 nm and 520 nm for miso and yeast, respectively
(Fig 4.9b).
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Figure 4.6 Light transmission and absorbance through different suspending media.
lllustrating: (a) light transmission and (b) light absorbance, through minimal medium
(Dulbecco’s phosphate buffered saline (DPBS)) organically-rich media (Dulbecco’s
Modified Eagle medium (DMEM), 10% fetal bovine serum supplemented DMEM (10%
FBS-DMEM)) and biologically-relevant media (artificial saliva, artificial faeces and

blood plasma).
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Figure 4.7 Fluorescence emission spectra of suspending media used for feline calicivirus

exposure, using an excitation wavelength of 405 nm. Media included minimal medium

(Dulbecco’s phosphate buffered saline (DPBS)), organically-rich media (Dulbecco’s
Modified Eagle medium (DMEM), 10% fetal bovine serum supplemented DMEM (10%

FBS-DMEM)) and biologically-relevant media (artificial saliva, artificial faeces and

plasma). Asterisks ‘*’ indicate peak emission wavelengths.

Fluorescence (a.u)

100

80

60

40

204

0

= *465nm

*469 nm

= = Mucin

o -Amylase

- _—— - -

T
450 500

T T
550 600
Emission Wavelength (nm)

Figure 4.8 Fluorescence spectra of the main components of artificial saliva (pig gastric

mucin and a-amylase), using an excitation wavelength of 405 nm. Asterisks ‘*’ indicate

peak emission wavelengths.
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Figure 4.9 Fluorescence spectra of the main components of artificial faeces, using an
excitation wavelength of 405 nm. Components included (a) psyllium and cellulose and (b)

10% yeast and miso. Asterisks ‘*’ indicate peak emission wavelengths.

4.5 Discussion

This study was designed to investigate the effect of 405 nm light on the clinically important
virus, NoV, which is highly contagious and one of the leading causes of acute gastroenteritis
(Atmar and Estes 2006; Cromeans et al., 2014). Currently, the efficacy of decontamination
technologies cannot be tested against NoV. This is because there is no established cell
culture method, and recent attempts using 3D organoid models of intestinal epithelial cells
have had mixed success (Duzier et al., 2004a; Straub et al., 2011; Papafragkou et al., 2013;
Takanishi et al., 2014). Detection of NoV using reverse transcription-polymerase chain
reaction (RT-PCR) can also be unreliable. As only a small region of the RNA genome is

amplified from the virus, this method cannot distinguish the infectivity of viruses and may
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underestimate the efficacy of decontamination treatments (Duizer et al.,, 2004a; Diez-
Valcarce et al., 2011; Park et al., 2011; Cromeans et al., 2014). Current studies are underway
to tackle these problems, including the study of in-situ capture quantitative RT-PCR
developed to differentiate between active and inactive viruses; and investigating B-cells and
stem cell-derived human enteroids for NoV replication (Jones et al., 2014; Wang and Tian
2014, Ettayebi et al., 2016). However, these methods are yet to be standardised.

To overcome this lack of a NoV cell culture model, this study used FCV as a surrogate
mammalian  virus, which similarly belongs to the Caliciviridae family
(Siebenga et al., 2010). FCV and NoV share physiochemical and genomic similarities with
similar genomic size and organisation (7.5 kb genome, 3 Open Reading Frames) and similar
non-enveloped structures containing 180 capsid proteins arranged into 90 dimers
(Jiang et al., 1993; Slomka et al., 1998; Vasikova et al., 2010; Hoelzer et al., 2013;
Kneil et al., 2014). The use of FCV as a surrogate for NoV is well-established and has a
standardised cell-culture protocol (Doultree et al., 1999; Bidawid et al., 2003; Duizer et al.,
2004b; Kampf et al., 2005; Lee et al., 2007; Chander et al., 2012). In this study, FCV was
used to infect feline embryonic cells (strain FEA) to form countable plaques indicating virus

inactivation which allowed for quantification (Jarrett et al., 1973; Omerod and Jarrett 1978).

Similar studies investigating the virucidal effects of other decontamination technologies such
as UV light, ozone, HPV and CAPP have also used FCV as a NoV surrogate
(Nuswalen et al., 2002; Hudson et al., 2007; Bentley et al., 2012; Aboubakr et al., 2015;
Holmdahl et al., 2016). However, there has been a recent move towards using Murine
Norovirus (MNV) and Tulane Virus (TuV), alongside FCV, as NoV surrogates
(Cromeans etal.,, 2014; Kniel 2014; Chiu et al., 2015; Esseili et al., 2015;
Zonta et al., 2016). Other viruses such as Porcine Enteric Calicivirus (PEC), Canine
Calicivirus (CCV), Hepatitis A Virus (HAV) and MS2 coliphage have also been used in
some studies as alternative human enteric viruses and NoV surrogates (Duizer et al., 2004b;
D’Souza and Su 2010: Wang et al., 2013b: Cromeans et al., 2014). In addition, some studies
have used Virus Like Particles (VLPs) and RT-PCR to investigate NoV inactivation,

however this can be inaccurate as previously discussed (Park et al., 2010; Sato et al., 2016).

When comparisons are made between FCV and these alternative NoV surrogates there are
differences in susceptibility to varying physiochemical and environmental factors such as
alcohol, pH level and temperature. FCV is thought to be more sensitive to low pH levels than
MNV, TuV and PEC but more resistant than CCV (Duizer et al., 2004; Cannon et al., 2006;

Cromeans et al., 2014). With regards to alcohol resistance, FCV and CCV are more resistant
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to 70% and 90% ethanol than MNV and PEC, however, TuV has been shown to be more
resistant than FCV (Duzier et al., 2004; Cannon et al., 2006; Sattar et al., 2011,
Cromeans et al., 2014). Cannon et al. (2006) demonstrated FCV was more stable than MNV
when at an elevated temperature of 56 °C but displayed similar inactivation levels at higher
temperatures of 63°C and 72°C. Conversely, in a more recent study by
Cromeans et al. (2014) raising the temperature to 56 °C for 20 minutes resulted in similar
5 logye inactivation of FCV, MNV and TuV with only a 2 logy, reduction of PEC.

However, when comparing FCV’s susceptibility to decontamination technologies such as
UV light, HPV, ozone and photodynamic inactivation (PDI) against other surrogates, little
difference is seen (Nims and Plasvic 2013). In the case of UVC irradiation, similar doses of
254 nm light, 29 md/cm? and 25 mJ/cm?, were required for 4 logyo inactivation of MNV and
FCV respectively (Park et al., 2011). Additionally, there is also very little difference in
irradiation inactivation between FCV and CCV with a 99.9% reduction after a dose of 34
mJd/cm? UVB radiation (280-320 nm) (Duizer et al., 2004; Nims and Plasvic 2013). When
exposed on surface coupons, there was a >4 logy, reduction of MNV and FCV after
exposure to 12% hydrogen peroxide gas for one hour or 30% hydrogen peroxide vapour for
20 minutes, respectively. (Tulhadar et al., 2012; Bentley et al., 2012). Additionally, although
difficult to compare due to different experimental arrangements, using ozone there was > 3
logyo reduction of FCV after 20 minutes using ~20-25 mg/l and a 2-3 log;, reduction of
MNYV following treatment using 1 mg/l ozone for 2 minutes (Hudson et al., 2007; Lim et al.,
2010). Furthermore, oxidative damage caused by a 60 min exposure to fluorinated titanium
dioxide and 10 uW/cm?' fluorescent light resulted in 1.7 logy, 2.6 logie and 2.6 logy
reduction of MS2, FCV and MNV respectively (Cho et al., 2010).

Therefore, it is not unreasonable to hypothesise that the antiviral efficacy of 405 nm light
against FCV may be commensurate to other NoV surrogates and small non-enveloped
viruses. As there is no scientific agreement on the use of a single surrogate for NoV,
regardless of the surrogate used, decontamination studies may under or overestimate the
antiviral efficacy. Therefore, using FCV as a NoV surrogate was thought to be the best
choice due to ease of use; reproducibility of results; and similarity in inactivation to other
surrogates with regards to novel decontamination technologies. Using FCV would provide
the initial proof-of-concept of the virucidal efficacy of 405 nm light, with > 4 logy, reduction
in the number of viable viruses, demonstrating virucidal efficacy (Steinmann 2004;
Tulhdar et al., 2012).
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Violet-blue light between 400-420 nm has been used for microbial inactivation, with 405 nm
thought to have the optimal antimicrobial efficacy. Due to the lack of endogenous porphyrins
within virions, however, inactivation by 405 nm light has been thought unlikely
(Hamblinetal.,, 2005; Guffey and Wilborn 2006; Enwemeka et al., 2008;
Maclean et al., 2008b, 2009, 2013b). However, a recent study by Tomb et al. (2014)
indicated that a bacteriophage, used as a surrogate for mammalian viruses, could be
inactivated by 405 nm light. The study demonstrated that, following a dose of 306.2 J/cm? a
2.7 logyo reduction of the bacteriophage could be achieved when in nutrient-rich media.
However, upon exposure to 405 nm light when in minimal media, the bacteriophage was still
able to infect the bacterial host, but a small yet significant 0.3 log,, inactivation was
observed after the same dose of 306.2 J/cm? (Tomb et al., 2014).

To ascertain whether the same effect could occur in a virus, the virucidal efficacy of 405 nm
light was determined using FCV suspended in both a minimal medium and organically-rich
media. Exposure in a minimal medium would provide a better indication of the interaction of
405 nm light with the virus alone, whilst suspension in organically-rich media, which is
likely to contain photosensitive components, would assess how viral susceptibility to the

light can potentially be influenced by the surrounding media.

Successful FCV inactivation was achieved when suspended in a minimal medium, although
the dose required was substantial, with 2.8 kd/cm? giving a 3.9 log;, reduction (Fig 4.2). In
the case of bacteria and fungi in minimal medium, doses in the range of 18-576 J/cm’ are
typically required for 5 log,, inactivation (Maclean et al., 2009; Murdoch et al., 2012, 2013).
The increased susceptibility of bacteria and fungi compared to viruses is accredited to the
presence of endogenous photosensitive porphyrins within these cells (Hamblin and Hasan
2004; Maclean et al., 2008b; Murdoch et al., 2013). Low sensitivity of FCV in minimal
medium was anticipated due to the absence of porphyrins in the viral structure, together with
the fact that minimal medium does not contain any photosensitive substances which absorb
light at 405 nm (Fig 4.7), suggesting that viral inactivation, in this case, is due to a differing

mechanism.

An alternative mechanism of inactivation when FCV is suspended in minimal medium may
be associated with the LED emission spectrum extending slightly into the UVA region
(Fig 3.5), meaning the virus is exposed to very low-level UVA photons (~390 nm). Over an
extended period, this could cause oxidative damage to proteins (Girard et al., 2011,
Pattison et al., 2012), for example, to the viral capsid, and therefore contribute to the

observed inactivation. Another possibility is that the small amount of 420-430 nm light
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emitted from the source may contribute to viral inactivation. Antiviral effects of 420-430 nm
have been demonstrated against murine leukaemia virus, with long exposures thought to
cause photo-damage to the virion-associated reverse transcription complex (Richardson and
Porter 2005). Although this virus differs in structure to FCV, these findings suggest that
prolonged exposure to wavelengths at the tail ends of the 405 nm LED emission spectrum
such as 390 and 420 nm, as well as 405 nm, may affect the viruses’ ability to infect and
replicate in host cells, and have a role in the inactivation of FCV by the LEDs used in this
study.

To investigate whether exposure in organically-rich media had any effect on viral
susceptibility, FCV was first suspended in DMEM with and without 10% FBS, thought to
aid protection against ROS (Grzelak et al., 2001). Results (Fig 4.3) demonstrated near
complete reduction in infectivity of a 10° PFU/mI population after a dose of 421 J/cm?® As
can be seen in Figure 4.3 slightly greater inactivation occurred when FCV was suspended in
DMEM without the FBS serum additive, however, no significant difference was seen
between the inactivation kinetics. As the inactivation dose of 421 J/cm? is 85% less than that
required for a similar level of inactivation in the minimal medium, it is likely that
components of the organically-rich media are influencing FCV inactivation. The
aforementioned study by Tomb et al. (2014), which investigated the susceptibility of
bacteriophage ¢C31, demonstrated similar results to those of the current study. Little
inactivation was observed when exposed in a simple salt solution, however susceptibility
was significantly enhanced when suspended in a nutrient-rich medium, with a 5.4 log;
reduction of $C31 achieved after exposure to 510 J/cm?. This was hypothesised to be due to
the complex protein and amino acid rich composition of the nutrient-rich medium,
suggesting some components could be photosensitive and when exposed to 405 nm light in
the presence of oxygen would produce ROS and other toxic photoproducts which damage
the bacteriophage (Tomb et al., 2014). This same phenomenon is likely to account for the
enhanced inactivation of FCV when in DMEM and 10% FBS-DMEM, as these contain a
complex mixture of amino acids, vitamins and sugar, which have the potential to absorb

405 nm light (Fig 4.7) and act as photosensitizers.

The photosensitisation of components of DMEM upon exposure to light is known, with
riboflavin shown to produce ROS which is further enhanced by tryptophan, tyrosine,
pyridoxine and folic acid (Grzelak et al., 2001). Riboflavin is known to be photosensitive in
the presence of visible light and oxygen, and can produce singlet oxygen and superoxide

anions by an energy transfer from the photo-excited riboflavin to molecular oxygen
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(Joshi 1985). Furthermore, violet-blue light wavelengths are thought to be the most efficient
for the photo-decomposition of riboflavin and the generation of ROS (Cheng et al., 2015).
To investigate this, riboflavin was added to DPBS with and without tyrosine, tryptophan,
pyridoxine and folic acid in the same concentrations found in DMEM (Table 4.1). Results
support this, with only 1.3 log,, reduction when only riboflavin was present. However, when
all vitamins and amino acids were present, enhanced inactivation of FCV was achieved with

complete inactivation of a 10° PFU/mI population.

It is possible that ROS such as hydrogen peroxide, superoxide, hydroxyl radicals and/or
singlet oxygen are generated from the organically-rich media upon 405 nm light
illumination. These ROS could cause damage to several different sections of the viral
structure such as the capsid, the core proteins, as well as the nucleic acid, which could lead
to viral inactivation. Attempts were made during this study to identify the oxidative damage
which had occurred in exposed FCV virions, using transmission electron microscopy (TEM).
The objective was to observe and identify any capsid damage which had occurred and
investigate if there were differences in structural damage when FCV was exposed to 405 nm
light suspended in minimal or organically-rich media. Unfortunately attempts to visualize the
virus were unsuccessful, but future work to identify damage, will be discussed in Section
8.2.2.

Upon review of studies using decontamination technologies to inactivate NoV surrogates, it
is possible to hypothesise that damage is likely to have occurred to the viral capsid, when
FCV was exposed to 405 nm light suspended in ROS-generating media. Studies
investigating oxidative damage to NoV surrogates have used several techniques to visualize
viral damage including TEM, matrix assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF), sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and OxyELISAs™. (Sigstam et al, 2013; Park et al., 2014
Shionoiri et al., 2015; Predmore et al., 2015; Bekele et al., 2016).

Several of the aforementioned techniques were utilised in a recent study by Shionoiri et al.
(2015), investigating damage to FCV caused by electrochemical treatment. Firstly,
SDS-PAGE performed to identify protein modification, demonstrated a smeared band
representing the major viral capsid protein VP1 (62 kDa), indicating damaged capsid
proteins (Shionoiri et al., 2015). However, as it was not fragmented or degraded, it indicated
oxidation was attributable to the electrochemical viral inactivation. MALDI-TOF analysis
was also carried out and identified capsid peptides in the terminal arm and shell of the major

protein complex (VP1) which had been altered due to oxidisation (Shionoiri et al., 2015).
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Additionally, TEM used to visualise viral particles and identify morphological changes
demonstrated that the viral numbers did not change after electrochemical treatment but the
viral particles were damaged and the 32 cup-like hollows of the of VP1 capsid were no
longer as visibly clear (Shionoiri et al., 2015). Therefore, this study demonstrated several
techniques and several potential alterations of the viral capsid which are altered due to
oxidative damage.

Further, in a study by Park et al. (2014) an OxyELISA™ was carried out to identify the
oxidative damage occurring to viral capsid proteins after exposure to light-activated
fluorinated titanium. This technique demonstrated an increase in oxidised protein
concentration of MS2 and G1.1 NoV capsid proteins, after treatment, increasing from 5% to
61% and 69% for MS2 and G1.1 NoV respectively. The results in this study indicated that
ROS such as singlet oxygen and hydroxyl radicals generated from the light-activated
fluorinated titanium had targeted the viral capsid proteins and oxidised them. Additionally,
RT-PCR assays were also carried out before and after treatment, which demonstrated that
there was no reduction in viral RNA, suggesting inactivation was not due to RNA damage
(Park et al., 2014).

The aforementioned methods, TEM, SDS-PAGE and RT-PCR, were also used to identify
damage to MNV and TuV after ozone treatment. The results demonstrated by
Predmore et al. (2015) indicated that inactivated viruses had damaged structures and capsid
proteins whilst the RNA remained intact, further supporting the hypothesis that oxidative
damage alters the viral capsid and does not affect the viral RNA.

It is therefore likely that any damage occurring to FCV during exposure to 405 nm light in
organically-rich media is oxidative damage to the viral capsid proteins. When FCV is
illuminated with 405 nm light it is likely that the photo-sensitive chromophores within the
suspending medium become excited and release harmful ROS. These ROS may cause
oxidative damage to the fundamental structures of the viral capsid complex, namely the
major and minor capsid proteins (VP1 and VP2 respectively), with the VP1 protein
responsible for viral attachment and host cell entry (Bhella et al., 2008). Therefore, as FCV
is no longer able to infect FEA cells after 405 nm light exposure, the VVP1 protein may be
damaged or altered, preventing FCV from recognising host cellular receptors and initiating
their viral replication cycle. In terms of NoV inactivation, if 405 nm light were to have the
same efficacy and mechanism as that against FCV, then perhaps the capsid proteins would

also be damaged. This would prevent the protruding (P) domain of the VP1 protein from
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recognising receptors on host cell surfaces such as the histo blood group antigens and

prevent NoV infection from occurring (Glass et al., 2009; Thorne and Goodfellow 2014).

As this study is focussed on the applied use of 405 nm light for decontamination, it was
important to consider how light-induced inactivation would be influenced when viral
particles were suspended in more biologically-relevant, naturally occurring matrices such as
body fluids or secretions. The three different biologically-relevant media used were artificial
saliva, artificial faeces and human blood plasma. There were several benefits of exposing
FCV in these biologically relevant media. Firstly, artificial saliva and artificial faeces could
be readily prepared and, once the correct formulations were established, these media were
much easier to collect and safer to work with than the equivalent human samples. Secondly,
if the inactivation of FCV in artificial faeces was successful this would be an indicator of the
potential efficacy of 405 nm light against NoV. Finally, establishing viral inactivation
kinetics, using FCV as a model virus, in artificial saliva and blood plasma would indicate the
potential for inactivation of other viruses which are likely to be found suspended in, and
surrounded by, these biological fluids in the acute setting (Aitken and Jeffries 2001).

Results demonstrated that, similarly to inactivation in organically-rich media (DMEM and
10% FBS-DMEM), viral susceptibility was significantly increased when suspended in these
biologically-relevant fluids. Of the three model fluids used, sensitivity was highest when
suspended in artificial saliva (Fig 4.4a), with a 5.1 logy, reduction of FCV infectivity
achieved after a dose of 421 J/cm® — the same as that observed when in organically-rich
media. Susceptibility was slightly reduced when suspended in blood plasma (4.8 logig
inactivation with 561 J/cm?), and further reduced when in artificial faeces, with more than

three times the dose required to achieve a 4.5 logio reduction (Fig 4.4b & 4.4c).

When inactivation profiles were compared in Figure 4.5, there is a clear clustering effect
between the different suspending media. To achieve a 4 log;, reduction of FCV, there are
three distinct inactivation clusters: (i) inactivation in nutrient rich media, artificial saliva and
blood plasma requiring doses of ~400-500 J/cm?; (ii) inactivation in artificial faeces
requiring doses of ~1 kJ/cm? and (iii) inactivation in minimal media requiring doses of
~3 kd/cm?. It is likely that inactivation of FCV in blood plasma, in cluster 1, requires slightly
higher doses of ~500 J/cm® due to an average 2.12% transmission of 405 nm light through
this media. Additionally, the reduced levels of 405 nm light transmission through artificial
faeces contributes to the slower inactivation rate, seen in cluster 2, with 0.05% transmission
of 405 nm light recorded, compared to 30-40% transmission in all other organically rich

media used (Fig 4.6). Interestingly, similar levels of transmission (30-40%) and absorbance
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(0.4-0.5 a.u.) of 405 nm light were evidenced between artificial saliva and organically-rich
media (Fig 4.6) which may have influenced the similar dose requirement for FCV
inactivation, when in these particular media. Inactivation requires much higher doses in
cluster 3 when FCV is suspended in minimal media, likely due to differing inactivation

mechanism as discussed previously.

The linear inactivation of FCV in blood plasma is a particularly important and novel result in
this study. This result indicates the potential for the use of 405 nm light for viral
decontamination of blood and blood products, with common viral contaminants including
Hepatitis Viruses (HBV, HCV), Human Immunodeficiency Viruses (HIV-1 & HIV-2),
Human T-cell Lymphotrophic Virus and Cytomegaloviruses (Bihl et al., 2007). Caliciviruses
(unspecified strains) have been shown to be inactivated in blood plasma previously, with a
4 logye reduction achieved using methylene blue as a photosensitizer and visible light
(Mohr et al., 1995). More recent advances in plasma decontamination generally use a
riboflavin additive, which is illuminated with 313 nm UV light to photo-dynamically
inactivate viral pathogens (Goodrich et al., 2006; Marschner et al., 2011). However, 405 nm
light has been shown to have potential for blood decontamination without the need for
photosensitizers. This has been established by Maclean et al. (2016), who demonstrated the
inactivation of key bacterial pathogens: S. aureus and S. epidermidis in human blood plasma.
Using 405 nm light at an irradiance of between 5-100 mW/cm? results demonstrated
successful inactivation of these pathogens in 3 ml plasma samples, with doses between
270-360 mW/cm? required for 5logy, reduction (Maclean et al, 2016). Not only was
inactivation achieved in directly exposed plasma but also in plasma contained within sealed
transfusion bags. The small-scale tests, similar to those used in the present study,
demonstrated similar inactivation kinetics for bacteria as found with FCV (360 vs 421 J/cm?
respectively). Therefore, with the bactericidal and viricidal efficacy of 405 nm light on blood
plasma, this technology could be developed for blood decontamination and would overcome
many of the current problems using PDI. This would eliminate the requirement for additional
photosensitizers and detergents for treatment, which can be toxic if not completely removed
from blood products (AuBuchon et al., 2011; Tsen et al., 2014).

The successful inactivation of FCV in artificial saliva and artificial faeces is also an exciting
result in terms of the potential virucidal efficacy of 405 nm light. Inactivation of viruses in
saliva is of particular importance with regards to viruses which are transmitted in the hospital

environment via droplets such as respiratory syncytial virus and Influenza
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(Weedon et al., 2013). The ability of 405 nm light to inactivate FCV in artificial faeces is
also particularly significant in terms of NoV, which is transmitted via the faecal-oral route.

The artificial faeces used in these experiments contained inactivated Saccharomyces
cerevisiae, oleic acid, psyllium powder, miso paste and cellulose, chosen to represent
microbial debris, fats, fibre, nitrogen and carbohydrates, respectively. The proportions in
which these components are present in human faeces will differ as there will be an array of
fats, carbohydrates and proteins dependent on food intake. The water content will also be
influenced by food intake and the state of hydration of the relevant individual
(Arnaud 2003), as well as the presence of minerals such as sodium and potassium
(Nishimuta et al., 2006). Additionally, the composition of the gut microbiome will influence
the consistency of human faecal matter (Vandeputte et al., 2016). Therefore, the adapted
artificial faeces used in this study can never truly replicate naturally produced faeces,
however are still a good indicator of the likelihood of NoV inactivation in faeces.

It is interesting to note that human faecal matter will also contain bilirubin, a photosensitive
breakdown product of blood plasma (McDonagh 2008). This may act as a photosensitizer
when in contact with 405 nm light, enhancing inactivation levels seen over and above that in
this study. Additionally, as the artificial faeces formula used in this study was very turbid
(0.05% transmission) it may be that lower doses would be required in the environment if
NoV particles are released in diluted faecal matter, for example if faecal aerosols are formed
after flushing the toilet. Other hospital acquired viruses such as Hepatitis A, Hepatitis E,
Adenovirus and Rotavirus can also be transmitted via the faecal-oral route (Lemon 1997
Nuanualsuwan et al., 2002; Gleizes et al., 2006; Rutala et al., 2006; Kumar et al., 2013).
Therefore, there may be potential for 405 nm light to have virucidal efficacy against these

other infectious viruses which are transmitted in respiratory secretions and faecal matter.

To further investigate the reaction of the minimal, organically-rich and biologically-relevant
media after exposure to narrow-spectrum 405 nm light, fluorescence spectrophotometry was
used to record any fluorescent output from the media (Fig 4.7). Excitation of the minimal
medium displayed no emission peaks, which ratifies the previously discussed findings that
large doses of 405 nm light are required for FCV in DPBS. The lack of peaks in the emission
spectrum indicates that there are no components in DPBS acting as exogenous
photosensitizers, and the inactivation seen is potentially due to low-levels of near UVA or
420-430 nm light.
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Emission peaks were found between 517-520 nm for the organically-rich media, and
460 nm, 510 nm, 519 nm for artificial saliva, blood plasma and artificial faeces respectively.
As viruses do not contain porphyrins, and the fact that the range of organically-rich and
biologically-relevant suspending media used contained components that were excited by
405 nm light, the results indicate that FCV inactivation using 405 nm light was enhanced by
the photosensitisation of suspending media, with 50-85% lower doses required for similar

levels of viral inactivation.

These results indicate the potential for NoV susceptibility to 405 nm light to be enhanced
when in organically-rich media, or host secretions in which they are released such as faeces,
blood and vomit. Although the consistency and transparency/opacity may differ to those
used in this study, these fluids are likely to be rich in molecules which could potentially be
sensitive to 405 nm light, thereby aiding in NoV inactivation.

In all scenarios when FCV was exposed to 405 nm light in minimal, organically-rich or
biologically-relevant media, there was > 4 logyg inactivation achieved (Fig 4.5), using doses
of 421-2.8 ki/cm?, demonstrating the virucidal efficacy of violet-blue light (Steinmann 2004;
Tulhdar et al., 2012). Therefore, this study provides the first proof-of-concept evidence
demonstrating that the antimicrobial efficacy of 405 nm light can be extended to medically
important viruses, with susceptibility significantly enhanced when the viral particles are
contained within biologically-relevant media, representing how viruses are found in the
environment. The high-irradiances used are indicative of 405 nm light applications in
contained areas not in direct contact with patients and staff. This could include
decontamination of clinical equipment and long-term storage of high-risk medical supplies

and devices.
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Chapter Five

Viral Inactivation using
Low-Irradiance 405 nm Light

5.0 Overview

This chapter expands on the proof-of-concept findings of the previous chapter, and looks to
establish the antiviral efficacy of low-irradiance 405 nm light, using the HINS-light EDS.
This novel decontamination system emits low-irradiance 405 nm light and can be integrated
into hospitals alongside normal lighting, to help reduce the level of environmental
contamination (Maclean et al., 2010, 2013a; Bache et al., 2012). This chapter investigates
the virucidal efficacy of the EDS, firstly using bacteriophage and viruses suspended in a
range of media, including biologically-relevant liquids (blood, plasma, faeces).
Subsequently, the antiviral efficacy of the EDS for decontamination of materials

representative of typical contact surfaces within the clinical environment, was assessed.

5.1 Introduction

As discussed in Chapter 2, NoV is easily transmissible and can be spread via multiple routes
including food and water, person to person contact and environmental surfaces (Glass et al.,
2009). Surfaces and fomites play a particularly important role in NoV transmission, with
surfaces linked to repeat outbreaks as a result of inadequate cleaning (Jones et al., 2007). As
NoV outbreaks have become regular occurrences in health-care settings, health boards
require more advanced cleaning techniques to operate alongside normal cleaning regimes, to

prevent further transmission (Nerandzic et al., 2010; Otter et al., 2013).

New technologies which have been developed to aid environmental decontamination include
UV light, HPV, ozone and CAPP. These technologies have faster bactericidal activity than
the HINS-light EDS, however due to their operating requirements, they are more suited to
terminal clean activities. The HINS-light EDS on the other hand can be employed for
continuous environmental decontamination in the presence of patients and staff. Although

there is published evidence of the antibacterial efficacy of the HINS-light EDS within
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laboratory and clinical environments (Maclean et al.,, 2009, 2010, 2013 a, b;
Murdoch et al., 2012, 2013), there is currently no available data quantifying antiviral
efficacy.

As can be seen in Chapter 4, high-intensity 405 nm light is able to inactivate the NoV
surrogate, FCV, with an increased level of inactivation seen when the viral particles are
suspended in photosensitive media. This chapter was designed to investigate the virucidal
efficacy of low-intensity 405 nm light from the EDS, with exposure times far longer than
with high-irradiance sources. Exposures were carried out over a number of days rather than
hours, which is more similar to practical application of the EDS being used continuously to
support decontamination. The study is divided into three main sections:

e Inactivation of a viral surrogate, bacteriophage $C31.
e Inactivation of FCV, when suspended in minimal, organically-rich and biologically-
relevant media.

¢ Inactivation of FCV contamination on surfaces relevant to the hospital environment.

5.2 Inactivation of a Viral Surrogate using Low-Irradiance 405 nm
Light

The first stage of experiments used a viral surrogate, bacteriophage $C31, to investigate the
antiviral efficacy of low-irradiance light. In a previous study by Tomb et al. (2014) the
bacteriophage was shown to be sensitive to high-intensity 405 nm light, therefore this
organism was selected to allow initial confirmation of the virucidal effect of low-irradiance

light, and to allow calculation of doses required for subsequent FCV exposure experiments.

5.2.1 Experimental Methodology

The light source used for exposure of bacteriophage samples was the prototype HINS-light
EDS unit, as detailed in Section 3.5.3. For sample exposure, the EDS was mounted in the
ceiling, and the sample plates were positioned directly under the EDS, at a distance of 1.6 m
(Fig 5.1a).

For exposure, 3 ml volumes of bacteriophage suspension with a density of 10° PFU/m
(prepared as described in Section 3.2.3) were held in 12-well plates on the worktop surface
(Fig 5.1b). Bacteriophage were suspended in either PBS (minimal media) or nutrient broth

(nutritious growth media) for exposure for 1-14 days. The sample dishes were placed in the
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centre of the worktop with their lids kept on to prevent any sample evaporation. The average
irradiance at the surface of the samples was approximately 0.5 mW/cm? (taking into account
a sample depth of 6 mm, and a 4% loss of irradiance through the sample plate lid). The
non-exposed control samples were prepared in the same way but exposed to fluorescent
laboratory lighting, which measured at 0.02 mW/cm? and 60 Lux.

Worktop

Figure 5.1 Experimental arrangement for inactivation of bacteriophage and virus
suspensions using low-irradiance 405 nm light. The light source used was the HINS-light
EDS. Illustrating: (a) the HINS-light EDS at a distance of 1.6 m from the sample dishes and
(b) location of the 12-well plate on the worktop giving an average irradiance of 0.5 mW/cm?

at the surface of the 3 ml samples.

5.2.2 Assessment of Surviving Bacteriophage Populations

Post exposure, samples (100, 200 and 500l volumes) were pipetted onto nutrient agar plates
and a soft agar containing 0.1% S. coelicolor spores was thinly poured on top. The plates
were left to set and then co-incubated overnight at 28°C. Following incubation, the surviving
$C31 were enumerated by counting the plaque-forming units on the plate (PFU) and counts

were converted to PFU/m.
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5.2.3 Results: Bacteriophage Inactivation using Low-Irradiance 405 nm
Light

Inactivation of $C31 when suspended in PBS is demonstrated in Figure 5.2. Significant
inactivation (0.3 logyo reduction; P = 0.001) was not observed until exposure to a dose of

173 J/cm? (4 days). 1 logy, reduction of $C31 was achieved after 14 days of exposure

(605 J/cm?; P = 0.000).

Exposure Time (Days)

I IExposedl
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1 3
Figure 5.2 Inactivation of bacteriophage ¢C31 suspended in phosphate buffer saline upon

exposure to low-irradiance 405 nm light. Samples were exposed to 405 nm light at an

irradiance of 0.5 mW/cm? using the EDS. Data points show the mean counts (n = 3) + SD.

Asterisks ‘*’ indicate light exposed samples that were significantly different to non-exposed

final control samples (P < 0.05), using one-way ANOVA.

Inactivation of $C31 using the EDS was enhanced when the bacteriophage was suspended in
NB. There was a significant 0.4 log,, inactivation after 1 day (P = 0.00), and following 6

days exposure, 4.8 logyo inactivation was achieved (Fig 5.3)
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Figure 5.3 Inactivation of bacteriophage ¢C31 when suspended in nutrient broth upon

exposure to low-irradiance 405 nm light. Samples were exposed to 405 nm light at an

diance of 0.5 mW/cm? using the EDS. Data points show the mean counts (n = 3) + SD.
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Asterisks “*’ indicate light exposed samples that were significantly different to non-exposed

final control samples (P < 0.05), using one-way ANOVA.

Low-

d Suspension using

iqui

L

In

Inactivation of FCV

5.3

Irradiance 405 nm Light

Following the positive results exposing $C31 in liquid suspension to low irradiance 405 nm

light from the HINS-light EDS, the NoV surrogate, FCV, was exposed to the EDS in a range
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, to achieve the desired starting population of 1-2 x 10° PFU/m.

suspending media of choice
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5.3.2 Cell Plate Preparation

The FEA cells were cultured as described in Section 3.1.2. As the cell culture equipment
used in this chapter differed from that of the experiments in Chapter 4, it was found that it
was more favourable to decrease the density of cells used to seed the 6-well plates, from
7.5 x 10° cells/well to 6 x 10° cells/well, as the previous seeding population was too high and

caused the cells to detach from the 6-well plates.

5.3.3 Suspending Media Preparation

Several types of media (Section 3.4) were used for FCV suspension during exposure to the
EDS: minimal media (Dulbecco’s phosphate buffered saline), minimal media with organic
soiling (DPBS supplemented 5% or 10% fetal bovine serum), organically-rich media
(Dulbecco’s Modified Eagle medium supplemented with 10% FBS, 240 U/ml penicillin
streptomycin, 2mM L-glutamine and 1 mM sodium pyruvate) and biologically-relevant
media (human blood plasma, artificial saliva and artificial faeces), as detailed in Section
3.4.3.

5.3.4 Experimental Arrangement

The experimental arrangement for FCV exposure in liquid suspension is as described in
Section 5.2.3 and Figure 5.1. 3 ml samples were exposed to 0.5 mW/cm? for 7 day (1 week)
and 14 day (2 week) periods, and control samples were held under fluorescent laboratory

lighting throughout the experiment.

5.3.5 Plaque Assay

Prior to experiments, 6-well cell culture plates were seeded with 6 x 10° FEA cells per well.
Plaques assays, cell fixation and staining were then carried out as described in Section 4.2.4.
Following which, viral plaques were counted, and the virus infectivity titre expressed as
PFU/m.

5.3.6 Results: Inactivation of FCV in Liquid Suspension using Low-
Irradiance 405 nm Light

Results in Figure 5.4 demonstrate FCV inactivation when suspended in DPBS, with and

without 5% or 10% FBS, acting as organic soiling. As can be seen in Figure 5.4a there was

2.0 logy and 3.4 logy, reduction of FCV in DPBS, compared to the starting population,

following 7 and 14 day exposures, respectively. However, there was also a natural decrease
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in the non-exposed FCV controls, with 0.9 log;, and 2.1 logy, reductions seen after these
same exposure periods. Therefore, to take into account this natural loss of viral infectivity,
the difference between the exposed sample and non-exposed controls was calculated and
used as the value of log;, reduction due to the EDS. The difference in infectivity of FCV is
significantly different between exposed and non-exposed suspensions in DPBS, with a
1.1 logso reduction following a dose of 302 J/cm? (7 days; P = 0.006) and a 1.3 log;o PFU/m
reduction following a dose of 605 J/cm? (14 days; P = 0.000).

Similarly, when FCV was suspended in 5% FBS-DPBS there was a significant decrease in
viable viruses after 7 and 14 days of exposure (Fig 5.4b), with 1.2 logy, (P =0.000) and
1 log (P =0.001) reductions, respectively.

FCV was also suspended in 10% FBS-DPBS to represent a 2-fold increase in organic soiling.
The results in Figure 5.4c follow the same pattern as earlier results with 0.5 log;, and
0.8 logy, inactivation achieved after doses of 302 J/cm? and 605 J/cm? respectively
(P =0.005 & 0.001).

A comparison of inactivation of FCV after 14 days of exposure showed that there was a
significant reduction in the level of inactivation with each addition of FBS (P < 0.001). Only
a 1.0 logyy and 0.8 logy reduction of FCV was achieved in 5% and 10% FBS-DPBS
respectively, compared to 1.3 log, reduction when in DPBS alone. These results indicate
that the addition of FBS, acting as an organic soil, has reduced the 405 nm light inactivation
of FCV, and prevented some damage to the viral particles.

To investigate if the addition of FBS had reduced light penetration through DPBS, the
transmission was measured using a Biomate 5-UV-Visible Spectrophotometer (Thermo
Fisher Scientific, UK). As can be seen in Figure 5.5, there was 99.9% transmission in DPBS
alone, whereas when supplemented with 5% FBS, transmission was reduced to 84.3% and
additionally reduced to 72.1% through 10% FBS-DPBS.

109



H

\-

Viral Population (Mean Log,; PFU/ml)
w
1

T l:l Starting Population
V77 Exposed in DPBS
m Non-Exposed in

DPBS

07

Exposure Time (Days)

14

-
T

T

N

T l:l Starting Population
m Exposed in

5% FBS-DPBS

h m Non-Exposed in

5% FBS-DPBS

Exposure Time (Days)

14

H

E 51
£
=)
TR
a
o 4
o
-
= *
3 T
S 34 /
<
c
2
=
K]
> 249
Q
o
a
g
S 17
0 T
07
6 T
=
E 5
=)
T8
o
e
o 44
o
- *
s T
[}
s 3 /
c
2
s
> 24
Q
o
a
©
£
>
0 u

\

7

9 l:l Starting Population
m Exposed in

10% FBS-DPBS

i m Non-Exposed in

10% FBS-DPBS

07

Exposure Time (Days)

14

Figure 5.4 Inactivation of feline calicivirus when suspended in Dulbecco’s phosphate

buffered saline supplemented with 0, 5 or 10% fetal bovine serum (FBS) and exposed to

low-irradiance 405 nm light. Samples were exposed to 405 nm light at an irradiance of 0.5

mW/cm? using the EDS. Data points show the mean counts (n = 3) + SD. Asterisks ‘*’

indicate light exposed samples that were significantly different to non-exposed final control

samples (P < 0.05), using one-way ANOVA.
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Figure 5.5 Light transmission through minimal medium (Dulbecco’s phosphate buffered
saline (DPBS)) with and without 5% or 10% fetal bovine serum (FBS) acting as organic
soiling.

Following exposure in minimal media, FCV was light-exposed whilst suspended in
10% FBS-DMEM, which has previously been shown to be photosensitive and enhance
inactivation (Section 4.2.5). Inactivation of FCV occurs very quickly when exposed to the
EDS in 10% FBS-DMEM with a 2.4 log,, reduction after 1 day and complete inactivation
after 2 days compared to the starting population (Fig 5.6). Again the controls also decreased
during this time and there was a 1.0 log; and 4.7 log,, reduction in the non-exposed control
after 1 and 2 days respectively. Therefore, this equates to a significant 1.4 log,, reduction of
FCV after 1 day of exposure and a subsequent 0.2 log;, reduction after 2 days compared to
non-exposed controls (P = 0.007 & 0.116, respectively).
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Figure 5.6 Inactivation of feline calicivirus when suspended in 10% fetal bovine serum
supplemented Dulbecco’s Modified Eagle medium (10% FBS-DMEM), and exposed to
low-irradiance 405 nm light. Samples were exposed to 405 nm light at an irradiance of 0.5
mW/cm? using the EDS. Data points show the mean counts (n = 3) + SD. Asterisks “*’
indicate light exposed samples that were significantly different to non-exposed final control

samples (P < 0.05), using one-way ANOVA.

Although viral inactivation in DPBS is slow using low-irradiance light from the
HINS light EDS, results show that this can be accelerated when the virus is in photosensitive
media (10% FBS-DMEM), similar to that found in Chapter 4. When FCV was suspended in
human blood plasma a 1.8 log;, reduction (P = 0.038) occurred after 2 days, compared to the
non-exposed control. A further 1.5 log,, inactivation was seen following 3 days of exposure
(130 J/cm?), however due to the large standard deviation in the test samples this was only
deemed significant to a confidence level of 90% (P = 0.075). It should also be noted that the
value for the final time point was measured to a sensitivity of 10 as the neat samples reacted

badly with the cells, possibly due to the length of time held at room temperature.

Inactivation of FCV using low-irradiance light was also successful when the virus was
suspended in artificial faeces. A 1 logy, reduction was achieved after a dose of 43 J/cm?

(1day; P = 0.024). Following 5 days of exposure (216 J/cm?) there was complete
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inactivation of FCV compared to the starting population, which equated to a significant
3.9 logye reduction in viral infectivity compared to the equivalent non-exposed control
(P =0.00). This was measured to a sensitivity of 2, as the neat samples of artificial faeces
caused some cell dislodgement from the outer edges of the cell layer in the 6-well plates.

When the surrogate virus was exposed to low-irradiance light in artificial saliva it was not
possible to elucidate viral inactivation. The experimental procedure was to take samples after
every day of exposure, however complete inactivation of the exposed and control samples
occurred after 1 day of exposure when in artificial saliva, indicating that a component of the
saliva (such as the salivary enzyme a-amylase) may be toxic to FCV during long term
exposure in the environment. Due to time constraints, further studies using artificial saliva
could not be carried out, however it would be beneficial to carry out future experiments

using viruses suspended in human saliva to replicate a more-realistic scenario.
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Figure 5.7 Inactivation of feline calicivirus when suspended in human blood plasma and
exposed to low-irradiance 405 nm light. Samples were exposed to 405 nm light at an
irradiance of 0.5 mW/cm? using the EDS. Data points show the mean counts (n = 3) + SD.
Asterisks “*’ indicate light exposed samples that were significantly different to non-exposed

final control samples (P < 0.05), using one-way ANOVA.
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Figure 5.8 Inactivation of feline calicivirus when suspended in artificial faeces and
exposed to low-irradiance 405 nm light. Samples were exposed to 405 nm light at an
irradiance of 0.5 mW/cm? using the EDS. Data points show the mean counts (n = 3) + SD.
Asterisks “*’ indicate light exposed samples that were significantly different to non-exposed
final control samples (P < 0.05), using one-way ANOVA.

5.4 Inactivation of FCV on Clinically Relevant Surfaces using Low-

Irradiance 405 nm Light

This section of the study investigated antiviral efficacy of low-irradiance 405 nm light for
inactivation of viral particles dried on surface coupons, representing a scenario of how

viruses are likely to be found in the hospital environment.

5.4.1 Surface Coupon Preparation

Coupons were made of polyvinyl chloride (PVC), stainless steel and vinyl flooring
(2000 Pur, Polyflor Ltd, UK), and can be seen in Table 5.1. Coupons were 15 x 15 mm in
size and had depths of 3, 1 and 2 mm, respectively. When arranging coupons on the
experimental surface, as discussed in Section 5.4.3, an average depth of 2 mm was used to
calculate irradiance at the surface of the coupons, as there was likely to be minimal

difference in irradiance between the different coupon heights.
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To clean the coupons before use, the coupons were soaked in 5% Decon 90 for 5 minutes,
rinsed using 500 ml sterile water, soaked in 70% ethanol for 1 min and rinsed with 500 ml
sterile water. The coupons were then left to dry in a microbiological safety cabinet before
being individually wrapped in aluminium foil. The vinyl coupons were left to dry in a heated
cabinet, whilst the PVC and stainless steel coupons were autoclaved. All coupons were then
allowed to dry for a further 18 hours overnight in the heated cabinet before use.

5.4.2 Seeding Surface Coupons

Once the coupons had been decontaminated and dried, they were placed in individual 50 mm
dishes in the microbiological safety cabinet using sterile callipers. FCV was diluted to
10°PFU/mI in the required suspending medium (DPBS with and without 5% FBS, and
artificial faeces) before seeding onto coupons. 100 ul of the viral suspension was placed on
the centre of each coupon, and spread across the coupon using a sterile pipette tip. FCV was
seeded onto 3 coupons of each material: one to calculate the initial starting population, one
to be light-exposed, and one as a non-exposed control sample. These coupons were then left

to dry for 1.5 hours in the dark inside the microbiological safety cabinet.

Table 5.1 Coupons of common hospital surface materials. FCV was dried onto surface
coupons to investigate the efficacy of low irradiance 405 nm light. Adapted from
Warnes et al. (2015).

Surface Polyvinyl Chloride Stainless Steel Vinyl (2000 Pur)
(PVC)
Surface
Appearance
Properties Low cost; Hard but Resistant to corrosion; Easy to clean;
can be made flexible Easy to clean Quick drying
with plasticizers; Wipe
clean
Use(s) Window sills, Trolleys, sinks, Bathroom and kitchen
flooring, pipes surfaces, bowls flooring
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5.4.3 Experimental Arrangement

The seeded coupons were placed under the EDS at 100 mm intervals, over the worktop
surface, in individual 50 mm petri dishes with the lids removed (Fig 5.9). The irradiance
across the whole 60 x 60 cm worktop surface was measured and mapped, and can be seen in
Figure 5.10. The irradiance was measured at the average height (2 mm) the coupons would
sit in the petri dishes: 158 cm from the EDS unit. The maximum irradiance of
0.501 mW/cm? was measured at the centre of the worktop surface (Fig 5.10), however this
varied over the surface of the experimental worktop. To ensure that inactivation could be
compared between the different surface coupons, the petri dishes containing the coupons
were arranged so that the average irradiance across the exposed surfaces, in triplicate,
averaged 0.48 mwW/cm? (Fig 5.9). Control plates were held in identical conditions but

exposed to normal laboratory fluorescent lighting (0.02 mW/cm?; 60 Lux).

Figure 5.9 Arrangement of surface coupons on the experimental worktop surface below
the HINS-light EDS. Coupons were arranged so that the average irradiance of 405 nm light
over coupons exposed in triplicate was equivalent to 0.48 mW/cm?.
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Figure 5.10 3D model of the 405 nm light irradiance across the 60 x 60 cm experimental
surface, measured at the average distance of 158 cm below the HINS-light EDS. The

maximum irradiance measured at the centre point of the exposure surface was
0.501 mW/cm?.

5.4.4 Viral Elution from Surface Coupons

To elute the virus from the surface coupons, the coupons were placed in sterile 50 ml tubes
containing 2 ml of supplemented DMEM. The supplemented DMEM acted as an elution
buffer, and the coupons were vortexed for 30-60 seconds until the virus containing medium
had been visually removed from the coupon surface. The elution medium was then pipetted
over the surface of the coupons several times to ensure all viral particles were removed. It

was found most challenging to remove viral samples from stainless steel coupons and easiest
from vinyl coupons.

5.4.5 Viral Plaque Assay and Enumeration

As described previously (Section 5.3.1) 6-well plates were seeded with 6 x 10° FEA cells for

18-24 hours prior to elution, to allow viral enumeration via the plaque assay technique,
which was carried out as described in Section 4.2.4.
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Following incubation, fixation, washing and drying of the cell layers in 6-well plates, the
number of plaque forming units were counted in each well which represented a PFU/m.
However, to calculate the viral concentration on the coupons, the number of plaques counted
per well was multiplied by 20, to account for dilution in the 2 ml elution buffer. The final
value calculated represents the population of viruses present on the surface of the coupons in

the 100 pl sample.

5.4.6 Results: Inactivation of FCV using Low-Irradiance 405 nm Light

when Dried on Clinically Relevant Surface Coupons

The level of FCV inactivation when dried on surfaces in DPBS is similar for PVC, stainless
steel and vinyl (Fig 5.11). When FCV was exposed to the EDS for 7 days, equivalent to a
dose of 290 J/cm?, there was approximately 0.9 logy,, 0.7 log, and 0.6 log;, reduction
compared to the equivalent non-exposed controls on PVC, stainless steel and vinyl,
respectively. Although the level of inactivation seen was greater than that of non-exposed
controls, the inactivation was not deemed significant. This is likely due to large standard
deviation as a result of the number of surviving viral samples which ranged from 0-100

PFU/coupon after exposure.
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Figure 5.11 Inactivation of feline calicivirus in Dulbecco’s phosphate buffered saline
(DPBS) when dried onto surfaces, and exposed to low-irradiance 405 nm light. Samples
were exposed to 405 nm light at an irradiance of 0.48 mW/cm?for 7 days using the EDS.

Data points show the mean counts (n = 3) + SD.
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Similarly, when FCV was dried on surfaces in 5% FBS-DPBS, little difference in
inactivation was seen between exposed and non-exposed samples after 7 days. As can be
seen in Figure 5.12, when the virus was dried on PVC and stainless steel with organic soiling
there was a 0.2 logy, reduction of FCV compared to controls. A significant 0.4 logyo
reduction of FCV on vinyl (P = 0.003) was achieved for the same exposure.
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Figure 5.12 Inactivation of feline calicivirus in Dulbecco’s phosphate buffered saline
supplemented with 5% fetal bovine serum (5% FBS-DPBS) when dried onto surfaces, and
exposed to low-irradiance 405 nm light. Samples were exposed to an irradiance of 0.48
mW/cm? for 7 days using the EDS. Data points show the mean counts (n = 3) + SD.
Asterisks “*” indicate light exposed samples that were significantly different to non-exposed

final control samples (P < 0.05), using one-way ANOVA.
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When FCV was dried onto coupons in artificial faeces, there was significant inactivation on
all surfaces after 7 days of exposure (Fig 5.13). A 1.4 logo, 0.9 logy, and 1.6 log,, reduction
of FCV occurred on PVC, stainless steel and vinyl coupons respectively compared to the
equivalent non-exposed control. Furthermore, significant inactivation also occurred after a
14 day exposure, equivalent to a dose of 581 J/cm? 405 nm light. After this exposure period,
there was a 1.1 logyo, 0.9 logyo and 1.3 logy, reduction of FCV on PVC, stainless steel and

vinyl respectively, compared to the equivalent non-exposed controls (P < 0.05 for all).
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Figure 5.13 Inactivation of feline calicivirus in artificial faeces when dried onto surfaces,
and exposed to low-irradiance 405 nm light. Samples were exposed to an irradiance of
0.48 mW/cm?for 7 and 14 days using the EDS. Data points show the mean counts (n = 3) +
SD. Asterisks ‘*’ indicate light exposed samples that were significantly different to non-

exposed final control samples (P < 0.05), using one-way ANOVA.
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Results in Table 5.2, compare the dose required for FCV inactivation in minimal and
biologically-relevant media, when exposed to low-irradiance light in liquid suspension or
dried onto surfaces. Similar doses of 405 nm light, resulted in greater inactivation of FCV
when suspended in liquid rather than dried on surfaces, for both DPBS and artificial faces. In
the case of DPBS, there was no significant inactivation when dried on surfaces after a dose
of 290 J/cm?, however following a slightly higher dose of 302 J/cm? a significant 1.4 log;,
inactivation could be achieved when in liquid suspension. When FCV was dried on surfaces
in artificial faeces there was significant 0.9-1.6 logyo inactivation, however there was at least
2

2 x greater log;, inactivation when suspended in liquid, following a lower dose of 216 J/cm
405 nm light.

Additionally, far greater inactivation of FCV was achieved when the virus was suspended in
artificial faces compared to minimal media. 2.5 x greater log,, inactivation was achieved
following doses of 1683 J/cm? and 1402 J/lcm? when using high-intensity 405 nm light, or
doses of 216 J/cm? and 302 J/cm? using low-irradiance light. Greater inactivation in artificial
faeces was also achieved when the virus was dried on surfaces, with no significant
inactivation when dried in DPBS but between 1.3-2.6 x greater logy, inactivation when dried

in artificial faeces, following a dose of 290 J/cm®.
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Table 5.2 Comparison of the 405 nm light inactivation of feline calicivirus when

suspended in minimal media (DPBS) or biologically-relevant media (artificial faeces).
Comparisons are made between the different low irradiance and high irradiance experimental

arrangements, as described in Chapter 4 and Chapter 5. Asterisks ‘*’ indicate significant

inactivation compared to the equivalent non-exposed control population (P < 0.05).

) Exposed in Exposed in
Experimental Arrangement o
DPBS Artificial Faeces
Average
] ) Exposure Dose Log1o Dose Log1o
Light Source | Irradiance o , ) ) )
(mw/em?) Conditions | (J/cm?) | Reduction | (J/cm?) | Reduction
mw/cm
High-intensit
5 Y 1.5mlin
405 nm light
) 155.8 24-well 1683 1.7* 1402 4.5*
from single
plate
array
3mlin
0.50 12-well 302 1.4* 216 3.9*
plate
Low-intensity 100pl dried
405 nm light 0.48 Ve 290 0.8 290 1.4*
from EDS
100ul dried
0.48 290 0.7 290 0.9*
on steel
100p dried
0.48 ) 290 0.6 290 1.6*
on vinyl
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5.5 Discussion

Despite extensive cleaning of the hospital environment, outbreaks of NoV regularly occur,
due to NoV’s ability to survive on environmental surfaces for long periods of time
(Wu et al., 2005; Lopman et al., 2012; Kambhampati et al., 2015; Robollotti et al., 2015).
The results in this chapter demonstrate for the first time the antiviral efficacy of low-
irradiance 405 nm light, with inactivation enhanced when viruses are exposed in
biologically-relevant media. These findings suggest the potential for use of the HINS-light

EDS for environmental decontamination of NoV.

Results in the first stage of this study demonstrate inactivation of the viral surrogate,
bacteriophage $C31, using low-irradiance 405 nm light, when suspended in minimal and
organically-rich media. $C31 was initially investigated for several reasons: (i) working with
bacteriophage was must much faster and cheaper than working with mammalian virus FCV,
(i) results following exposure of $C31 could be generated overnight whereas a minimum of
5 days was required before results could be recorded when working with the FCV-FEA cell
infectivity based assays and (iii) the bacteriophage should have similar resistance to
environmental factors as enteric mammalian viruses (Leclerc et al., 2000; Costa et al., 2012)
and therefore the approximate doses that would be required for FCV in future experiments

could be estimated.

When ¢$C31 was suspended in minimal media and exposed to low-irradiance light for 4 days
using a dose of 173 J/cm? a significant 0.3 log;, reduction compared to the equivalent
control was achieved (Fig 5.2). Further exposure increased the level of bacteriophage
inactivation seen, with a maximum dose of 605 J/cm? causing a 1 log;, reduction. However,
when the phage was suspended in an organically-rich media (NB), inactivation was much
faster (Fig 5.3). An initial exposure for 1 day and equivalent dose of 43 J/cm?, resulted in a
0.4 log, reduction of the bacteriophage and after 6 days of exposure and an equivalent dose

of 259 J/cm?, a5 log,e reduction of $C31 was achieved.

These results are similar to those in the previous study by Tomb et al. (2014) using high-
irradiance 405 nm light to inactivate $C31. As can be seen in both studies, far greater
inactivation of the bacteriophage occurs when suspended in organically-rich media
compared to minimal media. Upon exposure to the high-irradiance source, at an irradiance of
56.7 mW/cm?, a 0.3 logy, reduction of $C31 suspended in PBS occurred after exposure to a
dose of 306.2 J/cm?, whereas when suspended in NB a 5.4 log;, could be achieved following
adose of 510 J/cm? (Tomb et al., 2014).
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As the viral surrogate was successfully inactivated using the EDS, the study then went onto
investigate if the NoV surrogate, FCV, could also be inactivated using similar low-irradiance
light. Firstly, FCV was exposed using the EDS whilst suspended in minimal media (DPBS).
As can be seen in Figure 5.4a there is reduction of the viral infectivity of the non-exposed
control populations with a 0.9 log;o and 2.1 log, reduction after 7 and 14 days, respectively.
This loss of viral integrity could be due to environmental factors such as temperature, light
and humidity (Vasickova et al., 2010). As the non-exposed controls were held in fluorescent
laboratory lighting, this could also have had an effect on the viral infectivity titre. Standard
fluorescent lighting has emission in the range 350-750 nm (Webb 2006), so UV and near-UV
emissions (350-400 nm) may have damaged the viral particles. Decreased environmental
survival of FCV in liquid has also been demonstrated by Allwood et al. (2005), with
> 6 log;, reduction of FCV when held in tap water for 21 days. Therefore, the loss of viral

integrity in the non-exposed control populations was to be expected.

Although there was a decrease in the non-exposed controls, there was still significant
inactivation of FCV in DPBS after 7 days of exposure (302 J/cm?) resulting in a 1 logy,
reduction compared to the equivalent non-exposed control. Extending exposure to 14 days
also resulted in a 1.3 log,, reduction of FCV compared to the equivalent control. These
results indicate that although a proportion of the inactivation occurs due to environmental
factors, there is increased inactivation of FCV in minimal media, over and above natural

reduction, as a result of exposure to 405 nm light emitted from the EDS.

The HINS-light EDS was additionally able to reduce viral infectivity of FCV in the presence
of organic soiling, over and above natural environmental reduction. FCV was exposed in
DPBS containing 5% or 10% FBS, to represent organic matter surrounding the viral particles
(Jean et al., 2011; Goyal et al., 2014). Although there was a reduction in the non-exposed
controls for both suspending media, there was a 1.2 log;, and 0.5 logyo reduction of FCV
infectivity after 7 days when in 5% and 10% FBS-DPBS respectively (Fig 54 b & c).
Additionally, following 14 days (602 J/cm?), there was a 1 logy, and 0.7 logy, reduction of
FCV in 5% and 10% FBS-DPBS, respectively.

When the inactivation kinetics of FCV in DPBS with and without the FBS additives were
compared, it was found that there was significantly less inactivation of FCV after a final
dose of 602 J/cm® when in DPBS containing FBS than without (P <0.05 for all).
Furthermore, there was significantly less inactivation when in DPBS containing 10% FBS
compared to 5% FBS (P = 0.00). The reduced inactivation of FCV in the presence of organic
matter was also demonstrated by Jean et al. (2011). FCV was subject to pulsed UV light with
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and without FBS, and a reduction in inactivation by 3 orders of magnitude was seen when
FBS was present (Jean et al., 2011). It was hypothesised that this reduction in inactivation
was a result of aggregates of FBS in the suspension, which may have reduced the penetration
of the pulsed UV light. This may also be the case during 405 nm light exposure with reduced
transmission of 405 nm light in 5% FBS-DPBS (~16% less) and 10% FBS-DPBS
(~28% less) compared to DPBS, which will contribute to the decreased level of inactivation

seen.

Significant inactivation of FCV in minimal media, using low irradiance-light, required long
exposure periods (7-14 days). In an effort to reduce the length of time of exposure, FCV was
suspended in an organically-rich medium, 10% FBS-DMEM, which was found to aid viral
inactivation when using high-irradiance 405 nm light (Section 4.2.5). As can be seen in
Figure 5.6 there was enhanced inactivation of the virus, with a significant 1.4 log;, reduction
following exposure for 1 day and an additional 0.2 log;, reduction after an additional day,
compared to the equivalent control. A significant level of inactivation also occurred in the
non-exposed controls which may have been due to the fluorescent laboratory lighting
activating photosensitive molecules within DMEM, causing them to produce ROS and in
turn damage FCV (Grzelak et al., 2001), albeit at a slower rate than the EDS. It would be
interesting to repeat this experiment with the control held in darkness, as it is likely there
would be less excitation of the DMEM, resulting in a more stable control population, which
will help to calculate the true level of inactivation of FCV when light-exposed in
photosensitive media. However, the fact that there was 95% reduction compared to the
equivalent control after 1 day, supports results in Chapter 4, which demonstrated that
constituents of DMEM such as riboflavin, tryptophan, tyrosine, pyridoxine and folic acid are

photosensitive and aid the inactivation of FCV using 405 nm light.

As FCV displayed sensitivity to 405 nm light inactivation when suspended in photosensitive
media this indicates a potential for using photosensitive products alongside the low-
irradiance EDS for enhanced environmental decontamination. These products could include
using photocatalytic surface coatings, photosensitive wipes and photosensitive surface sprays
(McDonald et al., 2000; Page et al., 2009; Verhaelen et al., 2014). There has been much
interest in the use of photocatalytic surfaces such as those coated in titanium dioxide (TiO,)
which cause bacterial and viral inactivation once illuminated with UV or broadband light
(Kdhn et al., 2003; Vohra et al., 2005; Zan et al., 2007; Nakano et al., 2012). For example, a
recent study by Park et al. (2014) demonstrated that fluorinated TiO, on surfaces caused a
2-3 log, reduction of bacteriophage MS2, FCV and MNV using 10 pW/cm? UVA light for
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60 minutes. Furthermore, studies have also demonstrated the use of 405 nm light to activate
these photosensitive surfaces (McKenzie 2014; Sadowski et al., 2015). McKenzie (2014)
demonstrated increased inactivation of E. coli when on surface samples which had been
coated in TiO, nanoparticles. After exposure to 18 J/cm? 405 nm light, there were 3.8 logso,
4.4 logy and 5 logy, reductions of E. coli on TiO, coated wet room tiles, glass and vinyl
flooring, respectively whereas only 0.8 logi, 0.9 logy, and 3 logye reductions could be
achieved using violet-blue light alone (McKenzie 2014).

However, it is unlikely that when the EDS is used in hospitals, all surfaces will have the
benefit of photocatalytic coatings to allow for improved viral inactivation. Artificial
enhancement of antiviral activity by addition of exogenous photosensitizers may not be
required though due to the enhanced inactivation seen when the NoV surrogate was
suspended in biologically-relevant media.

Increased antiviral efficacy of the EDS was seen when FCV was exposed in human plasma
and artificial faeces. When FCV was suspended in human blood plasma a 1.8 logs, reduction
occurred after 2 days of exposure compared to the non-exposed control (Fig 5.7). Further
enhancement of inactivation occurred after 3 days (130 J/cm?), which resulted in an
additional 1.5 logy inactivation of FCV. The inactivation level compared to the final control
point was only found significant to a confidence interval of 90%. This was likely due to the
deviation in the levels of inactivation seen after 3 days, which may have been affected by the
suspending plasma, with transmission ranging between 0.2-14.5% (n = 3), therefore varying

the level of inactivation seen.

When suspended in artificial faeces, near complete inactivation of FCV occurred after 5 days
with only a 1 log,, reduction seen in the control samples (Fig 5.8). Although successful, the
rate of inactivation in faeces was reduced compared to that in plasma, and this is likely due
to the reduced transmission of 405 nm light through the media (0.01%), and because viruses
surrounded by colloidal matter, organic matter or human faeces are stabilised and protected
(Vasickova et al., 2010). As components of the artificial faeces were seen to be very
photosensitive (Fig 4.9) they may have enhanced FCV inactivation upon exposure to 405 nm
light from the EDS. The survival of the control samples was far greater than that observed by
Cannon et al. (2006) who demonstrated a 3.5 log;, reduction of FCV, strain F9, when held at
room temperature in an artificial faeces solution for 7 days, however this could be due to
differing artificial faeces matrixes used. As NoV is shed in diarrhoeal stools, these results are

a positive indicator for the use of the EDS to aid inactivation of viruses in contaminated
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bodily elutions that have been missed by conventional cleaning (Atmar et al., 2008;
Morter et al., 2011).

Comparison of the dose requirements for FCV inactivation in photosensitive and
biologically-relevant media using high-irradiance and low-irradiance 405 nm light, found the
doses required when using low-irradiance light are far lower. When in photosensitive
10% FBS-DMEM only 43 J/cm? 405 nm light is required for a 1.4 logo reduction of FCV
using the EDS whereas for a similar 1.2 log,o reduction using the high-irradiance source a far
higher dose of 140 J/cm?® was required. Additionally, as can be seen in Figure 4.4b & c,
doses of 560 J/cm? and 1.4 kl/cm? were required for 4.5-5 logy, reduction of FCV in plasma
and artificial faeces using high-irradiance light, respectively. However, using the EDS far
lower doses of 130 J/cm?® and 216 J/cm? were required for similar levels of inactivation in
plasma and artificial faeces. This phenomenon was also demonstrated when the
bacteriophage $C31 was exposed to the EDS with approximately 40-50% less dose required
than when exposed in minimal and organically-rich media using the high-intensity light
source (Tomb et al., 2014).

The lower requirements could be a result of the doses from the high-intensity source being
greater than the maximum dose which can be absorbed by photosensitive molecules within
the viral structure and suspending media i.e. there is an excess of photons which cannot be
absorbed by photosensitive molecules over and above a critical level, so will not contribute
to the inactivation effect seen (Maclean et al., 2016). This would also result in inefficiencies,
as using systems delivering a dose higher than that of the threshold, would result in energy

which cannot be absorbed and is therefore wasted.

Lower dose requirements for microbial inactivation have also been demonstrated when
exposing bacteria to the EDS compared to single array high-irradiance light sources.
Maclean et al. (2009) demonstrated a dose requirement of between 30-110 J/cm? for
inactivation of A. baumannii, P. aeruginosa, S. aureus and Streptococcus pyogenes when in
liquid suspension and exposed to 405 nm light at an irradiance of 10 mW/cm?. Whereas
when these aforementioned bacteria where seeded onto agar plates and exposed to the HINS-
light EDS at an irradiance of 0.5 mW/cm?, far lower doses of between 7.2-12.6 J/cm? were

required for a similar 2 log,, reduction (Bache 2013).

As bacterial inactivation using the EDS only requires 4-7 hours exposure for 2 logo
reductions (Bache 2013), compared to 24-336 hours (1-14 days) required for viral

inactivation, this further highlights that the mechanism of bacterial inactivation differs to that
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of viral inactivation. As hypothesised in Chapter 4, it is probable that an accumulation of
effects causes the inactivation seen in viruses. It is likely that damage to the viral particles
will occur as a result of the small amount of UVA and 420-430 nm light being released by
the light source (Fig 3.5), which may cause oxidation of proteins such as those in the viral
capsid (Girard et al., 2011; Pattison et al., 2012). Following exposure in liquids it was
important to investigate if low doses would also be required for inactivation when FCV was
suspended on surface coupons.

It is thought that environmental transmission plays an important role in the spread of NoV.
Surfaces can become contaminated after direct contact with bodily fluids or indirect contact
with aerosols or fomites, and viral particles can subsequently be transferred by hands, food
and other inanimate objects, and remain viable for >28 days (Barker et al., 2004;
Vasickova et al., 2010; Lopman et al., 2012). Studies have demonstrated recovery of the
virus from many different surfaces including keyboards, toilet seats, hand rails, taps, soap
dispensers and medical equipment even after clinical cleaning (Wu et al.,, 2005;
Morter et al., 2011). Therefore, to replicate how NoV would be found in the hospital
environment, the next stage of this study used the EDS to expose FCV dried onto PVC,

stainless steel and vinyl flooring, in minimal and biologically-relevant media.

When dried onto surfaces in minimal media (DPBS), with and without 5% FBS acting as
organic matter, there was a 2-3 log;, reduction in control populations after 7 days, as seen
earlier with controls in suspension. A reduction in infective viral particles on surfaces has
also been demonstrated by D’Souza et al. (2006) who described a 6-7 logy, reduction in
infectious viral particles recovered from Formica, stainless steel and ceramic surfaces after
7 days. The inactivation of FCV exposed to low-irradiance light when dried on all three
surfaces in DPBS with and without 5% FBS, was not significantly different to the reduction
in infectivity of the non-exposed controls, with the exception of a significant 0.4 logg
inactivation when FCV was dried on vinyl in 5% FBS-DPBS (Fig 5.11 & 5.12). Although
inactivation when dried on coupons in DPBS was not deemed to be significant, there is a
greater level of FCV inactivation when exposed on coupons compared to equivalent controls
(Fig 5.11) with an average 0.9 logy, 0.7 logy and 0.6 logyo reduction compared to the
equivalent non-exposed controls on PVC, stainless steel and vinyl, respectively. The fact
these were not found to be significantly different is likely due to the variation in PFU/coupon
counted, with low recoverability of the virus (38-50%) potentially affecting this. FCV
inactivation on vinyl was seen to be significant when in 5% FBS-DPBS and could be due to

the higher recoverability of the virus from vinyl when dried in this medium (57.0 £ 17.0%).
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However, results were more encouraging when surfaces seeded with FCV in artificial faeces
were exposed to low-irradiance 405 nm light. As can be seen in Figure 5.13 there was a
significant 1.4 logio, 0.9 logye and 1.6 logy, inactivation of FCV after 7 days, and a further
1.1 logyo, 0.9 logy, and 1.3 log;, reduction after 14 days, when exposed on PVC, stainless
steel and vinyl, respectively. Although inactivation was significant, far greater inactivation
of FCV occurs when suspended in artificial faeces rather than dried on surfaces (Table 5.2).
A 3.9 log, reduction of FCV was achieved after a dose of 216 J/cm® when suspended in
liquid whereas only 0.9-1.6 log;, reduction was achieved when on surfaces. This could be a
result of the ROS produced by photosensitive molecules, having a short life span (10 s) and
reduced distance of diffusion due to the viruses being immobilised on the surface coupons
(Murdoch et al., 2013).

Differences in behaviour of viral inactivation, when dried on surfaces compared to those
suspended in media, have also been documented when viruses have been exposed to
disinfectants. In a study by Terpstra et al. (2007), canine parvovirus and HAV were dried on
surfaces in blood plasma or culture media and it was found that in a dried state the viruses
were less susceptible to disinfectants, especially when dried in blood plasma. Furthermore,
Park et al. (2007), demonstrated a 3 log;, reduction of MS2 phage and NoV using
hypochlorous acid solution, with a 20 second exposure to 18-188 ppm required when in
liquid, whereas when on ceramic tile or stainless steel, a significantly higher exposure time
of 1-10 min was required for the equivalent level of inactivation. The reasons why
inactivation is reduced on surfaces are unclear but it is assumed that the reduced sensitivity
of FCV to the HINS-light EDS when in a dried, static state, may be due to reduced ability of
405 nm to light to irradiate the entire viral particle (Park et al., 2007). However, if future
studies were able to sample the level of viral inactivation on a daily basis, there may be a
lesser level of control decline evidenced per day, which could in turn reveal greater virucidal

efficacy of 405 nm light on surface deposited viruses.

Additionally, it is also important to compare the virucidal efficacy of low-irradiance 405 nm
light to other decontamination technologies such as UV light, ozone, CAPP and HPV.
Several studies have investigated UV inactivation of FCV and other NoV surrogates when in
liquid and on surfaces (Nuanualswan et al., 2002; Thurston-Enriquez et al., 2003;
de Roda Husman et al., 2004; Duizer et al., 2004b). A study by Park et al. (2011) using a
253.7 nm mercury vapour lamp, demonstrated inactivation of three NoV surrogates (MNV,
FCV & Echovirus-12) in liquid, using a maximum dose of 40 mJ/cm?. Furthermore, pulsed

UV light, ranging from 200-1100 nm, has also been demonstrated to inactivate MNV on
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surfaces and in liquid (Jean et al., 2011). The results by Jean et al. (2011) demonstrated a
dose of 7.62 J/lcm® was required for a 5 logy, reduction of MNV on PVC and stainless steel
coupons as well as when exposed in liquid suspension. The equal level of inactivation of
MNV on surfaces and in liquid, conflict with those in this study, however differences could
be due to different inactivation mechanisms of UV light compared to 405 nm light, with UV
light causing inactivation due to modifications within genetic material of an organism
(Maclean et al., 2008c).

Although viral inactivation using UV light requires significantly less dose than the EDS,
(mJ vs J), there are several features of UV light which make the 405 nm light EDS a more
favourable option including material degradation and safety concerns (Section 2.4.6).
Additionally, photo-reactivation can occur in bacteria following exposure to UV light if not
fully inactivated (Maclean et al., 2008c). Photoreaction allows the cell to survive as nucleic
acid damage is repaired by photolyase enzymes, which capture energy from photons of light,
and split the dimers formed (Maclean et al., 2008c; Ben Said et al., 2009). This reactivation
is also possible if a virus is able to infect multiple host cells which can provide repair
enzymes or machinery, or if the virus has repair genes, therefore allowing enhanced survival
of DNA and RNA viruses (Yamamoto and Shimojo 1971; Ben Said et al., 2009). This
reactivation is unlikely to occur using 405 nm light as the ROS produced will target a

number of sites within viral structures (Dai et al., 2013a; Maclean et al., 2014).

HPV is also increasingly being used for decontamination within hospitals, and several
studies have demonstrated inactivation of FCV and other NoV surrogates using this
technology (Tulhadar et al., 2012; Goyal et al., 2014; Holmdahl et al., 2016). Notably
Bentley et al. (2012) demonstrated that HPV could cause greater than 4 log,, reduction of
FCV on different surfaces related to the hospital environment. Furthermore, results by
Bentley et al. (2012) also demonstrated greatest inactivation of FCV when the virus was
dried onto vinyl and least when dried onto stainless steel, which concurred with the results of
this study when FCV in artificial faeces was dried onto these coupons (Fig 5.13). The
difference in inactivation on these surfaces may be due to the different affinities of FCV to
vinyl and stainless steel, with electrostatic and hydrophobic interactions as well as ionic
strength affecting interaction between surfaces and viral particles (Gerba 1984;
Vasickova et al., 2010). However, inactivation using HPV is far quicker than low irradiance
405 nm light. Zonta et al. (2016) used 7% H,O, to cause 4.84 log;o and 4.85 logyo reduction
of MNV and FCV on glass, and > 3.90 log;, and 5.30 log,, reduction on stainless steel

discs respectively, after 90 seconds.
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Additionally, ozone and CAPP are also gaining attention for environmental decontamination
purposes. Hudson et al. (2007) demonstrated that within one hour, a 3 logy, reduction of
NoV RNA in faecal matter could be achieved when dried onto plastic, stainless steel, glass,
cotton and carpet using ozone. Furthermore, a study by Aboukhar et al. (2016) demonstrated
~6 logy, reduction of FCV when suspended in distilled water and exposed to a CAPP
treatment using Argon + 1% O, plasma after 15 seconds. However, if the virus was
suspended in Modified Eagle Medium with a FBS additive, only a 1 log,, reduction occurred
after 120 seconds (Aboukhar et al., 2016). This later result, additionally supports those in
this study whereby the presence of FBS inhibits viral inactivation. This was also
demonstrated in Chapter 4. When DMEM was supplemented with 10% FBS there was less
inactivation of FCV seen than when in DMEM alone, likely due to FBS quenching some of
the ROS produced.

It is clear to see that the aforementioned technologies have a greater virucidal efficacy than
low-irradiance 405 nm light from the HINS-light EDS, and these are ideal for terminal clean
regimes. The EDS, however, has many benefits (section 2.4.6) which make it ideally suited
to continuous disinfection of the hospital environment. Patient rooms and wards do not have
to be vacated during operation, and it is safe for use around patients, unlike some of the other
technologies discussed (Maclean et al., 2015). Furthermore, biological soiling also reduces
the efficacy of UV light and HPV whereas results in this study indicate an enhanced efficacy
of 405 nm light when viruses are exposed in biologically-relevant media (Piskin et al., 2011;
Fu et al., 2012; Haas et al., 2014). Additionally, with all the technologies discussed there is
opportunity for malfunction especially if operators are not correctly trained. This could result
in potential harm to the operators and any others in close proximity whereas the HINS-light
EDS can be used with no requirement for staff training, no catastrophic effects upon

malfunction and therefore no compliance problems (Maclean et al., 2014).

As NoV can survive and remain infectious in the environment for several weeks, the HINS-
light EDS could help target NoV contaminated areas which are in hard to reach places
(Doultree et al., 1999; Wu et al., 2005; D’Souza et al., 2006; Ha et al., 2015). Furthermore,
it could provide effective viral inactivation on areas which are not regularly cleaned such as
walls, window sills, curtains, rails, and complex equipment (Maclean et al., 2013a). The use
of the EDS may be particularly effective as part of a comprehensive approach against NoV
and other nosocomial pathogens, supplementing regular cleaning and terminal

decontamination (Maclean et al., 2014).
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Further work is required to investigate if the EDS can inactivate other NoV surrogates, such
as MNV and TuV, and to establish the exact mechanism of viral inactivation (as discussed in
Chapter 4). However, similar susceptibility to UVB and UVC light treatments has been
demonstrated between FCV and other NoV surrogates, suggesting the inactivation results
using the EDS may be extrapolated to these other NoV surrogates as well as NoV itself
(Duizer et al., 2004b; Park et al., 2011). It is also important to investigate the inactivation
effect of the EDS on additional pathogenic viruses such as Influenza and Rotavirus which
also cause outbreaks within the hospital environment (Aitken and Jeffries 2001). Although
out-with the scope of this project, the results also indicate that the EDS could be integrated
into other locations vulnerable to NoV outbreaks such as schools, cruise ships, nursing
homes, etc. (Viviancos et al., 2010; Lai et al., 2013: Xu et al., 2013). Additionally, as the
NoV surrogate used, FCV, is a veterinary pathogen, this could increase the scope of
HINS-light EDS for use within agriculture, aquaculture and veterinary care
(Roh et al., 2016).
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Chapter Six

Comparison of the Virucidal
Efficacy of Violet-Blue Light with
the Wider Antimicrobial Efficacy

6.0 Overview

As demonstrated in the previous chapters, viral inactivation can be included within the
antimicrobial scope of 405 nm light. This review chapter provides a comparison of the
efficacy of violet-blue light against viruses, with currently available data on the efficacy
against a range of microorganisms including Gram positive and Gram negative bacteria,
endospore forming bacteria, yeasts and fungi. Analysis has been carried out through a
systematised review of peer-reviewed published studies focussing on violet-blue light
between 380-480 nm.

6.1 Introduction

Traditionally, light inactivation of microorganisms has been associated with PDI. This
inactivation method utilises exogenous photosensitizers such as methylene blue, rose bengal
or cationic porphyrins, which in the presence of oxygen, become excited when exposed to
different wavelengths of light, including violet-blue (380-500 nm) and red (625-740 nm)
(Schagen et al., 1999; Hamblin and Hassan 2004; Lambrechts et al., 2005;
Almeida et al., 2011; Manoil et al., 2016). These excited photosensitizers produce ROS,
such as singlet oxygen and hydroxyl radicals, which can damage many structures within
microorganisms, including proteins, lipids and nucleic acids. This leads to cellular damage

and inactivation of bacteria, yeasts, fungi, viruses and parasites (Hamblin 2016).

Research carried out in the last decade has indicated that exogenous porphyrins are not
always required for visible light inactivation of microorganisms. Early studies by
Hamblin et al. (2005) indicated H. pylori could be inactivated by at least 99% following a
dose of 20 J/em? of 405 nm light. The authors believed that this was due to the presence of
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high levels of the intracellular porphyrins coproporphyrin and protoporphyrin 1X, which
produce ROS upon illumination. These findings were further supported in 2006 by
Guffey and Wilborn, who demonstrated a successful 88% and 91% reduction of S. aureus
and P. aeruginosa following exposure to 405 nm light. Additionally, 470 nm light also
appeared to have antimicrobial efficacy against these organisms with a 62% reduction of
S.aureus and 97% reduction of P.aeruginosa after doses of 15 J/cm? and 5 J/icm?,
respectively  (Guffey and Wilborn ~ 2006).  Shortly  after  this, studies by
Maclean et al. (2008a, b) demonstrated that oxygen enhanced visible light inactivation of
S.aureus and violet-blue light peaking at 405 nm was most effective for microbial

inactivation.

Subsequently, many studies have investigated the antimicrobial efficacy of 405 nm light,
with recent investigations using violet-blue light with central wavelengths other than 405
nm. For example, Haughton et al. (2012) inactivated Campylobacter jejuni using 395 nm
light whilst Bumah et al. (2015a, b) demonstrated the antimicrobial efficacy of 470 nm light
against Salmonella enterica and S. aureus. Additionally, a small number of bacterial
endospores, fungi and yeasts have been inactivated using violet-blue light
(De Lucca et al., 2012; Imada et al., 2013; Maclean et al., 2013; Murdoch et al., 2013; Gupta
et al., 2015; Moorhead et al., 2016 a, b). To date, the data in Chapter 4 is the first evidence
of violet-blue 405 nm light inactivation of a mammalian virus without using additional

photosensitizers.

This chapter provides a systematised review comparing the inactivation efficacy of visible
violet-blue light on a range of microorganisms compared to viruses. Inactivation Kinetics
generated during this study, and data from peer-reviewed research studies using wavelengths
between 380-480 nm, was analysed to compare the scope and efficacy of microbial

inactivation.

The analysis of the antimicrobial efficacy of violet-blue light included the following

parameters:

o The effect of population density.

e The effect of irradiance.

e Comparison of the dose required for 1 logy reduction using light between
380-480 nm.
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The chapter focuses on two main areas of analysis. The first compares inactivation Kinetics
from the present study with other previously published data from the ROLEST research
group, specifically focusing on 405 nm. The second part expands the review to include a
comparison of the antimicrobial scope and efficacy of violet-blue light between 380-480 nm.

6.2 Determining the Antimicrobial Efficacy of 405 nm Light

This section of the study compares the inactivation kinetics of a range of microorganisms
exposed to 405 nm light. The data for comparison was either generated during this study
(Chapter 4, Chapter 7) or retrieved from studies published by the ROLEST research group
(Murdoch et al. (2012, 2013), Tomb et al. (2014) and Moorhead et al. (2016a, b)). This
allowed direct comparison of the antimicrobial efficacy of 405 nm light on representative

organisms from across the different microbial categories (Table 6.1).

Table 6.1 Representative organisms used to compare the germicidal efficacy of 405 nm

light, carried out by the ROLEST research group.

Microbial Classification Representative Organism
Gram negative vegetative bacteria Escherichia coli
Gram positive vegetative bacteria Staphylococcus aureus
Gram positive bacterial endospores Clostridium difficile

Yeast Candida albicans

Fungal hyphae (vegetative) Aspergillus niger

Fungal conidia (spores) Aspergillus niger
Bacteriophage $C31

Mammalian Virus Feline calicivirus
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6.2.1 Comparison of Inactivation Kinetics

The inactivation kinetics of Gram positive and Gram negative vegetative bacterial cells,
fungal conidia and yeast cells with a population density of 10° CFU/mI, compared to
mammalian viruses can be seen in Figure 6.1a. Gram positive bacteria are the most
susceptible to 405 nm light, with doses of 160 J/cm? required for a 3 log, reduction,
compared to approximately 1.8, 3, 11 and 16 x greater dose required for an equivalent level

of inactivation of Gram negative bacteria, yeasts, fungal conidia and viruses respectively.

Additionally, the inactivation kinetics of 10° CFU/ml population densities of fungal hyphae,
bacteriophage and bacterial endospores are shown in Figure 6.1b. Both the fungal hyphae
and bacterial endospores require very high doses of 405 nm light for a 3 log,, reduction, with
doses of 1.4 kl/cm? and 2.4 kJ/cm? required for complete inactivation, respectively.
Although complete inactivation of the bacteriophage was not achieved, it is likely that very
high doses would also be required with only a 0.3 log;, reduction following a dose of
306 J/cm?, suggesting doses in the region of 1 kJ/cm? would be required for complete

inactivation.

As discussed in Chapter 4, virucidal activity is enhanced when viruses are exposed whilst
suspended in organically-rich media such as NB and DMEM. Results in Figure 6.2 reiterate
this finding, demonstrating that > 5 log;, reductions of FCV and $C31 can be achieved
following doses of 421 J/cm? and 510 J/cm? respectively: increasing viral susceptibility to

levels more comparable with those evidenced with vegetative bacterial cells.

In order to compare the susceptibility of these microbial groups to 405 nm light, germicidal
efficiency (logy, reduction per unit dose in joules per square centimetre) was compared.
Results in Table 6.2 demonstrate that 405 nm light has the greatest germicidal efficacy
against Gram positive vegetative cells (0.0231 logy/J/cm?), closely followed by Gram
negative vegetative cells (0.0174 log;o/J/cm?). The germicidal efficacy of 405 nm light was
decreased for yeasts, fungal hyphae and fungal conidia, with the lowest germicidal efficacy
seen for bacteriophage (0.0008 log;o/J/cm?). Interestingly the germicidal efficacy for Gram
positive spores and mammalian viruses was the same (0.0014 log;/J/cm?) indicating that

using the same dose on these organisms may result in similar levels of inactivation.
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Table 6.2 Comparison of the germicidal efficacy of 405 nm light on microorganisms

investigated by the ROLEST research group.

Germicidal
_ Dose L0g10 (N/No) -
Organism ) ) Efficiency
(J/em?) Reduction 5
(Logio (N/Ng)/Ilcm?)
Gram negative vegetative bacteria 288 5 0.0174
Gram positive vegetative bacteria 216 5 0.0231
Gram positive bacterial endospores 2430 3.3 0.0014
Yeast 576 5 0.0086
Fungal hyphae (vegetative) 1440 3 0.0021
Fungal conidia (spores) 2300 5 0.0022
Bacteriophage 306 0.3 0.0008
Mammalian Virus 2800 3.9 0.0014
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Figure 6.1 Comparison of the efficacy of 405 nm light against a range of microorganisms,
using data generated by the ROLEST research group. Inactivation of (a) 10° CFU/PFU
per ml populations of Gram positive bacteria (Staphylococcus aureus), Gram negative
bacteria (Escherichia coli), yeast (Candida albicans), fungal conidia (Aspergillus niger), and
virus (feline calicivirus) and (b) 10° CFU/PFU per ml populations of bacteriophage ($C31),
fungal hyphae (Aspergillus niger), and Gram positive endospores (Clostridium difficile),
upon exposure to 405 nm light. Adapted from Murdoch et al. (2012, 2013);
Tomb et al. (2014); Moorhead et al. (20164, b).
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Figure 6.2 Comparison of 405 nm light inactivation of bacteria and viruses, when viruses
are exposed in organically-rich media. Inactivation of Gram positive bacteria
(Staphylococcus aureus) and Gram negative bacteria (Escherichia coli) when suspended in
minimal media (MM) compared to bacteriophage (¢C31) and virus (feline calicivirus) when
suspended in organically-rich media (ORM). Adapted from Murdoch et al. (2012) and
Tomb et al. (2014).

6.3 Systematised Review of the Antimicrobial Scope and Efficacy of
Violet-Blue Light between 380-480 nm

The next stage of analysis was the systematised review of peer-reviewed published studies
using violet-blue light between 380-480 nm. The methodology for this review is based on
that of a systematic review, however cannot be classed as such due to several factors
including lack of a second reviewer, time constraints and level of unavoidable bias, and is

therefore classed as a systematised review (Grant and Booth 2009).

6.3.1 Database Search and Study Inclusion

Two Databases, PubMed and Science Direct, were searched for articles from the past thirty
years (1987-2017). Search terms used key words associated with violet-blue light technology
(i.e. individual wavelengths between 380-480 nm, blue light, visible light) and
decontamination  (inactivation, kill, antimicrobial, decontamination, disinfection,
antibacterial, antiviral, antifungal, antimicrobial, photoinactivation, photosensitizers). The

first 20 pages of each web search were screened (equivalent to 400 papers), or all pages if
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the search generated less than 20 pages. Additional references added to the screening list
included research papers (found in the references section of review papers) as well as a PhD
thesis by Bache (2013). Once combined and duplicates excluded, the search yielded 9055
articles (Fig 6.3). The titles and abstracts were then screened to identify relevant peer-
reviewed papers, and those which were not relevant to this review were excluded, e.g.
studies on PDI, studies inducing porphyrin production and those which used wavelengths of
light out-with 380-480 nm. Following the initial screening process, 150 articles underwent a
full-literature review. An additional 74 papers were subsequently removed, including
reviews on violet-blue light or research studies which performed experiments out-with the
scope of this review, e.g. violet-blue light inactivation of: microorganisms exposed on food;

bacterial biofilms; pathogens on environmental surfaces.

6.3.2 Data Extraction and Analysis

The final 76 research articles reviewed contained inactivation data on clinically-relevant and
food associated microorganisms exposed to violet-blue light between 380-480 nm. Data
from each article was extracted, summarised and tabulated (Appendix A). This included
information on: microorganism (categorised by species and strain number); wavelength of

light; irradiance of light source; applied dose and population exposed.

Subsequent analysis of inactivation kinetics was based upon that of Hessling et al. (2017).
Log, reduction values were extracted from text and tables or if unavailable, extracted from
figures. The highest dose reported, for the greatest significant inactivation of each exposed
population was recorded. However if prominent tailing of results occurred, the previous dose
which caused a similar level of inactivation, was used in the analysis. Recording data in this
way allowed the calculation of the average dose required for 1 log,, reduction and therefore
allowed comparison between studies investigating different: organisms; irradiances of light;

wavelengths of violet-blue light and exposed populations.

The data extracted includes inactivation at low (<10 °C) or high (> 37 °C) temperatures,
which has been indicated in the appendices (Appendix A). However as violet-blue light
inactivation of bacteria has been shown to be enhanced in low or elevated temperatures
(McKenzie et al., 2014) the results of these studies were excluded from any figures on the
dose analysis. Similarly, information on inactivation in anaerobic conditions is included in

Appendix A, but similarly excluded from any additional figures on the dose analysis.
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Figure 6.3 Flow chart of the study selection process during the systematised review.
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6.3.3 Microbial Inactivation Using Violet-Blue Light

Data was retrieved from 76 sources providing information on the inactivation kinetics of a
range of microorganisms using violet-blue light between 380-480 nm. There were 365
individual entries accumulated, including 56 bacterial strains, 8 yeasts and fungi,
1 bacteriophage and 2 mammalian viruses. The full data set gathered during the systematised
review can be seen in Appendix A.

As an overall comparison of the data gathered, Figure 6.4 represents the dose required for
1 logyo inactivation of the different microbial species investigated. The majority of light
inactivation studies have been carried out using violet-blue light peaking at 405 nm.
Additionally, there is interest in inactivation at longer wavelengths of blue light including
415 nm, 450 nm and 470 nm. The majority of Gram positive and Gram negative vegetative
cells required doses < 200 J/cm?. However, Gram positive endospores, fungal spores, yeast,
viruses and bacteriophage generally required > 400 J/cm? for a 1 logy, reduction.

It was possible to perform further analysis on the data collected with regards to individual
Gram positive and Gram negative bacteria. The most common Gram positive organisms that
have been investigated are L. monocytogenes and S. aureus, and the most common Gram
negative bacteria are E. coli and P. aeruginosa. Comparisons were made between the dose
for 1 logy reduction using 405 nm light and the starting population or irradiance used.
Additionally, the dose for 1 log,, reduction of these organisms was compared between the

differing wavelengths (380-480 nm) of violet-blue light.

Upon comparison of the starting population with the dose of 405 nm light required for
1 logy reduction, the linear fit indicates that with increasing populations of S. aureus, E. coli
and L. monocytogenes higher doses of 405 nm light are required, whereas in the case of
P. aeruginosa it appears that as concentration increases the dose required decreases
(Fig 6.5). However, as the Pearson’s r values for the linear correlation analysis of all the
bacteria investigated are between —0.12 and 0.27, these indicate that there is no linear

relationship, so no true conclusions can be drawn.

Upon comparison of the irradiance of 405 nm light used, the linear fit suggests that for
S.aureus and P. aeruginosa there is little change in dose required for 1 log, reduction as
irradiance increases (Fig 6.6). However, regarding inactivation of E. coli and
L. monocytogenes this is not the case, with higher irradiances resulting in the dose increasing

for E. coli inactivation and the dose decreasing for L. monocytogenes inactivation. Upon
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analysis of the Pearson’s r values for the linear correlation, these indicate no linear
relationship for E. coli (0.22), and a weak negative linear relationship (-0.3) for

L. monocytogenes, therefore no true significant conclusions can be drawn.

As a final comparison, the wavelength of violet-blue light used was compared with the dose
for 1 logy reduction of the 4 vegetative bacteria. As can be seen in Figure 6.7, there is very
little difference in dose required when exposing S. aureus and P. aeruginosa to different
wavelengths of violet-blue light however this is not the case with L. monocytogenes and
E. coli. As the wavelength increases the dose for 1 log;o reduction increases, with Pearson’s r
values of 0.39 and 0.73, indicating that there is a moderately strong positive correlation
between the wavelength used and dose required for these organisms.
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Figure 6.4 Comparison of the dose for a 1 logy, reduction of a range of microorganisms,

compared to the wavelength of violet-blue light used for irradiation.
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negative bacteria, when exposed to differing irradiances of 405 nm light.
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Figure 6.7 Comparisons of the dose for 1 log,, reduction of Gram positive and Gram

negative bacteria, when exposed to differing wavelengths of violet-blue light.

6.4 Discussion

Comparison of the susceptibility of microorganisms using data generated by research
conducted at ROLEST (Fig 6.1) indicates that Gram positive bacteria appear to be the most
susceptible to 405 nm light inactivation, and viral particles least susceptible, requiring doses
of 200 J/cm?and 2.8 kl/cm?, respectively. Results also indicate that higher doses of 405 nm
light are required for bacterial and fungal spores, with > 1000 J/cm? needed for complete
inactivation. The varying dose requirements are likely due to the specific properties of each
microorganism, which could include structural differences, differences in types and levels of
intracellular porphyrins, and porphyrin absorption maxima (Maclean et al., 2009;
Murdoch et al., 2012). Additionally, spores are likely to require higher doses of violet-blue
light for inactivation due to their innate resistance to stressful environmental conditions, and
may have additional resistance features such as pigments within the walls of fungal spores,
which would protect against photochemical damage (Moorhead et al., 2016b). The high
doses required by the bacteriophage and mammalian virus are likely due to the lack of

porphyrins in the viral structures and their reliance on small amounts of near-UV light and
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light > 410 nm emitted from the LED array, which may induce inactivation (as discussed in
Chapter 4).

As shown in Chapter 4 (Fig 4.3), viral susceptibility is enhanced when exposed whilst
suspended in organically-rich media. Comparison of this enhanced viral inactivation with
that of bacterial susceptibility (Fig 6.2), indicates that exposure in organically-rich media
reduces the required virucidal doses to levels that are more comparable with bacterial
inactivation: the lethal dose required for viral inactivation decreased from 14 x to 2 x that of
S. aureus, when in organically-rich media. This indicates that 405 nm inactivation of viruses
in photosensitive fluids, such as bodily fluids, may be similar to that of bacteria, and
therefore there is potential to use 405 nm light for viral inactivation in clinical applications,
as demonstrated in Chapters 4 & 5.

To further investigate the antimicrobial scope and efficacy of violet-blue light a systematised
review (Section 6.3) was carried out to compare the dose required for 1 log,, reduction of a

range of microorganisms. This:

o allowed comparison of the inactivation data generated at ROLEST (including this
study) to that generated by other research groups;

¢ indicated how the efficacy of violet-blue compares between organisms; and

e confirmed areas of antimicrobial violet-blue light research which require further

investigation.

The systematised review indicated many differences in the light sources and experimental
arrangements used between research groups. Major differences in the experimental
arrangement included how microorganisms were exposed, with some studies exposing
organisms on agar plates whilst others exposed organisms in suspension (1 pl-40 ml). Light
sources varied with different groups using single LEDs and arrays (1-144 LEDs), lasers, or
broadband sources with filters, which emitted violet-blue light at irradiances ranging from
1.2-520 mW/cm?. Exposure times also ranged from 20 seconds-24 hours, with exposed
population densities of between 10*-10° CFU. Furthermore, as complete data sets were not
always available and at times the experimental arrangement was unclear, it was not possible
to use mathematical models of inactivation kinetics such as the Kamau; Gompertz; Weibull;
or Hom models (Kumar et al., 2015). Therefore, dose for 1 log,, reduction, as demonstrated

by Hessling et al. (2017), was the most appropriate means of comparison.
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Despite these methodological variations, several comparisons were able to be made using the
data gathered in the systematised review, including comparing the overall susceptibility of
microorganisms to violet-blue light between dose for 1 logy, reduction. The data in
Figure 6.3 compares the dose of 380-480 nm light required between different organisms,
with further analysis of this data provided in Figure 6.8, comparing the average dose
requirements between microbial groups. As can be seen in Figure 6.8, Gram positive and
Gram negative vegetative bacteria appear to require similar doses of violet-blue light for
1logy inactivation, with mean doses of 129 J/cm® (6-747.5 Jlcm®) and 100 J/icm?
(0.3-552.9 J/cm?) required, respectively. This differs from the ROLEST data presented in
Section 6.2, which indicated that Gram positive bacteria are more sensitive to violet-blue
light inactivation then Gram negative (Maclean et al., 2009; Murdoch et al., 2012;
MacDonald et al., 2013). However, the results in this review, do mirror those of
Hessling et al. (2017) who also demonstrated no evidence of increased susceptibility of

Gram positive bacteria when compared to Gram negative.

Additionally, results in Figure 6.8 indicate that yeast cells have similar dose requirements to
vegetative bacteria; with the average dose of 125.6 J/cm? required for 1 logy, reduction.
Mycobacteria, germinating fungal conidia, fungal conidia, fungal hyphae and bacterial
endospores all required increasingly greater doses of violet-blue light compared to vegetative
bacteria. The mean average doses being: 354 J/cm? for mycobacteria; 440.3 J/cm? for fungal
conidia; 480 J/icm? for fungal hyphae; 523.2 Jicm® for germinating fungal conidia; and
640.5 J/em® for bacterial endospores. Viruses appeared to be least susceptible with the
highest mean doses of 718 J/cm* and 1020 J/cm? required for 1 log:, reduction for viruses

and bacteriophage respectively.
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Figure 6.8 Box plot analysis of the average dose for 1 logi, reduction between different

microbial groups. Crosses ‘x’ indicate the mean dose for a 1 log;, reduction.

Comparisons were also made between several species of bacteria due to the large number of
results collected during the systematised review. The effect of population density and
irradiance of 405 nm light on the average dose for 1 log;o reduction was compared between
E. coli, L. monocytogenes, P.aeruginosa and S. aureus. With regards to the population
density used, the linear correlation trends indicated a slight increase in the dose requirements
upon increasing population, with the exception of P. aeruginosa. This is reflected in a study
by Maclean et al. (2009) who demonstrated that a dose of 36 J/cm? was required for a 3 logso
reduction of 10° and 10’ CFU/ml populations of S. aureus compared to a slightly increased
dose of 41 J/cm? for equivalent reduction of a 10° CFU/ml population. The increase in dose
was attributed to attenuation of light passing through a 10° CFU/mI population of S. aureus.
Light irradiance reduced from 10 mW/cm® at the sample surface to 5.6 mW/cm? after
passing through the sample, which was not seen in samples with a lower population density
(Maclean et al., 2009). Additionally, Bumah et al. (2013) demonstrated that bacterial density
does not affect the bactericidal effect of 405 nm and 470 nm light, but the reduced light
penetration of suspending liquids, due to increased bacterial concentration, is likely to limit
bactericidal effect. These results are similar to that of Hessling et al. (2017) who also found

no significant correlation between the starting population and dose requirements.
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Trends in Figure 6.6 indicate little change in the dose for 1 log;, reduction with increasing
irradiance of 405 nm light (with the exception of L. monocytogenes), with no significant
correlation seen. However in the case of L. monocytogenes, as the irradiance increased there
was a slight decrease in the dose required. This opposes results demonstrated by
Murdoch et al. (2012) who exposed L. monocytogenes to different irradiances (10, 20, 30
mW/cm?) of 405 nm light. Following a dose of 108 J/cm? there was a slight decrease in
inactivation from 5.18 log;, to 4.9 log,, reduction when irradiance was increased from 10-30
mW/cm?. However, as the linear relationship was deemed weak in Figure 6.6, it is still likely
that there is an absorption maxima regardless of the irradiance of light used.

Stronger correlation was observed with the relationship between dose and violet-blue light
wavelength. In the case of S. aureus and P. aeruginosa there was little change in dose with
increasing wavelength, however stronger positive linear correlations were seen for E. coli
and L. monocytogenes (Fig 6.7). This indicates that some bacterial strains may be more
sensitive to shorter wavelengths closer to 405 nm rather than those towards 470 nm (Fig 6.7).
405 nm light was also demonstrated to be the most effective wavelength for microbial
inactivation by Endarko et al. (2012). Exposure of L.monocytogenes to wavelengths
between 400-450 nm, achieved maximum inactivation (1.45 log;, reduction) following
exposure to 405 nm light and least inactivation, (0.04 log,, reduction) using 450 nm light
following a dose of 123.3 J/cm? (Endarko et al., 2012).

As the methodology to calculate dose for 1 logyo reduction was adapted from Hessling et al.
(2017), it is interesting to compare results between reviews. There were several differences
with regards to the calculation for 1 logyo reduction, this is likely due to differing
interpretation of inactivation kinetics from figures. For example, several studies stated that
they exposed 100-300 CFU/plate and Hessling et al. (2017) recorded this as 1 x 10° CFU/ml
so this may also have affected dose calculation with regards to log, reduction. Additionally,
there were several instances during comparisons that major differences were noted. The first
case of this was regarding the inactivation of B.subtilis vegetative cells.
Hessling et al. (2017) stated that using 408 nm and 451 nm light resulted in an average dose
of 69.8 Jem® and 100 J/icm? respectively, for 1 logy reduction (adapted from
Hoenes et al., 2015). However upon review of work by Hoenes et al. (2015) it appears the
dose requirements had been mixed-up between wavelengths. Another difference was noted
for the dose requirements for C. difficile. Hessling et al. (2017) stated that the dose for
1 logyo reduction of spores was 76.4 J/cm?® (adapted from Moorhead et al., 2016a). The true

value is actually much higher at 736.4 J/cm?, due to natural resistance of bacterial spores.
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Additionally, it appears that Hessling et al. (2017) calculated log;, reduction compared to the
starting population, whereas in this study, log;, reduction was compared to equivalent non-
exposed control population, as often as possible. This was evident when comparing the
average dose for B. cereus. Hessling et al. (2017) calculated the dose for 1 logyo reduction
using a 3.6 logyo reduction value however the study by Maclean et al. (2013) states that there
was a 1 logy, reduction of the control, so the true reduction is actually 2.6 log;,. Comparing
data on E. coli inactivation from a study by McKenzie et al. (2016), highlighted additional
differences. McKenzie et al. (2016) achieved 3.3 logy,and 7.7 log;, reductions of 10" and
10° CFU/mI populations of E. coli following doses of 234 J/cm? and 707 J/cm® 405 nm light,
respectively. However Hessling et al. (2017) stated that a 10" CFU/mI population received

an applied dose of 702 J/cm?, which is not actually stated anywhere in the original research

paper.

The discrepancies with Hessling et al. (2017) are likely due to variation in the methods of
analysis used or user error considering the large amount of data being processed. However,
these differences may have altered the subsequent analysis performed by Hessling et al.
(2017). This study used the correct values (stated above), reviewed more papers on bacterial
inactivation by violet-blue light than Hessling et al. (2017) (including those by
Kawada et al., 2002; Kotoku et al., 2009; Gupta et al., 2015; Barneck et al., 2016;
Decarlietal.,, 2016; Gillespie et al., 2017; Kim et al., 2016; Hope et al., 2016;
Filaetal., 2017; O’Donoghue et al., 2017), and also included inactivation data on fungi,
viruses and yeasts. Therefore, it is possible to argue that this review is a more thorough
analysis as a greater number of studies have been included, and represents a more accurate

representation of the efficacy of violet-blue light between 380-480 nm.

Several other interesting comparisons in respect of temperature and anaerobic conditions
during exposure, can be made using the data from the systematised review (Appendix A).
Decreased or elevated temperatures during violet-blue light treatment had a varied effect on
bacterial inactivation. In the case of 405 nm light exposure in low temperatures (< 10°C)
there was little change in inactivation of B. cereus, Lactobacillus planetarium and
P. aeruginosa (Kumar et al., 2015; 2016), however there was enhanced inactivation of
E. coli, and L. monocytogenes (McKenzie et al., 2014). Additionally, inactivation of
S. aureus was reduced, with approximately 50% less inactivation than that achieved at room
temperature (2.1 vs 4 logyo reduction) (Kumar et al., 2015, 2016). When temperature was
increased (>37°C) during violet-blue light exposure, there was enhanced inactivation of

E. coli, L. monocytogenes and P. aeruginosa (De Lucca et al., 2012; McKenzie et al., 2014).
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This was particularly striking in L. monocytogenes with half the dose required
(42 vs 84 J/lcm?) for a 5 logy, reduction following 405 nm light exposure at an irradiance of
70 mW/cm? (McKenzie et al., 2014). McKenzie et al. (2014) hypothesised that the enhanced
inactivation seen during exposure in these stressed conditions may be a result of structural or
metabolic stresses (due to the temperature) which when combined with 405 nm light,
increased microbial susceptibility to ROS and subsequent oxidative damage.

As it is known that oxygen plays an essential role in the photoinactivation of microorganisms
using violet-blue light (Maclean et al., 2009) it was interesting to compare inactivation of
microorganisms exposed in anaerobic environments. Under these conditions there was little
to no inactivation of bacteria, including S. aureus, E. coli and E. faecalis and significantly
reduced inactivation (1-5 log,, less) of fungi and yeasts, including A. niger, C. albicans and
S. cerevisiae (Murdoch et al., 2013; Hope et al., 2016). However up to 4 log, inactivation of
Prophyriomonas gingivalis, Prevotella intermedia, Prevotella nigrescens and
Propionibacterium acnes could be achieved in anaerobic conditions following violet-blue
light exposure (Ashkenzei et al., 2003; Hope et al., 2013, 2016). These results further
demonstrate that environmental pathogens such as S. aureus require oxygen for violet-blue
light inactivation (Maclean et al., 2009), however they also indicate that anaerobic oral
bacteria such as P. gingivalis may not require oxygen for inactivation during violet-blue light
exposure. Hope et al. (2016) hypothesised that inactivation of these oral bacteria may be due
to Type | reactions occurring within bacterial cells, producing ion radicals which could cause
damage to cellular structures without requiring oxygen as an intermediate. This demonstrates
that, in certain oxygen depleted scenarios, violet-blue can still be used for microbial

inactivation.

As discussed in Chapter 2, 405 nm light inactivation of bacteria is thought to occur through
excitation of intracellular porphyrin molecules, resulting in oxidative damage, promoting
cellular damage and cell death. This inactivation mechanism has benefits over many other
current chemical and technological antimicrobial treatments, in that it is unlikely to induce
DNA damage, making organisms less likely to develop genetic mutations and acquire
resistance, making it a safer alternative for human exposure. Additionally, the non-specific
oxidative damage exerted on exposed microorganisms enables effective inactivation of a
wide range of microbial species. However, very few of the papers reviewed attempted to
investigate the mechanism of inactivation of violet-blue light, through use of ROS
scavengers; porphyrin identification; or by detecting bacterial damage. Therefore, there is a

definite requirement for the inactivation mechanism to be fully established.
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For many of the bacterial species (Appendix A) only one strain has been studied, therefore it
would be interesting for future research to investigate a wider range of strains within a
bacterial species. Additionally, as antimicrobial violet-blue light is being developed for a
range of clinical applications, it is important to expand the number of clinical isolates
investigated as there can be large variations in dose requirements. This was demonstrated by
Halstead et al. (2016) who showed variations in the inactivation of isolates from an English
hospital exposed to 400 nm light. Variation in dose requirements was particularly notable in
clinical isolates of Stenotrophomonas maltophilia, with between 2.97-7.33 logy reduction
achieved following a dose of 108 J/cm® (Halstead et al., 2016). Very few of the organisms
tested in the 76 studies reviewed have also been MDR strains, however dose requirements do
seem to be similar between antibiotic sensitive and antibiotic resistant organisms. For
example, an average dose of 7.14 J/cm? and 7.85 J/cm? was required for 1 logy, reduction of
drug sensitive and multidrug resistant P. aeruginosa (Fila et al., 2017). As these pathogens
are an increasing problem in the hospital environment with very few treatment options
(Pendelton et al., 2013), it is very important to continue to establish their susceptibility to
violet-blue light. Successful demonstration of the reduction of MDR organisms would

certainly support the use of 405 nm light for environmental decontamination in hospitals.

It was also apparent when comparing the data collected during the systematised review that
there is a lack of evidence regarding the antimicrobial effect of violet-blue light on fungi,
yeasts, protozoa and viruses. Only 10 of the studies reviewed investigated fungi and yeasts
with the majority focussing on Gram positive and Gram negative bacteria. Although work
has been carried out on C. albicans, A.niger and Fusobacterium spp., further work is
required to investigate inactivation of additional hospital acquired pathogens such as
Candida spp. (C. glabrata, C. parapsilosis; C. tropicalis), Aspergillus spp. (A. fumigates;
A. flavus), Mucorales, Fusarium spp. (F. moniliforme, F. solani, and F. oxysporum), and

Scedosporium spp. (S. apiospermum and S. prolificans) (Perlroth et al., 2007).

Evidence on the potential for violet-blue light inactivation of other microorganisms such as
protozoa and viruses is also limited. In all the studies reviewed, only one investigated the
inactivation of protozoa (namely Acanthamoeba polyphaga, ATCC 30461), with inactivation
measured in fluorescence (Decarli et al., 2016). After doses of 300 Jicm? of 450 nm light,
there was a 42% reduction in fluorescence of a 10° CFU/mI population compared to the
un-exposed control (De Carli et al., 2016). Future work could investigate other protozoa
which  are harmful to human health such as  Blastocystis hominis,

Cryptosporidium parvum, Entamoeba histolytica and Giardia lamblia
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(Sandokji et al., 2009). The published results from Chapter 4 are also the only evidence of
the virucidal efficacy of 405 nm light against mammalian viruses (Tomb et al., 2016).
Therefore, additional studies are required to support these findings and investigate efficacy
against nosocomial viruses such as Adenovirus, Influenza and Rotavirus
(Gleizes et al., 2006; Eibach et al., 2014; Ganime et al., 2016).

To further support the clinical application of violet-blue light it would be important to begin
to standardise microbial inactivation studies between differing research groups. One way of
doing so would be to distribute a standardised test panel of organisms, suspended on a
96-well plate, to research groups working with violet-blue light or hospitals utilising the
HINS-light EDS. The results could then be collected and analysed to ensure that all groups
involved are achieving similar levels of inactivation. Therefore, outcomes from future

studies would be considered more robust and could be directly compared between groups.

As a final observation, it was clear from the systematised review that there is little known
about the potential for microorganisms to become tolerant to violet-blue light inactivation.
Only 3 of the studies reviewed investigated the potential for tolerance development in
bacteria, with differing results (Amin et al., 2016; Guffey et al., 2013a; Zhang et al., 2014).
It is particularly important to continue research on the potential for tolerance development, to
ensure that evidence is generated from several research groups, using different experimental
arrangements, allowing accumulation of data so users can form unbiased opinions.
Investigating tolerance will also help to ensure that violet-blue light is effectively used
within the clinical environment, utilised in a way that in unlikely to result in resistance and

provide reassurance to end-point users.
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Chapter Seven

Investigating Potential for Bacterial
Tolerance to 405 nm Light

7.0 Overview

As discussed in Section 2.5.3, the bactericidal efficacy of 405 nm light is well established.
However, a key question to be addressed for this, and indeed, all new decontamination
technologies, is whether there is potential for bacteria to become tolerant to its antimicrobial
effects. This chapter investigates the likelihood of tolerance development under two distinct
scenarios: after culture in low-intensity 405 nm light (proliferating cells), and after repeated
sub-lethal exposure to 405 nm light (non-proliferating cells).

7.1 Introduction

Over the past twenty years there has been an increase in bacterial resistance to antibiotics
and a reduction in development of new antibiotics. The ‘Review on Antimicrobial
Resistance’ by the UK government estimates that currently there are 700,000 deaths per
annum worldwide due to antimicrobial-resistant organisms including those which cause
tuberculosis and malaria, as well as nosocomial pathogens (O’Neill 2016). It is estimated
that if resistance levels continue to rise, then by 2050 there will be 10 million deaths
annually (O’Neill 2016).

Bacteria have been able to develop various resistance mechanisms primarily due to misuse of
antibiotics, including: over-prescription; failure of patients to complete courses; and their
over-use in farming and aquafarming (Laxminarayan et al. 2013; Cabello et al., 2016).
Inconsistent hygiene practices in hospitals and low levels of personal hygiene also contribute
(Laxminarayan et al. 2013). The two main resistance mechanisms in bacteria are known as
intrinsic and acquired resistance. Intrinsic resistance occurs when bacteria have the natural
ability to decrease sensitivity to a particular agent, whereas acquired resistance involves
mutations of normal genes or acquisition of foreign genetic material, which allow bacteria to

survive (most common in Gram negative species) (Russel 1999). Mechanisms which
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bacteria employ to evade antibiotics include: cellular efflux pumps; impermeable cellular
membranes; and the production of neutralizing intracellular enzymes (Frére 1995;
Delcour 2009).

As discussed in Section 2.1 antibiotic resistant organisms in the clinical environment include
methicillin-resistant Gram positive bacteria such as S. aureus and MDR Gram negative
bacteria such as A. baumannii, E. coli, K. pneumoniae and P. aeruginosa. Antibiotic choices
to treat these pathogens are becoming limited with resistance to the last resort drug, colistin,
recently discovered via a transferable, plasmid-mediated, colistin-resistant gene (mcr-1) in
countries including China, the UK and the USA (McGann et al., 2016).

Therefore, as we approach the end of the so called ‘antibiotic era’, alternative
decontamination strategies are required to prevent the spread of these MDR organisms.
These organisms are posing greater strain on healthcare systems in a number of ways.
Patients require longer hospital stays due to increased morbidity; infections are harder to
treat as there are reduced antibiotic choices for clinicians (with alternatives being expensive
drug combinations which can lead to higher patient mortality); and greater precautions are

required to prevent spread amongst patients and staff (Cosgrove 2006).

405 nm light is one such technology designed to reduce transmission of these pathogenic
organisms, aiding environmental decontamination and clinical treatment. As discussed in
Section 2.5.3, 405 nm light has extensive antimicrobial action (Guffey and Wilborn 2006;
Maclean et al., 2009, 2013b; McKenzie et al., 2013; Murdoch et al., 2012, 2013; Tomb et
al., 2014, 2016); can be used at levels which are non-detrimental to mammalian cells
(McDonald et al. 2013; Dai et al. 2013a, b; Ramakrishnan et al. 2016); can be used for
continuous decontamination of occupied environments (Maclean et al., 2010, 2013a, 2014;
Bache et al., 2012); and can be effectively used for wound decontamination
(Dai et al., 2013b). However, little is known about the potential for the development of

bacterial tolerance to violet-blue 405 nm light inactivation.

It is hypothesised that tolerance is unlikely due to the mechanism of inactivation (Dai et al.,
2013a; Maclean et al., 2014; Amin et al., 2016). Similar to that of PDI, which makes use of
an additional photosensitizer, the mechanism of inactivation is thought to be non-selective,
as ROS and 'O, produced cause unspecific damage to a wide spectrum of targets within
bacterial cells (Tavares et al., 2010; Dai et al., 2013a, Maclean et al., 2014,
Amin et al., 2016). Nevertheless, there is little evidence to support this. Several studies have

investigated tolerance formation following repeated PDI in a range of microorganisms
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including Actinobacillus actinomycetes, E. coli, Peptostreptococcus micros, P. aeruginosa,
S. aureus and Vibrio fischeri, in which none of the aforementioned species were found to
become tolerant (Lauro et al., 2002; Pedgio et al., 2009; Giulinani et al., 2010;
Tavares et al., 2010; Bartolomeu et al., 2016). At the time of literature review only three
studies had been identified which focussed on tolerance formation in bacteria following
exposure to violet-blue light alone. An initial study by Guffey et al. (2013a) demonstrated
potential for S. aureus to become tolerant to 405 nm light, as after 7 repeated exposures there
was a decrease in the kill rate. Conversely, two studies using 415 nm light demonstrated no
evidence of tolerance formation following 10 sub-lethal exposures in A. baumannii and
P. aeruginosa (Zhang et al., 2014; Amin et al., 2016).

As current results are conflicting, this study was carried out to investigate if tolerance to
405 nm light could be evidenced in the nosocomial pathogen S. aureus. The first stage of the
study was designed to investigate whether differences could be detected in the 405 nm light
sensitivity or stress response of S. aureus after culture under different lighting conditions
(dark, white, low-level blue). The study then progressed to investigate the effect of repeated
sub-lethal exposure of S. aureus to high-intensity 405 nm light. To further investigate the
likelihood of tolerance, the inactivation kinetics and antibiotic susceptibility of survivors

after sub-lethal exposure, were analysed and compared.

Finally, in order to evaluate the potential for tolerance development, it is important to fully
understand the mechanism of 405 nm light microbial inactivation. As discussed in Section
2.5.1, inactivation is thought to be due to the excitation of endogenous porphyrins. To
provide additional evidence on the inactivation mechanism of violet-blue light, High
Performance Liquid Chromatography (HPLC) was carried out to identify and quantify the

endogenous porphyrins within S. aureus.

To summarise, this chapter examines the potential for bacterial tolerance to 405 nm light and

is divided into three main subsections as follows:

e Determining the potential for tolerance development following culture under
different lighting conditions, to understand the effect of low-level light stress when
bacteria are proliferating, such as those present in nutritious areas such as wounds.

o Determining the potential for tolerance development following repeated sub-lethal
exposure to high-intensity 405 nm light, to model how repeated exposure would
occur in stationary, non-proliferating bacteria such as those in the environment.

e Analysis of the presence of endogenous photosensitive porphyrins within S. aureus.
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7.2 Determining Potential for Tolerance Development when

Cultured under Different Lighting Conditions

This section of work investigates the differences in the 405 nm light susceptibility of
S. aureus following culture in different lighting conditions: white, dark and low-intensity
405 nm light. The aim was to determine whether culture in low-level 405 nm light will
subsequently affect the stress response and inactivation kinetics of S. aureus.

7.2.1 Bacterial Preparation and Cultivation in Different Lighting

Conditions

Methicillin-sensitive S. aureus NCTC 4135 was inoculated in 100 ml nutrient broth and

cultivated under the following lighting conditions:

o complete darkness (flasks wrapped in aluminium foil);

e white light (normal laboratory fluorescent lighting), at approximately 200 Lux,
measured using a Light Level Meter (Labfacility, UK);

e 3 levels of low-intensity 405 nm light: 0.15, 0.5 & 1 mW/cm?, using a 9-LED array,

as detailed in Section 3.5.2.

When using low level 405 nm lighting, the LED array and power supply were placed in a
37 °C incubator and allowed to stabilise before setting the irradiance; this ensured that the
current would not fluctuate during temperature increase. The voltage was set to 9.01 V,
9.33V and 9.63 V to achieve irradiances of 0.15 mW/cm?, 0.5 mW/cm? & 1 mW/cm?
respectively. The irradiance was then measured 30 cm from the LED array, where the centre
of the 500 ml flask would be positioned during bacterial cultivation. This was repeated with
the power meter positioned inside the empty flask against the LED-facing surface, and there
was no change in the irradiance levels, with 0.15, 0.5 and 1 mW/cm? recorded at the 3
settings. Measuring at this central point correlated with the irradiance of 405 nm light which

would transmit through the flask to the broth.

Bacteria were cultured in these lighting conditions under rotary incubation (120 rpm) at
37 °C for 18-24 hours (Fig 7.1). The broths were then centrifuged at 3939 xg for 10 min and
the pellets re-suspended in 100 ml PBS. Bacterial suspensions were then diluted in PBS to an

experimental starting population of 1-2 x 10°> CFU/ml.
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lnoculated
Nutrient Broth

Figure 7.1 Experimental arrangement of the cultivation of Staphylococcus aureus under
low-irradiance 405 nm light. Samples were exposed at an irradiance of 0.1, 0.5 or
1.0 mW/cm? The experimental set-up was housed in a rotary incubator (120 rpm), at 37 °C
for 18-24 hours.

7.2.2 Exposure to High-lrradiance 405 nm Light Following Cultivation
under Different Lighting Conditions

Following cultivation, the bacteria were exposed to high-irradiance 405 nm light to establish
if their susceptibility to 405 nm light had been affected by pre-culture in the different
lighting conditions. The light source used for inactivation was a high-power 405 nm LED
array, as detailed in Section 3.5.1.

The LED array was placed in a PVC housing approx. 6 cm from the surface of bacterial
samples. 5 ml bacterial samples were held in the central wells of 6-well plates then exposed
to increasing doses of 405 nm light, using an irradiance of 60 mW/cm? under constant
agitation using a magnetic stirrer (Fig 7.2). Control plates were held under identical
conditions but subjected to normal laboratory lighting.

Samples (100 pl, 200 ul) were taken at 15 minute intervals during high-intensity 405 nm
light exposure, and spread onto NA plates, with 500 pl samples also plated after final time
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points. The plates were incubated at 37 °C for 24 hours and then enumerated, with results

reported as CFU/ml as a function of dose (J/cm?).

|
L 405 nm LED
_Array, Heat Sink
and Fan

4OV Driver

Magnetic Stlrrer

Ii

Figure 7.2 Experimental arrangement of the exposure of 5 ml samples of Staphylococcus
aureus to high-intensity 405 nm light. Samples were exposed at an irradiance of

60 mW/cm?, under constant agitation (using a magnetic stirrer).

7.2.3 Investigating the Minimum Inhibitory Concentration of Hydrogen

Peroxide

The minimum inhibitory concentration (MIC) assay of hydrogen peroxide (H,0,) was based
upon that used by Lipovsky et al. (2009). H,O, dilutions were prepared by performing 2-fold
dilutions of 6 % H,O, in NB until the final dilution contained 1.8 x 10° % H,0.,. Following
4-5 hours of cultivation in white light, complete darkness or 1 mW/cm? 405 nm light, 100 l
S. aureus, at a density of 10° CFU/ml, was added to two-fold dilutions of H,O, in NB. The
H,O, dilutions were then incubated at 37 °C for 24 hours and the MIC identified as the
lowest concentration of H,O, which caused visible inhibition of bacterial growth.
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7.2.4 Carotenoid (Staphyloxanthin) Extraction

Carotenoid extraction was adapted from the methodology used by Bartolomeu et al. (2016).
S. aureus was cultured in white light, complete darkness or 1 mW/cm? 405 nm light for
24 hours. After cultivation, the cultures were washed thrice in sterile H,O, re-suspended in
5 ml 99.9% methanol and incubated in a 55 °C water bath for 15 mins until the cells had
been bleached. Following extraction, the samples were centrifuged at 8000 xg for 10 mins,
the supernatant removed and re-centrifuged at 10,000 xg for 15 mins to ensure removal of
any residual biomass. The carotenoid content was then measured by recording the

absorbance at 465 nm, using a Biomate 5 Spectrophotometer.

7.2.5 Results: Bacterial Inactivation Kinetics following Single Culture

As can be seen in Figure 7.3, S.aureus cultivated in white light or complete darkness,
showed relatively linear inactivation when exposed to high-intensity 405 nm light, with
5 logs, reductions achieved after a final dose of 216 J/cm®. No significant differences in
inactivation kinetics between S. aureus cultures cultivated in white light or darkness were

detected at any of the tested sampling points using a (two-Sample T-test; P > 0.05).

When cultured in the presence of low-intensity 405 nm light, (0.15, 0.5 or 1 mW/cm?), some
slight differences in the inactivation kinetics were observed. Although trends appear similar
(Fig 7.4), differences in the susceptibility of bacteria cultured in low intensity 405 nm light
versus dark cultured can be seen at certain doses. Following exposure to 108 and 162 J/cm?
high-intensity 405 nm light, S. aureus cultured in 0.15, 0.5 and 1 mW/cm?® 405 nm light
showed significantly less inactivation than that cultured in complete darkness (P < 0.05). By
a final dose of 216 J/cm? the inactivation achieved between the dark cultured and low-
irradiance 405 nm light cultured S. aureus was similar (~4-5 logy, reduction), with the
exception of 1 mW/cm® 405 nm light: when cultured under this lighting condition, only
3.3 logye reduction was achieved compared to 5 logyg reduction for dark-cultivated S. aureus
(P = 0.045).
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Figure 7.3 Inactivation of methicillin-sensitive Staphylococcus aureus by exposure to
60 mW/cm? 405 nm light after culture in white light or complete darkness. Data points
show the mean counts (n > 6) £ SD. No significant differences were found between the
susceptibility of the light and dark cultured S. aureus (P > 0.05), using two-sample T-test.
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Figure 7.4 Inactivation of methicillin-sensitive Staphylococcus aureus by exposure to
60 mW/cm?405 nm light after overnight culture in low-level 405 nm light (0.15, 0.5 and 1
mW/cm?). The inactivation kinetics of dark-cultured S.aureus have been included for
reference. Data points show the mean counts (n > 6) £ SD. Asterisks ‘*’ indicate 405 nm
light-cultured samples that were significantly different to those which had been dark-cultured
(P < 0.05), using one-way ANOVA.
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7.2.5.1 Investigating the Minimum Inhibitory Concentration of H,O,

To detect changes in the ability of S. aureus to tolerate oxidative stress after growth in
1 mW/cm? 405 nm light compared to white light or complete darkness, a MIC assay using
H,O, was carried out, as well as measurement of the carotenoid content of each culture.
Analysis was carried out using bacteria which had been cultivated in 1 mW/cm? 405 nm
light, as this culture demonstrated the greatest tolerance to high-intensity 405 nm light
compared to bacteria grown in darkness, and was therefore likely to demonstrate greatest
levels of oxidative stress tolerance. Results in Table 7.1 demonstrate that the MIC of H,O,is
significantly higher for S.aureus grown in 1 mW/cm?® 405 nm light compared to when

grown in white light or complete darkness.

Table 7.1 Differences in the minimum inhibitory concentration (MIC) of hydrogen
peroxide (H,O,) and carotenoid content of methicillin-sensitive Staphylococcus aureus
when cultivated in different lighting conditions. Data points represent the mean counts
(n =3) = SD. * represents a significant change (P < 0.05), using one-way ANOVA.

Growth Conditions Average Minimum Average Carotenoid
Inhibitory Concentration of  Absorbance at 465 nm
H,0, (%) + SD + SD
Complete Darkness 0.00293 + 0.00000 0.90 £ 0.22
White Lighting 0.00513 £ 0.00146 0.82+0.24
Low irradiance
(1 mW/cm?) 0.01831 + 0.01025* 0.17 £ 0.12*

405 nm Light

7.2.5.2 Carotenoid (Staphyloxanthin) Extraction

Figure 7.5 visually demonstrates that the presence of the carotenoid pigment,
staphyloxanthin, is significantly lower in S.aureus grown in 1 mwW/cm? 405 nm light
compared to that grown in white light. The S. aureus pellet is completely bleached after
growth in low-level 405 nm light and no longer has the golden pigmentation typical of when

cultivated in white light.
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This is supported by the quantitative results shown in Table 7.1, which demonstrate that

staphyloxanthin levels are significantly lower in S. aureus cultured in 1 mW/cm? 405 nm

light (P = 0.009) compared to that grown in white light (P = 0.015) or complete darkness
(P =0.008).

Figure 7.5 Appearance of Staphylococcus aureus cell pellets following 18-24 hour
cultivation in (a) 1 mW/cm? violet-blue light and (b) white light, (200 Lux).

7.2.6 Results: Bacterial Inactivation Kinetics following Multiple Cultures
in 1 mW/cm? 405 nm Light

Further investigations were carried out to investigate if growth in low-intensity 405 nm light
was selective for S. aureus which was able to adapt to a greater level of oxidative stress.
Bacteria were grown in 1 mW/cm® 405 nm light, sub-cultured onto NA plates, then
re-cultured in (a) complete darkness once or (b) 1 mW/cm? a further two times. As can be
seen in Figure 7.6a, when cultivated in 1 mW/cm? followed by cultivation in complete
darkness, the level of inactivation returns to that of cultivation in darkness alone, with no
significant difference in the level of inactivation (P =0.395). Similarly, the level of
inactivation was significantly greater than that of S. aureus grown in 1 mW/cm? 405 nm light
(P =0.043). Figure 7.6b also demonstrates that triplicate cultivation in 1 mW/cm? does not
select for more tolerant cultures. The sensitivity of S. aureus to high-intensity 405 nm light
returns to a similar level of that when cultivated in complete darkness alone, with an average
0.7 x 10" CFU/ml population surviving following a dose of 216 J/cm® This was not
significantly different to the average 0.3 x 10' CFU/mlI surviving population which had been
grown in darkness (P = 0.230).
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Figure 7.6 Comparison of the susceptibility of methicillin-sensitive Staphylococcus aureus
to high-intensity 405 nm light after cultivation under different conditions. (a) S. aureus
was cultivated in low intensity (1 mW/cm?) 405 nm light followed by cultivation in complete
darkness, and (b) S.aureus was subjected to repeated (three times) cultivation in
low-intensity (1 mW/cm?) 405 nm light. Each cultivation was at 37 °C for 18 hours.
Following these cultivation conditions, bacteria were exposed to increasing doses of high
intensity 60 mW/cm? light to establish the inactivation kinetics. Inactivation kinetics of
bacteria which had been pre-cultured once in darkness or low intensity 405 nm light are
given as a comparison. Data points show the mean counts (n > 6) = SD. Asterisks ‘*’
indicates cultured samples that were significantly different to those which had been cultured
once in 1 mW/cm? 405 nm light (P < 0.05), using one-way ANOVA.
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7.3 Determining Potential for Tolerance Development Following

Repeated Sub-Lethal Exposure to High-Intensity 405 nm Light

This section of work investigates if bacterial tolerance is likely to develop if non-

proliferating bacteria are repeatedly exposed to sub-lethal levels of 405 nm light.

7.3.1 Bacterial Preparation

Methicillin-sensitive S. aureus (MSSA; NCTC 4135), and methicillin-resistant S. aureus
(EMRSA-15) were inoculated, in triplicate, in 100 ml NB, and dark-cultivated at 37 °C for
18-24 hours under rotary conditions (120 rpm). Cultures were re-suspended in PBS and
diluted to a 10° CFU/ml population.

7.3.2 Repeated Sub-Lethal Exposure

Following cultivation, bacterial samples were exposed to 405 nm light at a dose of 108 J/cm?
(60 mW/cm? for 30 min) using the high-intensity 24-LED array (as described in Section
7.2.2))

Following exposure, samples were plated onto nutrient agar, using an automated spiral plater
(Section 3.3.4) and incubated at 37 °C for 18-24 hours. Surviving colonies were enumerated
and termed as survivors from ‘Run 1°. Surviving colonies from ‘Run 1’ were then used to
inoculate NA broths, in triplicate, and the above process of exposure-subculture-exposure
was repeated until 15 sub-lethal exposures had occurred (Fig 7.7). Unexposed controls were
plated in the same way and enumerated, to check that no decrease in control populations
occurred. Survivors from each run were tested using Staphaurex Plus Latex Agglutination
(Thermo Fisher Scientific, UK) and Penicillin Binding Protein (PBP2a) Latex (Oxoid, UK)
to confirm that no contamination had occurred. As an additional negative control, S. aureus
was cultivated in complete darkness, sub-cultured onto NA plates and re-cultured in darkness

for 15 cycles.
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1. Starting culture
of MSSA or MRSA.

2. Inoculate nutrient broths in
triplicate and cultivate at 37°C,
120 rpm overnight.

3. Expose 5ml of S. aureus in
PBS to a sub-lethal dose of
405 nm light (108 J/cm?) in

triplicate.

4. Enumerate surviving
colonies on nutrient agar
plates, designated Al, Bl & Cl.

5. Inoculate each broth with a
single survivor and repeat
steps 2-5 until the 15" sub-
lethal exposure.

Figure 7.7 Flow diagram of the experimental procedure used during repeated sub-lethal
405 nm light exposure of Staphylococcus aureus. MSSA and MRSA were exposed to 15
cycles of a dose of 108 J/cm? using an irradiance of 60 mW/cm?.
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7.3.3 Inactivation Kinetics of Survivors following Sub-Lethal Exposure

Full inactivation kinetics were established using the initial cultures and survivors after 5, 10
and 15 sub-lethal exposures. The inactivation kinetics of the non-exposed control, which was
sub-cultured in darkness 15 times, were also determined. Maximum doses of 270 J/cm* and
324 Jiem? were delivered for MSSA and MRSA respectively, as scoping experiments
indicated that MRSA required higher doses for complete inactivation. This was expected, as
dose requirements often vary between different strains of bacteria (Bartolomeu et al., 2016).

7.3.4 Antibiotic Susceptibility Testing

Antibiotic susceptibility testing was carried out following the European Committee on
Antimicrobial Susceptibility Testing (EUCAST) disc diffusion methodology (Matuscheck et

al., 2014) as closely as possible (variations included the use of 90 mm plates, stacking

during incubation, and inoculation with only one antibiotic disc/plate to prevent overlap if
bacterial susceptibility increased). The 11 antibiotics used were oxacillin, erythromycin,
tetracycline, chloramphenicol, fusidic acid, gentamicin, ampicillin, ciprofloxacin, mupirocin,
vancomycin and rifampicin, representing a range of clinical antibiotics with different

mechanisms.

Fresh bacterial cultures from the initial stocks, isolates after 5, 10 & 15 sub-lethal exposures,
and the non-exposed controls (15 sub-cultures in darkness), were grown in NB overnight in
complete darkness. The following day the broths were centrifuged and diluted to a
10® CFU/ml population. The bacteria were spread onto MH agar plates using sterile swabs in
three directions (Fig 7.8a). A single antibiotic disc (Mast Group, UK) was placed into the
centre of the plate and immediately the plates were incubated at 35 + 2°C for 18-20 hours.
Following incubation, the diameter of the zone of inhibition was measured in normal

laboratory lighting and recorded to the nearest mm (Fig 7.8b).
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Zone of
Inhibition

Figure 7.8 Methodology for zone of inhibition studies. (a) The three directions in which
Mueller Hinton agar plates were swabbed with Staphylococcus aureus, and (b) the zone of
inhibition surrounding an antibiotic disc on a Staphylococcus aureus lawn, with the arrow

indicating the diameter of the zone of inhibition.

7.3.5 Results: Potential for Tolerance following Repeated Sub-Lethal
Exposure to 405 nm Light

In order to investigate the likelihood of tolerance development when non-proliferating
Staphylococcus aureus was repeatedly exposed to 405 nm light, bacteria were repeatedly
exposed to a sub-lethal dose of 108 J/cm? 405 nm light. This dose was selected as it had
previously shown to cause approximately 98% (1.6-1.8 logyo) inactivation (Fig 7.3).

As can be seen from Figure 7.9a and 7.10a, after repeated sub-lethal exposure there were
fluctuations in MSSA inactivation. Figure 7.9a highlights the inactivation of each individual
run A, B & C of MSSA, which generally followed a similar pattern of susceptibility
throughout the 15 sub-lethal cycles. The level of bacterial inactivation achieved was greatest
for isolates of run C on 8 occasions however a similar number of occurrences of the least
inactivation was seen for runs A, B & C on 5, 6 and 4 occasions respectively. When the
inactivation efficiency was analysed (Fig 7.10a) it can be seen that the maximum
inactivation occurred following 7 sub-lethal exposures (1.5 logy, reduction), and minimum
after 4 sub-lethal exposures (1.1 log;, reduction). However, there was no significant
difference (P = 0.242) in MSSA inactivation, compared to equivalent non-exposed controls,
after 1 sub-lethal exposure compared to those after 15 sub-lethal exposures, with 1.3 logi
and 1.2 logy, inactivation achieved respectively. Additionally, one-way ANOVA and
Dunnett’s post-hoc analysis, using Run 1 as the control group, indicated that there was no

significant difference in the bactericidal efficiency of 405 nm light (logio No/N) between the
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sub-lethal exposures. No significant change was seen in the equivalent non-exposed controls
(P =0.198).

As a comparison, a clinical isolate of MRSA was also repeatedly exposed to sub-lethal levels
of 405 nm light. Figures 7.9b and 7.10b demonstrate that similarly to MSSA, there were
fluctuations in inactivation of MRSA. Figure 7.9b highlights that the inactivation of isolates
of run B & C follow a similar pattern, however greater inactivation of run A was seen on 8
occasions, and was particularly higher following 3, 4, 7, 9 & 14 sub-lethal exposures.
However, when the average inactivation efficiency of MRSA was analysed (Fig 7.10b)
maximum inactivation of MRSA was achieved after 14 sub-lethal exposures (1.8 logio
reduction) and minimum after 10 sub-lethal exposures (1.1 log;, reduction). Furthermore,
there was also no significant difference (P =0.943) between the 1.3 logy, and 1.4 log;o
reduction after 1 and 15 sub-lethal exposures, respectively. Similarly to MSSA, one-way
ANOVA and Dunnett’s post-hoc analysis, using Run 1 as the control group, indicated that
there was no significant difference in the bactericidal efficiency of 405 nm light (Iog;o No/N)
between the sub-lethal exposures. No significant change was seen in the equivalent non-
exposed controls (P = 0.116).
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Fig 7.9 Repeated sub-lethal exposure of MSSA and MRSA to 405 nm light. MSSA (a) and
MSSA (b) were exposed to 15 sub-lethal exposure cycles of a dose of 108 J/cm? 405 nm
light at an irradiance of 60 mW/cm? Exposed and non-exposed (control) data were

enumerated after each cycle of exposure. Data points show the mean counts (n > 2) + SD.
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7.3.6 Results: Inactivation Kinetics of Survivors following Sub-Lethal

Exposure to 405 nm Light

The inactivation kinetics of surviving MSSA and MRSA isolates after 5, 10 and 15 sub-

lethal exposures to 60 mW/cm? light were also determined.

Figure 7.11a demonstrates the average inactivation kinetics for MSSA and MRSA, with the
inactivation kinetics for each individual run (designated A, B & C) detailed in
Appendix B1.1 and B1.2, respectively. Following a dose of 270 J/cm? there was no
significant difference in the level of MSSA inactivation after 5, 10 and 15 sub-lethal
exposures, with 5.2 (P =0.895), 5.2 (P=0.795) and 4.8 (P =0.583) log;, reduction
achieved, compared to non-sub-lethally exposed MSSA. Similarly, MRSA showed no
significant difference in inactivation after a dose of 324 J/lcm? with 5.4 (P =0.193), 5.4
(P =0.259) and 5.3 (P =0.081) log;, reductions of MRSA after 5, 10 and 15 sub-lethal
exposures, respectively (Fig 7.11b).

Interestingly, for both MSSA and MRSA there was also significantly less inactivation seen
in the negative control population which was sub-cultured in darkness 15 times. This
occurred following a dose of 162 J/cm? and 216 J/cm?® for the MSSA and MRSA isolates
respectively, compared to the inactivation level seen in the equivalent initial starting
population (P = 0.047, 0.039).
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Figure 7.11 Average inactivation kinetics of isolates of MSSA and MSSA after 5, 10 and

lethal exposures of (a) MSSA and (b) MRSA
were conducted using a dose of 108 J/cm? (at an irradiance of 60 mW/cm?), and inactivation

15 sub-lethal exposures of 405 nm light. Sub

2 for increasing time periods. Results are

kinetics were based on exposure to 60 mW/cm

lethally exposed bacteria as a control. Data points show the mean

compared to non-sub

counts (n > 6) £ SD. Asterisks “*’ indicate significantly different inactivation compared to

-way ANOVA.

the 0 sub-lethal exposures control (P < 0.05), using one
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7.3.7 Results: Antibiotic Susceptibility Following Repeated Sub-Lethal
Exposure to 405 nm Light

Although little change was seen in bacterial susceptibility to high-intensity 405 nm light after
repeated sub-lethal exposure, to investigate if stress hardening had occurred, antibiotic

susceptibility testing was also carried out.

The average diameter of the zone of inhibition of MSSA and MRSA can be seen in Table
7.2, with the results for the individual runs (A, B & C) detailed in Appendix B2.1 and B2.2,
respectively. There were no significant decreases in the average diameter of the zone of
inhibition between the initial non sub-lethally exposed MSSA and survivors of 15 sub-lethal
exposures (P > 0.05). There was a significant (P = 0.007) decrease in the average diameter
of the zone of inhibition caused by mupirocin after 5 sub-lethal exposures, however after 10
and 15 sub-lethal exposures, inhibition was comparable to non-stressed cultures (P > 0.05).
Interestingly, there were significant increases in the diameter of the zone of inhibition for
fusidic acid after 10 sub-lethal exposures and rifampicin after 15 sub-lethal exposures

With regards to the average antibiotic susceptibility of MRSA isolates after sub-lethal
exposure (Table 7.2), there were no significant decreases between the initial non-sub-lethally
exposed populations and those after 15 sub-lethal exposures, except for ampicillin. There
was also a significant increase in the diameter of the zone of inhibition using gentamicin

after 15 sub-lethal exposures, compared to initial non sub-lethally exposed populations.

With regards to the negative control populations which were sub-cultured in darkness 15
times, there were several significant differences in antibiotic susceptibility (Table 7.2). In the
case of MSSA there was an increase in resistance to oxacillin and ampicillin, however a
decrease in resistance to erythromycin and gentamicin. Similarly, in the MRSA isolates,
there was a significant decrease in the zone of inhibition due to ampicillin, but an increase in

sensitivity to gentamicin.
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Table 7.2 Average antibiotic susceptibility of MSSA and MRSA after 5, 10 and 15 sub-lethal exposures compared to equivalent non-sub-lethally
exposed controls. Susceptibility was measured using Disc Diffusion Method. Data points show the mean value (n > 3) £ SD. Asterisks ‘*’ indicates
diameter of zone of inhibition that was significantly different to equivalent 0 sub-lethal exposures control (P < 0.05), using one-way ANOVA.

QLT

Conc Mean Diameter of Zone of Inhibition of MSSA (mm) Mean Diameter of Zone of Inhibition of MRSA (mm)
Antibiotic (1g)
0Ct 5 10 15 15 Dark Ct 0Ct 5 10 15 15 Dark Ct
Oxacillin 5 30+0.0 29+0.9 3006 3009 20+0.6% 0+0.0 0+0.0 0+0.0 0+0.0 0.0£0.0
Erythromycin 5 21+06 21+06 22+08 21+04 23+0.6% 23+1.0 22+08 23+1.0 23+1.2 23+1.0
Tetracycline 25 28+12 28+1.0 28+ 14 29+13 27+06 27+1.0 27+0.7 27+1.0 26+0.9 26 +0.6
Chloramphenicol 25 21£15 21+08 2112 21+038 24+06 24+1.0 24+1.1 2314 2311 22+06
Fusidic Acid 10 30+0.0 30+038 32+1.0* 31+18 29+0.6 31+06 3005 3007 30+0.9 30+£06
Gentamicin 10 21£0.6 21+05 21+05 20+0.5 25+0.6% 21+06 21+05 22+13 23+0.6% 22+0.6%
Ampicillin 25 40+ 1.0 39+14 40+16 40+13 36+ 0.6* 15+0.6 15+1.2 15+1.1 13 +1.0* 11 +0.6*
Ciprofloxacin 5 22+12 21+05 22+07 22+13 21+06 26+0.6 26+0.4 26+1.0 26+1.1 25+0.6
Mupirocin 5 28+0.6 26 +0.5* 28+14 28+1.1 27406 26+0.6 27+11 26+12 26+1.3 26 £0.0
Vancomycin 5 15+0.0 14+0.7 15+0.7 15+0.5 14+06 14+0.6 15+0.6 15+0.5 14+05 15 £0.6
) . 32+10 3207 33+18 34 +0.6* 32+06 31+06 30+0.7 31+10 31+09 31+0.0
Rifampicin 5




7.4 Analysis of Bacterial Porphyrin Content

Violet-blue light inactivation is thought to be due to the photoexcitation of intracellular
porphyrins, with several studies demonstrating the presence of porphyrins within violet-blue
light susceptible organisms including A. baumannii, B.cereus, E. coli, H. pylori,
L. monocytogenes, P.acnes, P.aeruginosa, S.aureus, S.epidermidis, S.faecalis and
S. typhimurium (Nitzan and Kauffman 1999; Romiti et al., 2000; Ashkenazi et al., 2003;
Nitzan et al., 2004; Hamblin et al., 2005; Kumar et al., 2015; Amin et al., 2016;
Wang et al., 2016). HPLC was carried out to identify the endogenous porphyrins present
within S. aureus and provide further evidence to support the hypothesis that excitation of

porphyrins is the main mechanism of the germicidal action of 405 nm light.

7.4.1 Porphyrin Extraction

Several different methodologies were tested in order to establish the best method for
extracting endogenous porphyrins from S. aureus, and these are summarised in Appendix C.

The method selected for use in this study was as follows:

S. aureus was cultivated in three 100 ml volumes of nutrient broth at 37 °C for 24 hours.
Following growth, each broth was centrifuged at 3939 xg for 10 minutes, and the pellets re-
suspended in 2 ml PBS. The re-suspended pellets were then combined and washed thrice in
PBS. The combined pellet was re-suspended in 1 ml of 0.1 M sodium hydroxide (NaOH)-
1% sodium dodecyl sulphate (SDS). The suspension was vortexed for 30 seconds, followed
by cell wall disruption by sonication for 15 mins in an ice bath. The samples were then held

at room temperature overnight in complete darkness.

The following day the sample was centrifuged at 8000 xg for 10 minutes. The supernatant
was immediately removed and filtered through a 0.22 um filter to remove cellular debris (to

prevent damage to the HPLC column).

7.4.2 HPLC Instrumentation

For HPLC analysis an ACE 5 C18 column (Hichrom Ltd, UK) was used alongside a Dionex
680 HPLC system (Thermo Fisher Scientific, UK), with the results recorded on Chromelion
Software v 6.7. The HPLC system consisted of an AS1-100 automated sample injector, P680
HPLC pump, RF2000 fluorescence detector, and UVD340U photodiode array detector (All
Dionex, Thermo Fisher Scientific, UK). The column was heated using a column block heater

(Jones Chromatography Ltd, USA). The conditions for the HPLC analysis process are
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detailed in Table 7.3 and were adapted from previous methodologies which had

demonstrated successful porphyrin analysis (Xie et al., 2001; Fyrestam et al., 2015).

Table 7.3 High Performance Liquid Chromatography (HPLC) conditions used for
staphylococcal porphyrin analysis. Adapted from Xie et al. (2001) and Fyrestam et al.
(2015).

HPLC Conditions for Porphyrin Analysis

Column: C18 -5um (4.6 x 150mm, ACE 5, Hichrom Ltd, UK)
Wavelength: Excitation 404 nm, Emission 620 nm
S A: Acetic Acid: Acetonitrile: 50mM Ammonium Acetate (7:80:13)
B: Acetic Acid: Acetonitrile: 50mM Ammonium Acetate (4:10:86)
Gradient: A/B = 30/70% tp 90/10% over 14 min_utes,
then hold Isocratic at 100/0% for 14 minutes
Flow Rate: 1 ml/min
Terggggqtzre: 40°C
Standards: Free Porphyrin Kit (CMK-1A-KIT, Frontier Scientific, USA)
e

7.4.3 Preparation of Standards

The Free Porphyrin Kit (CMK-1A-KIT, Frontier Scientific, USA) was used as a standard kit
for evaluation and quantification of the endogenous porphyrins within S. aureus. The freeze-
dried porphyrins within the kit were dissolved in 1 ml 0.1M NaOH-1% SDS, which resulted
in a concentration of 10 nmol/ml for each of uroporphyrin I (UPI), 7-carboxylporphyrin
(7PI), 6-carboxylporphyrin (6PI), 5-carboxylporphyrin (5PI), coproporphyrin (CPI) and
mesoporphyrin IX (MPIX). By running a neat sample of the porphyrin standards and two-
fold dilutions through the column, and measuring the fluorescence intensities, the amounts of

the related porphyrins in the tested samples could be calculated.
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7.4.4 Results: Analysis of Endogenous Porphyrins within S. aureus

The first stage of the HPLC analysis was to run the extraction reagent 0.1M NaOH-1% SDS
through the column, to identify if it would generate any peaks in the chromatograph which
would interfere with the porphyrin analysis. Only one peak was seen as a result of
0.1M NaOH-1% SDS at a retention time of 18 mins (and an area of 0.769 mAU*min): any
peaks in subsequent chromatographs at this time point would be considered to be due to the
0.1M NaOH-1% SDS.

The porphyrin standards were then run through the HPLC column with the elution order of
UPI, 7PI, 6PI, 5PI, CPIl and MPIX, corresponding to the decreasing number of carboxylic
acid groups attached to the basic porphine structure (Fyrestam et al., 2015). The
chromatogram provided with the porphyrin kit can be seen in Figure 7.12a with the
equivalent peaks achieved when running the standards through the ‘ACE 5 C18’ column
displaying a similar pattern in Figure 7.12b. The retention times slightly differ to those
provided by Frontier Scientific, with the first 5 porphyrins having a shorter elution time and
a slightly longer elution time for the final porphyrin. Analysis of the retention times of the
porphyrin standards run in this study can be seen in Table 7.4 and indicates which

porphyrins each of the main peaks refers to.

Figure 7.12c displays the results of HPLC analysis of S. aureus. Peaks were detected after
3.3 min (0.082 mAU*min) and 9.5 min (0.084 mAU*min), and upon comparison of
retention times with the porphyrin standards in Table 7.5, it is likely that they represent 7PI
and CPI, respectively. The peak at 18 min (0.079 mAU*min) represents the
0.1M NaOH-1% SDS extraction reagent.
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Figure 7.12 Chromatograms from High Performance Liquid Chromatography (HPLC)
analysis of Staphylococcus aureus. (a) Porphyrin Standards, provided by Frontier Scientific
Inc., with the written numbers referring to the specific carboxyl porphyrins: 8 refers to
uroporphyrin 1, 7 to 7-carboxylporphyrin, 6 to 6-carboxylporphyrin, 5 to
5-carboxylporphyrin, 4 to coproporphyrin |1 and 2 to mesoporphyrin IX. (b) Porphyrin
standards dissolved in 1 ml of 0.1M NaOH-1%SDS, with an equivalent concentration of
10 nmol/ml, run through the ACE 5 C18 column. (c) Staphylococcus aureus sample

suspended in 0.1 M NaOH-1% SDS, run through the ACE 5 C18 column.
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Table 7.4 Analysis of the chromatogram data of the porphyrin standards dissolved in 1 ml
of 0.1M NaOH-1%SDS. The chromatogram can be seen in Figure 7.12b. Peaks likely due to

impurities in the sample are marked with a ‘/’.

Peak Number

Retention Time (min)

Area (MAU*min)

Identification

10

11

12

13

14

15

16

17

18

19

20

21

2.030

2.186

3.111

3.361

4.418

4.723

4.909

5.093

6.225

6.570

6.844

8.030

8.763

9.016

9.483

10.832

14.840

16.280

18.107

19.386

22.857

0.1551

15.7513

1.366

21.0997

0.7572

0.9899

4.5902

18.0791

0.3635

0.3488

21.4451

0.1356

0.1220

20.5024

0.0620

0.1124

0.0975

0.1044

0.1791

0.0693

11.6867

Uroporphyrin |

Isomer of 7-
Carboxylporphyrin

7-Carboxylporphyrin

/

Isomer of 6-
Carboxylporphyrin

6-Carboxylporphyrin

/

5-Carboxylporphyrin

/

Coproporphyrin |

/

SDS

Mesoporphyrin IX
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As discussed in Section 7.4.3, several dilutions of the porphyrin standards were run through
the column so that concentration curves of each porphyrin could be produced (Fig 7.15).
Following this, the linear regression for each porphyrin standard was calculated using
Microsoft Excel Software. The linear regression equation for each porphyrin was then used
to calculate the approximate concentration of the equivalent porphyrin in the sample
extracted from S. aureus. As can be seen in Table 7.5, using the linear regression equations
for the porphyrin standards 7P1 and CPI, the equivalent concentration of these porphyrins in
the sample extracted from S. aureus was 0.8263 and 0.9616 nmol/ml respectively.

—®— Uroporphyrin |
—A— 7-Carboxylporphyrin

18- —w—6-Carboxylporphyrin T
164 —®  5-Carboxylporphyrin
—4— Coproporphryin |

Mesoporphyrin 1X

Area Under Peak (MAU*min)

Concentration (nmol/ml)

Figure 7.13 Concentration curves of the porphyrin standards

Table 7.5 Calculating the concentration of endogenous porphyrins extracted from
Staphylococcus aureus. Calculated using the linear regression equation of the equivalent

porphyrin standards. y = Area (mMAU*min) and x = concentration (nmol/ml).

Linear Retention Retention Area of Approximate
Regression Time of Time of Sample Concentration
Porphyrin  Equation of Porphyrin  Sample Peak in Sample of
Porphyrin Standard (Min) (mAU*min) S. aureus
Standard (Min) (nmol/ml)
7Pl y =1.8846 x - 3.352 3.308 0.0821 0.8263
1.4752
CPI y=17611x - 9.027 9.524 0.0843 0.9619
1.6097
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7.5 Discussion

This study has investigated the potential for S. aureus to become tolerant to antimicrobial
405 nm violet-blue light, and has provided significant new information under carefully
controlled experimental test conditions.

The results from the first stage of the study, showed that bacteria cultivated in 1 mW/cm?
405 nm light appeared to exhibit a degree of tolerance to high-intensity 405 nm light,
compared to when cultured in dark, white light or lower-level 405nm light
(0.15, 0.5 mW/m?)-cultured. This suggests that there may be a critical level of 405 nm light
which bacteria must be exposed to before potential stress responses are initiated. Exposure to
1 mW/cm? 405 nm light during culture, may result in this critical level of exposure, which
will in turn cause increased up-regulation of bacterial oxidative stress responses. Bacteria
have developed several mechanisms to overcome oxidative stress, including enzymes to
detoxify ROS such as catalase, peroxidase and superoxide dismutase (Maisch 2015). To
detect changes in the ability of MSSA to tolerate oxidative stress after culture in the presence
of 1 mW/cm? 405 nm light, an MIC assay using H,O, was carried out, and carotenoid
content was also measured. Results determined that the average MIC of H,0, was
significantly higher for the organism when cultured in low-level (1 mW/cm?) 405 nm light
compared to white light or complete darkness. This demonstrates that during growth in low-
irradiance 405 nm light there is likely an increase in the expression of protective enzymes,
e.g. an increase in catalase enzymes which would act as H,0, scavengers. An increase in
catalase enzyme, KatA, following photodynamic inactivation of S. aureus (using blue light
and exogenous porphyrin) was also demonstrated by Dosselli et al. (2012), which further
suggests this enzyme is up-regulated to try to help protect the bacteria against oxidative

stress.

The presence of the carotenoid staphyloxanthin was also found to be significantly lower in
MSSA cultured in low level (1 mW/cm?) 405 nm light compared to when grown in white
light or darkness. As carotenoid pigments have anti-oxidative properties, in particular for
protecting bacteria against O, stress (Liu et al., 2005), it would be expected that MSSA
cultivated in 1 mW/cm? 405 nm light would be more sensitive to subsequent high-intensity
405 nm light exposure, due to the lower levels of staphyloxanthin present. However as
tolerance is increased upon exposure to high-intensity 405 nm light, it is likely that there is

indeed an up-regulation of other oxidative stress responses within the bacteria and that the
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carotenoid pigment provided protection against ROS during growth in low-intensity 405 nm
light.

Although the inactivation achieved at 216 J/cm? (Fig 7.4) was less when the bacteria had
been pre-cultured in low irradiance (1 mW/cm?) 405 nm light, it is important to note that
when exposed to a higher dose of 270 J/cm? a complete 5 log;, inactivation was still able to
be achieved (Fig 7.6b). It is likely that complete inactivation is still able to occur due to the
level of ROS produced being greater than the level that the basal bacterial oxidative stress
defence systems are able to scavenge (Maisch 2015).

It was important to consider the possibility that bacteria may become less sensitive to high-
irradiance 405 nm light after pre-culture in low-intensity, sub-lethal stress levels of 405 nm
light, as this could have implications when blue light is used to inactivate bacteria in
nutritious environments where the bacteria are able to replicate, for example within wounds
or surgical sites. In these cases it would be important to ensure a bactericidal dose was
administered: if the dose administered or irradiance used is too low, the bacteria may not be
completely inactivated and cause pathogenic organisms to potentially become more tolerant
to subsequent applications of blue light. Additionally, if the dose delivered is too low there
may actually be an increase in population concentration, as visible light can encourage
proliferation of microorganisms when used on nutrient rich areas such as wounds (Lipovsky
et al., 2009).

Further investigations were carried out to investigate if growth in low-intensity 405 nm light
was selective for MSSA which was able to adapt to a greater level of oxidative stress.
Results demonstrated that this was not the case, with the sensitivity of MSSA returning to a
similar level to that when cultivated in complete darkness alone. These results additionally
suggest that the increased tolerance to high-intensity 405 nm light is caused by an up-
regulation in bacterial stress response rather than selection for violet-blue light tolerant

colonies due to growth conditions.

In the future, studies should investigate tolerance following cultivation in higher levels of
violet-blue light. In this study, cells were no longer viable following cultivation in 405 nm
light > 1ImW/cm?, however one suggestion would be to reduce the rpm during growth and
thus the level of oxygen entering the flask. This may result in a reduced level of ROS
produced and allow cells to successfully grow. It would then be interesting to establish if
there is indeed a critical point whereby bacterial cells grown in low-level 405 nm light

initiate stress responses, resulting in increased tolerance to high-intensity 405 nm light, or if
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tolerance builds in-line with increased irradiances used during culture, and what effect this

has on H,0, tolerance and carotenoid content.

Additionally, work should be carried out to investigate the exact oxidative stress response
following growth in low-intensity 405 nm light fully, such as the levels of superoxide
dismutase, which has been previously shown to be up-regulated in S. aureus sensitive to PDI
(Nakonieczna et al., 2010). Additionally, it is known that there is a heat shock protein
cascade after PDI (Maisch 2015), and a study by St Denis et al. (2011) demonstrated that
E. coli exposed to external stress before PDI showed a 2 logyo less reduction in bacterial
inactivation compared to normal PDI inactivation levels. Therefore, it would be interesting
to investigate if there was a heat shock protein cascade during growth in 1 mwW/cm?
violet-blue light, and if this up-regulation of proteins before high-intensity exposure may
contribute to the stress tolerance seen. Investigations should also explore why the increased
level of tolerance is not seen after repeated growth in the low-level stress conditions.
However, as the bacteria can still be completely inactivated, and as results indicated repeated
growth in low-irradiance light is unlikely to be a selective process, MSSA should continue to
be susceptible to high-irradiance 405 nm light after growth in the presence of a low-level

stressor.

However, it is important to note that the changes in susceptibility observed here are in
response to the organisms being pre-cultured in low level 405 nm light. This is unlikely to
occur in non-proliferating bacteria, such as is the case with environmental contamination
(Maclean et al., 2014). As these organisms are stressed and not actively growing, up-
regulation of stress responses is unlikely to occur, and actually when in a stationary stressed
state, bacteria should become more susceptible to 405 nm light inactivation
(McKenzie et al., 2014).

The next stage of this study was to investigate the likelihood of tolerance development when
non-proliferating bacteria were repeatedly exposed to a sub-lethal dose of high intensity
405 nm light. MSSA and MRSA were subjected to 15 exposure-subculture-exposure cycles
of 60 mW/cm? 405 nm light, resulting in a dose of 108 J/cm? per sub-lethal exposure. Results
demonstrated no significant change in the level of inactivation achieved, with 1.2 log,, and
1.4 logy, inactivation achieved for MSSA and MRSA after 15 sub-lethal exposures

respectively, compared to an initial 1.3 logy, inactivation achieved for both.

The results in this study indicate negligible change in susceptibility to 405 nm light

inactivation however this conflicts with those of Guffey et al. (2013a) who reported that
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S. aureus may become less sensitive to 405 nm inactivation after repeated exposure to a dose
of 9 J/cm?. Guffey et al. (2013a) demonstrated an initial increase in kill rate from 32.92% to
59.49% after the 1% to 5" sub-lethal exposures, followed by a decline to 18.04% after the 7"
repeated sub-lethal exposure, thought to be due to resistance. However, as shown in the
present study, which used more than double the number of sub-lethal exposures, and higher
bacterial populations, natural variation in the level of inactivation can occur after repeated
sub-lethal exposure, and this variation will be particularly apparent if low population
densities are used.

Additionally, in the present study S. aureus was repeatedly sub-lethally exposed whilst
suspended in PBS. This allowed investigation of the sole effect that repeated antimicrobial
violet-blue light exposure would have on bacterial cultures in a stationary, non-proliferating,
state, representative of how bacteria would be found in the clinical environment. In the study
by Guffey et al. (2013a), S. aureus was exposed to 405 nm light whilst seeded onto mannitol
salt agar plates. Not only is mannitol known to be a ROS scavenger, which could have
protected bacteria against ROS generated through violet-blue light exposure
(Santos et al., 2012), in this scenario the bacteria were likely to be in a metabolic state,
tolerating the high salt conditions (7.5% NaCl) and fermenting mannitol, and therefore these
processes may have affected the subsequent bacterial stress response to violet-blue light.
Consequently, the increased tolerance seen may be more relative to results in the earlier
phase of this study, where low-level exposure to 405 nm light in nutritious conditions

resulted in higher dose requirements for complete inactivation.

In keeping with the present study, Zhang et al. (2014) and Amin et al. (2016) found
tolerance formation to be unlikely. Results demonstrated no evidence of tolerance to 415 nm
light inactivation in 10%° CFU/ml populations of A. baumannii and P. aeruginosa after 10
repeated sub-lethal exposures to a dose of 70.2 J/cm?and 36 J/cm? respectively (Zhang et al.,
2014; Amin et al., 2016). These previous studies, along with the results in the present study,
support the hypothesis that due to the broad spectrum of non-specific intracellular targets,

tolerance is not likely to easily occur.

Interestingly in the study by Zhang et al. (2014) a significant increase in the sensitivity of
A. baumannii was seen between the 1% exposure (4.52 logy, reduction) and the 10" exposure
(6.28 logy, reduction) and inactivation curves revealed an increase in inactivation between 1,
6 and 9 sub-lethal exposures. These results were thought to indicate that a favourable
mutation had occurred, increasing bacterial susceptibly to blue light inactivation (Zhang et

al., 2014). To investigate if this phenomenon would also occur in S. aureus, the inactivation
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kinetics of surviving isolates after 5, 10 and 15 sub-lethal exposures were established, and all
followed similar trends. Although these results do not indicate an increase in sensitivity of
MSSA and MRSA to 405 nm light after repeated sub-lethal exposure, they do demonstrate
consistent staphylococcal sensitivity to high-irradiance 405 nm light, further supporting the
hypothesis that tolerance to 405 nm light inactivation is unlikely. However, the potential for
tolerance should be evaluated in other microorganisms normally susceptible to 405 nm light
inactivation, including MDR organisms which are currently a great problem in healthcare
settings (Pendleton et al., 2013; Vasoo et al., 2015).

Although little change was seen in bacterial susceptibility to high-intensity 405 nm light after
repeated sub-lethal exposure, antibiotic susceptibility was also investigated. Antibiotic
susceptibility was analysed to ensure that repeated 405 nm light exposure did not give rise to
‘stress hardening’, whereby as a result of continued exposure to this sub-lethal stress, the
bacteria would be able to adapt and develop protection mechanisms against other applied
stresses (Koutsoumanis et al., 2003; McMahon et al., 2007; Pendleton et al., 2013).

Little significant variation was seen with the average antibiotic susceptibility for both
S. aureus strains (Table 7.2). With regards to MSSA, there were no significant decreases in
the diameter of the zones of inhibition between the non-sublethally exposed MSSA and
survivors of 15 sub-lethal exposures (P > 0.05). There was a slight decrease in the average
diameter of the zones of inhibition caused by mupirocin after 5 sub-lethal exposures,
however following increased sub-lethal exposures to 10 or 15 cycles, inhibition was
comparable to non-stressed cultures (P > 0.05). It is worth noting that although the
concentration of the mupirocin antibiotic disc (5ug) was below the recommended
concentration used by EUCAST (200ug), the zone of inhibition measured was still far
greater (26 mm) than the EUCAST breakpoints for resistance (18 mm) (EUCAST, 2017).
This indicates that although significantly different to the initial non sub-lethally exposed

MSSA, after 5 sub-lethal exposures MSSA is still sensitive to mupirocin.

With regards to the average antibiotic susceptibility of MRSA isolates after sub-lethal
exposure, there were no significant decreases between the initial non-sub-lethally exposed
populations and those after 15 sub-lethal exposures, except a significantly smaller zone
surrounding those exposed to ampicillin. This may have occurred as a result of increased
oxidative stress responses, due to repeated sub-lethal exposure, which may have promoted
antibiotic resistance (Poole 2012). However, as ampicillin is a p-lactam antibiotic this would
not be clinically used to treat MRSA as it has a similar mode of action as oxacillin. Future

studies should involve a greater range of commonly used antibiotics and use broth
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microdilution studies to enable the quantification of the MIC of each antibiotic before and
after sub-lethal exposure, to ensure that reduced susceptibility is not likely to occur

following oxidative stress.

The differences in the inactivation kinetics and antibiotic susceptibility of the non-exposed
control which was sub-cultured in darkness 15 times, compared to the initial control
(Fig 7.11 and Table 7.2) does however demonstrate that variation can occur regardless of
stress. As these variances occurred without 405 nm light exposure, this may indicate that the
slight differences seen in the inactivation kinetics and antibiotic susceptibility of the sub-
lethally exposed MSSA and MRSA isolates were due to natural variation, rather than being
due to violet-blue light exposure. However, it should be noted that 15 sub-cultures of the
non-exposed control, were only repeated once, and if repeated in triplicate, the calculated
averages may actually reveal no significant differences compared to the initial control
population.

To the best of the author’s knowledge these are the first results comparing repeated sub-
lethal 405 nm light exposure and antibiotic susceptibility, and they indicate that sub-lethal
exposure is unlikely to result in the development of antibiotic resistance, thus supporting the
practical application of 405 nm light for decontamination applications within the clinical
environment. These findings are further supported by those of Pedigo et al. (2009), who
demonstrated no antibiotic resistance occurring in MSSA after 25 repeat exposures to PDI,
using a methylene blue photosensitizer and 670 nm light, compared to antibiotic resistance in
MSSA after only 11 exposures to a 1pg/ml oxacillin disk. Similarly, Grinholc et al. (2007)
found no change in antibiotic susceptibility in MRSA before and after exposure to PDI

(using protoporphyrin diarginate and 624 nm light) with the 26 different antibiotics tested.

As a final investigation within this study, porphyrin analysis was carried out using HPLC to
attempt to identify the endogenous porphyrins within S. aureus which are likely to play a
role during photo-inactivation (Maclean et al., 2008b). Several studies have indicated the
presence of porphyrins such as uroporphyrin, coproporphyrin I/111 and protoporphyrin 1X
within bacterial species which are sensitive to violet-blue light inactivation including
S. aureus, S.epidermidis; Bacillus cereus; A. baumannii; E.coli and L. monocytogenes
(Nitzan and Kauffman 1999; Romiti et al., 2000; Ashkenazi et al., 2003; Nitzan et al., 2004;
Hamblin et al., 2005; Kumar et al., 2015; Amin et al., 2016; Wang et al., 2016).

The experimental plan when using HPLC, was to analyse the porphyrin content of S. aureus,

by identifying and quantifying the porphyrins present and comparing the levels in isolates of
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MSSA and MRSA before sub-lethal exposure and following 5, 10 & 15 sub-lethal
exposures. Unfortunately, due to time constraints establishing the best methodology for
extraction, only the porphyrin content of the original un-exposed culture of S. aureus could
be analysed. Future work could investigate the porphyrin content of sub-lethally exposed
isolates to investigate if there were any changes in concentration after repeated exposure to
405 nm light.

Results from this study indicate the presence of two porphyrins within S. aureus;
7-carboxylporphyrin at a concentration of 0.8263 nmol/ml, and coproporphyrin | at
0.9616 nmol/ml (Fig 7.12). There are conflicting reports of what the major porphyrin
molecule found within S. aureus is. Several studies have used Aminolaevulinic acid (ALA),
a naturally occurring metabolite during haeme bio-synthesis pathway whereby uroporphyrin,
protoporphyrin and coproporphyrin are produced, to induce intracellular porphyrin
production (Fotinos et al., 2008). In a study by Nitzan and Kauffman (1999), using ALA,
S. aureus produced 89% uroporphyrin and 1.8% coproporphyrin with a small amount of
protoporphyrin (0.85%) also produced. However, a more recent study by the same research
group, indicated that ALA induced porphyrins within S.aureus resulted in
25% uroporphyrin, 68.3% coproporphyrin, 1.8% 7-carboxylporphyrin, 1.2% 6-
carboxylporphyrin and 3.7% 5-carboxylporphyrin. These differences in porphyrin
concentration could be due to using different strains of S. aureus, which could have differing
expression patterns of porphyrins. This was demonstrated by Romiti et al. (2000) who
demonstrated two different patterns of porphyrin expression in P. acnes, with some strains
producing protoporphyrin and  coproporphyrin Il whereas others produced
uroheptacarboxylporphyrin and pentacarboxyporphyrins I/111, therefore demonstrating

distinct genotypes within a bacterial species can produce different porphyrins.

It is therefore likely that the main porphyrin within S. aureus may differ between strains,
however it is likely to be coproporphyrin or uroporphyrin. The results in this study have
provided further evidence to suggest the main porphyrin present within S. aureus
(NCTC 4135) is coproporphyrin. It is likely this porphyrin plays a role in 405 nm light
inactivation by becoming excited, producing ROS, which damages multi-cellular targets and
results in cell death. Therefore, damage is unlikely to cause genetic changes or structural
changes to which bacteria can become tolerant, rather it is likely there are multiple targets of

oxidative damage, to which tolerance development is unlikely.

However, new evidence has come to light that may suggest additional mechanisms are

involved in 405 nm light inactivation alongside porphyrin excitation. In a recent study by
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Kumar et al. (2015), HPLC analysis of porphyrins revealed greater levels of coproporphyrin
within B. cereus (~5 ag/CFU) compared to S. aureus (~3 ag/CFU), however S. aureus was
more sensitive to 405 nm light inactivation than B. cereus. This phenomenon was also seen
in Gram negative bacteria with S. typhimurium found to contain higher concentration of
porphyrins than E. coli, but was less susceptible to 405 nm light inactivation. Additionally,
P. aeruginosa had the highest concentration of porphyrins of all the Gram negative bacteria
analysed but was not inactivated by 405 nm light. Furthermore, Kim and Yuk (2017)
indicated no significant difference in the level of coproporphyrin within different strains of
Salmonella spp., but differing levels of inactivation. Following a dose of 576 J/cm? there was

5.6 logy, reduction of S. enteritidis but only 1.7 log,, reduction of S. saintpaul.

These results suggest that although excitation of porphyrins within bacteria may play a role
in 405 nm light inactivation, there may be additional endogenous photosensitizers involved
such as flavins and cytochromes (Feurestein et al., 2005). Other factors may also affect
inactivation, including metabolic burden and bacterial stress response to ROS produced
(Kumar et al., 2015). It is clear that additional experiments are required to establish a
successful, reproducible and standardised methodology to analyse the porphyrins within
bacteria, and investigate any other mechanism of 405 nm light inactivation which may have

an impact on the potential for tolerance development.
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Chapter Eight

Conclusions and Future Work

8.0 Overview

This study was conducted to investigate two of the key antimicrobial considerations relating
to the potential application of 405 nm light for environmental decontamination within
hospitals: antiviral efficacy and bacterial tolerance. A systematised reviewed was also
carried out to compare the antiviral efficacy of violet-blue light with the broader
antimicrobial effects. This chapter will summarise the main findings from each section of
work and also discuss ideas for future work, which may benefit the application of this

antimicrobial light within the clinical environment.

8.1 Conclusions

8.1.1 Proof-of-Concept of the Antiviral Efficacy of 405 nm Light

The first stage of this study investigated if high-intensity 405 nm light could inactivate
viruses, using FCV, a model for NoV. The use of FCV as a surrogate was successful, as it
could be propagated in FEA cells, the virucidal inactivation was able to be measured via a

plaque assay technique, and results were clear and reproducible.

The initial results indicated that 405 nm light had virucidal efficacy (>4 log,, reduction)
following exposure in minimal media, however high doses of 405 nm light were required
(2.8 kd/em?). As viruses do not contain porphyrins, it was hypothesised that the slow
inactivation was likely due to the low level of near-UV and > 410 nm wavelengths emitted
from the light source, rather than direct effect of 405 nm light. Viral inactivation was
enhanced when FCV was suspended in organically-rich media (DMEM), with 85% less dose
required for near complete inactivation. This enhanced inactivation was thought to be due to
the excitation of photosensitive components within DMEM (riboflavin, tryptophan, tyrosine,

pyridoxine and folic acid).

As viral inactivation was enhanced in organically-rich media, the next stage of the study

investigated the effect of 405 nm light when FCV was suspended in biologically-relevant
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media. Results were significant, with near complete inactivation of a 10° PFU/mI population
of FCV achieved when suspended in artificial saliva and human blood plasma, using doses
between 420-560 J/cm?. Enhanced inactivation of FCV was also achieved when suspended
in artificial faeces compared to minimal media, with 50% less dose required for inactivation
(1.4 kJ/cm?). Fluorescent spectrophotometry revealed that these biologically-relevant media
contained components which were excited by 405 nm light, with emission peaks seen at
461 nm, 510 nm and 519 nm for artificial saliva, blood plasma and artificial faeces,
respectively, and these were likely responsible for the enhanced inactivation observed.

These results demonstrated the proof-of-concept of the virucidal efficacy of 405 nm light and
mirrored those of the recent study by the author which used a bacteriophage as a viral
surrogate (Tomb et al., 2014). Findings suggested that when viruses are suspended in
nutritious and biologically-relevant media, components of the media may act as exogenous
photosensitizers and upon exposure to 405 nm light, will produce ROS or other toxic
photoproducts that could impart damage to the viruses. As viruses can be expelled from the
body surrounded by bodily fluids rich in photosensitive components (e.g. in droplet nuclei
from coughing and sneezing, in blood, and in faeces), this natural situation provides ideal
conditions to enhance the susceptibility of viruses to 405 nm light inactivation. This is
particularly significant in the case of NoV which is excreted in vomit and faeces, and is

highly transmissible.

8.1.2 Viral Inactivation using Low-Irradiance 405 nm Light

Following successful viral inactivation when exposed to the high-intensity 405 nm light
source, the next step was to investigate whether the same effect could be achieved using low-
irradiance, using the HINS-light EDS as the light source. Bacteriophage, ¢C31, was initially
used as a viral surrogate, in order to establish the experimental parameters required for viral
inactivation using the EDS. FCV was then exposed to the EDS whilst suspended in minimal
media with various levels of organic soiling (FBS), as well as in organically-rich and
biologically-relevant media. FCV contamination on clinically-relevant surfaces was also

evaluated.

Results supported those in Chapter 4 and indicated enhanced viral inactivation when in
photosensitive and biologically-relevant media, following exposure to the EDS. Exposure of
$C31 to doses > 600 J/cm? only resulted in 1 log;, reduction whereas when in organically-
rich media, 60% less dose (259 J/cm?) was required for a far greater 5 logy, reduction.

Similar results were evidenced with FCV, with 1.3-1.4 logy, reduction requiring doses
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> 600 J/cm® when the virus was suspended in minimal media whereas only a dose of
43 J/cm*was required when in organically-rich media. Results also indicated significant viral
inactivation when surrounded by organic soiling (FBS), however this was to a lesser extent
than when in minimal media alone, due to reduced transmission through the suspending
media. Enhanced inactivation of FCV was also evidenced when dried onto surface coupons
of vinyl, stainless steel and PVC. Exposure to the EDS on coupons in artificial faeces
resulted in up to 2 x greater log,, inactivation than when exposed dried in DPBS.

Although reported results only focussed on inactivation of the bacteriophage, $C31, and
FCV, the NoV surrogate, it is anticipated that the key findings could apply to a wide range of
pathogenic viruses commonly found within the hospital environment. It is also reasonable to
speculate that the inactivation seen will be similar when the virus is suspended in actual
bodily fluids such as faecal matter. Further work is required to investigate the antiviral
efficacy against other NoV surrogates as well as other nosocomial viruses, helping to
provide a more informed picture of the likelihood of viral inactivation in hospitals. The
mechanism of virucidal inactivation must also be investigated, with comparisons made

between inactivation when exposed in minimal and organically-rich media.

Overall, results suggest that the use of the HINS-light EDS in the hospital environment could
additionally provide long-term protection against nosocomial viral pathogens in liquids and
on surfaces, alongside normal cleaning practices, particularly on hard to reach surfaces and

those which are irregularly cleaned.

8.1.3 Comparison of the Virucidal Efficacy of Violet-Blue Light with the
Wider Antimicrobial Efficacy

To compare how the antiviral efficacy of violet-blue light fits within its broader
antimicrobial activity, a systematised review was performed. This allowed comparison of the
inactivation data from the present research study and the wider research carried out at the
ROLEST laboratory using specifically 405 nm light, but also with published literature on

microbial inactivation using 380-480 nm violet-blue light.

Results, which compared the dose for 1 log,, reduction of a range of microorganisms,
indicated relative similarities in requirements for Gram positive bacteria, Gram negative
bacteria and yeast cells, with < 200 J/cm® required. The dose for 1 log;, reduction of
mycobacteria and germinating fungal conidia had a broader range, spanning between

100-1000 J/cm? and the mean doses for fungal conidia and hyphae were similar at
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~ 500 J/cm®. Analysis also revealed that the least sensitive organisms were bacterial spores
and viruses, with doses ranging from 600-1000 J/cm?, required to achieve a 1 log;, reduction,
respectively.

Data gathered also allowed for analysis of the antimicrobial efficacy to be compared when
using different irradiances of light, exposing different starting populations and also between
the different wavelengths of violet-blue light used, as well as highlighting areas of violet-
blue light research which need further work. Analysis indicated that population density and
irradiance of violet-blue light used is unlikely to have an effect on the average dose
requirements for Gram positive and Gram negative bacteria. Interestingly, results
demonstrated that higher doses are required for inactivation when longer wavelengths of
violet-blue light are used, particularly in the case of E. coli and L. monocytogenes. This
finding supports the use of light in the lower region of 405 nm light for inactivation of
microorganisms. However, the review demonstrated the lack of published data on
inactivation of MDR isolates, fungi, viruses and protozoa. As well as highlighting a
requirement for further evidence on the mechanism of inactivation and potential for bacterial

tolerance.

8.1.4 Potential for Bacterial Tolerance to 405 nm Light

As the systematised review indicated the need for further research on the potential for
bacterial tolerance to violet-blue light, Chapter 7 attempted to address this question by
investigating the potential for tolerance in both proliferating and non-proliferating S. aureus
populations. Additionally, HPLC was carried out to analyse the porphyrin content within
S. aureus, to demonstrate the presence of endogenous porphyrins which may play a role in

the inactivation mechanism.

Results established several key findings surrounding the question of whether there is
potential for S. aureus to develop tolerance to antimicrobial 405 nm violet-blue light. The
results from the first stage of the study indicated that cultivation in low-irradiance
(~1 mW/cm?) 405 nm light may amplify oxidative stress responses, including catalase
production, which in turn may increase bacterial tolerance to high-irradiance 405 nm light
exposure. However, as these bacteria were still able to be completely inactivated, even
following repeated growth in low-irradiance light, this is unlikely to be a selective process,
and S. aureus should continue to be susceptible to high-irradiance 405 nm light after growth

in the presence of a low-level stressor.
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Results in this study also indicate that tolerance is unlikely in non-proliferating antibiotic
sensitive and antibiotic resistant S. aureus. Inactivation kinetics remained similar even after
15 sub-lethal exposures to a dose of 108 J/cm?405 nm light. Furthermore, to the best of the
author’s knowledge, these are the first results comparing repeated sub-lethal 405 nm light
exposure and antibiotic susceptibility, and they indicate that sub-lethal exposure is unlikely

to result in antibiotic resistance.

HPLC was also used to analyse the intracellular contents of S. aureus, and results indicated
the presence of coproporphyrin and 7-carboxylporphyrin. The presence of porphyrins within
violet-blue light sensitive S.aureus upholds the hypothesis that porphyrins, and
coproporphyrin in particular, may play a role in the inactivation mechanism.

Results from this study therefore provide additional support for the safe and effective use of
the 405 nm antimicrobial light systems in the clinical setting. Whilst previous studies have
established that 405 nm light can be used safely for continuous decontamination in occupied
environments and that it can inactivate a wide range of microorganisms, our current findings

indicate that bacterial tolerance is unlikely to occur even after repeated use.

8.2 Future work

8.2.1 Further Antiviral Studies

Further work should be carried out to establish the virucidal efficacy of 405 nm light on
other NoV surrogates, such as MNV and TuV, which may be more resistant to
decontamination. This will ensure that the antiviral efficacy of 405 nm light is not over or
underestimated and allow a more accurate quantification of the doses required for NoV
inactivation. Additionally, other clinically relevant viruses such as Influenza, Rotavirus and
Adenovirus should be investigated, ensuring that successful inactivation against a range of

single and double stranded DNA and RNA viruses can be established.

It will also be important to investigate the efficacy of 405 nm light when virions are
suspended in human stool samples and vomitus to check that viral inactivation still occurs.
However, as both these fluids are packed with micro and macro molecules, it is likely these
would fluoresce in a similar manner to the human plasma used in this study, and exert a

similar photoinactivation effect.
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Furthermore it would be important to investigate the activity against pathogenic viruses not
only when deposited on surfaces, but also when dispersed via the aerial route, using the low-
irradiance EDS applied continuously over long periods, similar to that employed in clinical
decontamination evaluations (Maclean et al., 2010, 2013a; Bache et al., 2012). Further
studies could lead to the beneficial application of 405 nm light for viral decontamination of
air, surfaces and equipment in healthcare settings, as well as in other indoor locations, where

transmission of viral pathogens is a significant occurrence.

8.2.2 Understanding the Inactivation Mechanism of 405 nm Light

Results in this study have brought to light that further work is required to investigate not
only the viral inactivation, but also the bacterial inactivation mechanism. With regards to
viral inactivation, it would be interesting to expose FCV to specific wavelengths of near UV
and visible light using a laser, or a broadband source coupled with narrowband filters. This
may help to elucidate which wavelengths < 400 nm or > 410 nm may be responsible for viral
inactivation when in minimal media, or in fact demonstrate that 405 nm light itself has an
antiviral effect. It will also be important to elucidate where viral damage is occurring using
techniques such as electron microscopy, SDS-PAGE, MALDI-TOF and OxyELISA™
analysis (as discussed in Chapter 4), and compare results before and after 405 nm light
exposure. It would be interesting to discover if light exposure results in complete
destruction/disintegration of viral particles or if more localised damage is occurring, for
example to viral cell receptors preventing attachment to host cells. Comparisons of the
inactivation mechanism should also be made between viral particles exposed in minimal and

organically-rich media to discover if mechanisms differ.

Additionally, Chapter 6 highlighted the lack of knowledge on the exact mechanism of
405 nm light inactivation of bacteria. Most studies, including this one, only use fluorescence
spectrophotometry or HPLC analysis to confirm the presence of porphyrins by comparing
emission patterns and chromatograms. There is still much further work required to
understand and demonstrate the excitation mechanism of endogenous porphyrins, to ensure
they act as hypothesised (Chapter 2). It would be interesting to compare inactivation of a
range of bacterial knockouts which are not able to produce endogenous porphyrins. If
inactivation was unsuccessful this would prove the germicidal effect of 405 nm light relies
upon endogenous porphyrins (Grinholc et al., 2015). Furthermore, it is important to continue
studying why cells are no longer viable post exposure, by investigating both the potential for
genetic damage as well as well as cellular membrane and organelle damage, using a range of

techniques such as DNA damage assays, flow cytometry and TEM. Analysis following
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different exposure levels may also reveal how inactivation unfolds. These studies would
ultimately provide a greater understanding of 405 nm light and help to determine if differing
susceptibilities between microorganisms are due to genetically encoded stress responses,
differing biological structures, or both.

8.2.3 Future Reviews of Antimicrobial Violet-Blue Light

With regards to the systematised review, future work could include expanding the review
into a systematic review, which would require at least one additional reviewer to analyse the
current literature on violet-blue light inactivation. Carrying out a review in this manner
would allow registration and adherence to guidelines such as PRISMA (Preferred Reporting
Items for Systematic Reviews and Meta-Analyses). Following PRISMA guidelines and
checklists, would ensure a more transparent and higher impact study. Additionally, results in
a systematic review may be helpful when producing standardised procedures for violet-blue

light exposure experiments and use in the clinical setting in the future (Moher et al., 2009).

As the systematised review only focussed on laboratory inactivation studies, future reviews
could compare the use of violet-blue light for: wound decontamination (Zhang et al., 2014;
Amin et al., 2016); dental hygiene (Genina et al., 2012; Song et al., 2012); acne treatments
(Papageorgiou et al., 2000; Elman et al., 2003); prevention of food spoilage and disinfection
of food (Guffey et al., 2016; Srimagal et al., 2016; Sommers et al., 2017); and environmental
decontamination purposes (Maclean et al.,, 2010, 2013a; Bache et al., 2012;
Rutala et al., 2016; Sandhu et al., 2016; Sutton et al., 2016).

In the future it is also likely that research papers will become more transparent as research
councils require data to be deposited in accessible online databases, such as the UK Data
Archive. It may therefore be possible to retrieve the majority of the raw data from studies
and apply mathematical models to provide more accurate estimates of microbial inactivation
using violet-blue light, which would in turn improve the value of any systematic reviews

published.

8.2.4 Bacterial Tolerance Studies

As results have demonstrated in this study, it is unlikely that 405 nm light will result in
tolerance following repeated sub-lethal exposure. However, there are several research
guestions which need to be considered to provide additional evidence that tolerance will not

develop.
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As bacteria were more tolerant to high-intensity light after growth in low levels of
violet-blue light, future work should investigate the exact mechanism of oxidative stress
protection when bacteria are grown in the presence of low-level 405 nm light. Is tolerance
due to an increase in H,0, or 'O, activation of transcription regulator OxyR, which in turn
activates stress response genes to express catalases, peroxidases and superoxide, or rather
expression of other stress responses, such as heat shock proteins? (Wei et al., 2012; Maisch
2015). Furthermore, upon optimisation of the HPLC protocol, comparisons should be made
between the porphyrin content within bacterial isolates before and after repeated sub-lethal
exposure. Analysis would reveal if sub-lethal exposure selected for bacteria with reduced

levels of endogenous porphyrins, or resulted in alternative porphyrin production.

Although other studies have investigated the potential for tolerance in A. baumannii and
P. aeruginosa it would be important to investigate the potential for tolerance in other
clinically relevant organisms which can exhibit multi-drug resistance such as E. coli and
K. pneumoniae (Amin et al., 2016; Cerceo et al., 2016; Zhang et al., 2014). Additionally, it
will be important to question whether tolerance can occur in other microorganisms such as
fungi and viruses. However, this may also be unlikely as a recent study demonstrated no
development of tolerance in C. albicans following repeated sub-lethal exposure to 415 nm
light (Zhang et al., 2016).

Future studies should also investigate how variable factors such as population density,
differing doses of 405 nm light and increasing numbers of sub-lethal exposures may affect
the potential for tolerance. It would be interesting to investigate if bacterial tolerance would
develop when exposed to sub-lethal levels of 405 nm light whilst also being exposed to sub-
lethal levels of antibiotics or disinfectants, and if sensitivity to either light or/and the

additional stressor would increase or decrease.

Another question which requires addressing is whether sub-lethally exposed bacteria, have
increased secretion of virulence factors such as toxins and adhesion molecules. Although
Fila et al. (2016) demonstrated that a single sub-lethal exposure of P. aeruginosa to 405 nm
light did not affect virulence factor production or activity, it would be important to
investigate if there were any differences following repeated sub-lethal exposure. The effect
of repeated sub-lethal exposure on staphylococcal virulence factors could be investigated by
analysing the activity/production of B-haemolysin, lipase, lecithinase, thermonuclease,
coagulase and enterotoxins (Bartolomeu et al., 2016). Additionally, cytotoxicity assays of
bacterial supernatants would determine if the toxicity of extracellular fractions increased

following repeated sub-lethal exposure (Kossakowska et al., 2013; Fila et al., 2017).
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Lastly, future work should also investigate if repeated sub-lethal exposure gives rise to small
colony variants (SCVs) or viable but non culturable (VBNC) cells. SCVs are bacterial
variants which have slower growth rates, atypical colony morphology and unusual
biochemical characteristics (Proctor et al., 2006). These could be problematic as they have a
greater ability to cause latent or recurrent infections due to their ability to persist in
mammalian cells and reduced susceptibility to antibiotics (Proctor et al., 2006). Additionally,
bacteria such as E. coli, K. pneumoniae and P. aeruginosa may also enter the VBNC state
when responding to environmental stresses (such as 405 nm light), whereby they are still
viable but no longer able to grow on cell culture media (Oliver 2010). Although these VBNC
cells are unlikely to cause infectious disease they can be revived and regain the ability to
cause infections (Oliver 2010). If repeated-sub-lethal exposure encouraged bacteria to enter
either of these phenotypic states, this could cause additional clinical problems such as
recurrent infections due to SCVs or environmental reservoirs of VBNC cells, when users

have assumed that 405 nm light had reduced environmental contamination.

8.2.5 Potential Application of the HINS-Light EDS in Hospitals

This study has provided further evidence to support the use of the EDS in hospitals for
continuous environmental decontamination purposes, with results indicating the potential for
virucidal efficacy and little evidence of bacterial tolerance development. However further
studies in the clinical environment are required to understand the overall benefit of using this

technology.

Clinical evaluations to date, have used contact plate sampling to investigate the reduction of
staphylococcal counts or total CFU (Maclean et al., 2010, 2013a; Bache et al., 2012;
Rutala et al., 2016; Sandhu et al., 2016; Sutton et al., 2016). Future evaluations should
investigate reduction of a wider range of clinical pathogens such as C. difficile and NoV by
carrying out additional sampling using sponge swabbing (and RT-PCR in the case of NoV)
(Ali et al., 2015; Park et al., 2015). Additionally, investigations should evaluate the potential
for using the HINS-light EDS in different areas of the hospital, not only in burns wards and
ICU, but also surgery, oncology and haematology and dialysis units. Most importantly
studies are required to demonstrate if the long-term use of the EDS will help to reduce the
number of HAIs and in turn reduce the number of outbreaks within the clinical environment,
which could be carried out through before-after, cross-over or randomised control trials
(Woodward 2013).
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Further investigations regarding bacterial tolerance to the low-irradiance output of the
HINS-light EDS are also required. Assessment of 405 nm light sensitivity of bacterial
isolates collected during a clinical evaluation of the EDS, in the ICU at Glasgow Royal
Infirmary (concurrent large research study, also funded by SIRN/CSO), demonstrated that
tolerance following potentially prolonged exposure to low-level 405 nm light from the EDS,
is unlikely (data not shown). Staphylococcal isolates collected from around the patient
environment, using contact plate sampling, did not demonstrate tolerance to high-intensity
405 nm light, with complete inactivation of 10° CFU/mI populations achieved using doses
< 400 J/cm?. It could however be argued that the samples collected may have been a result of
recent environmental inoculation events rather than isolates which had existed on surfaces
for several weeks. Sensitive typing such as next generation sequencing would help to resolve
this issue in future studies. Additionally, studies should investigate the effect of long term
exposure of a wider range of clinical isolates which are both antibiotic resistant and
sensitive, and compare inactivation kinetics, pre-, during, and post- long term exposure. It
would also be important to investigate if there are differing likelihoods of tolerance when

these organisms exist as vegetative cells or biofilms within the clinical environment.

As the EDS can be used continuously to enhance decontamination within hospitals, it would
also be interesting to investigate if synergy could occur when used with terminal
decontamination technologies, as has been demonstrated with chlorinated disinfectants and
405 nm light (Moorhead et al., 2016a). If an enhanced kill of microorganisms could be
achieved when 405 nm light was used alongside CAPP, HPV or ozone, then this could lead
to improved terminal decontamination processes and likely reductions in acquisition of

nosocomial pathogens.

On a final note, the application of 405 nm light, and subsequent operational requirements,
should be investigated out with the hospital environment. This could include the use of high-
intensity 405 nm light for decontamination during manufacture of high-risk products such as
medical supplies, food and drink. One prime example would be decontamination of foods
associated with food poisoning, including shellfish, which can be contaminated with viruses
such NoV and HEV (Crossan et al., 2012; Woods et al., 2016), or raw poultry, which can
become contaminated with bacterial pathogens including Campylobacter, Salmonella, E. coli
and L. monocytogenes (Cook et al., 2012). Studies would require to investigate an acceptable
exposure process and if there are any detrimental effects on food quality following exposure.
The low-irradiance HINS-light EDS could also be utilised in other settings in which

microbial outbreaks are a common occurrence. This could include schools, gyms, hotels,
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conference centres, cruise ships and other locations in which large numbers of people gather,
allowing transmission to be rapid amongst those in close contact. It would be interesting to
investigate if the EDS systems could also be used in the agriculture, aquaculture and
veterinary sectors; how this would affect animal behaviour, and if it could result in reduced
requirement for antibiotics in animal feed. Therefore 405 nm light could additionally be
beneficial to global health out with the clinical environment, and long-term use could reduce
the financial impact of outbreaks within the community.

8.3 Overall Summary

Overall, the results obtained within this study provide further evidence to support the
application of 405 nm light within clinical environments, with long term use likely to reduce
microbial bioburden which is not achieved by regular decontamination practices alone. As
the results demonstrated that 405 nm light has antiviral efficacy and that bacterial tolerance
is unlikely, there is potential to integrate this technology in other domestic and industrial
settings. For example, high-irradiances could be used for short term decontamination of
medical products whilst using low-irradiances for longer durations, may be of particular
benefit in food preparation areas. In all cases, antimicrobial 405 nm light is likely to be of
benefit to others by decreasing contamination levels. This reduction of pathogenic organisms
is likely to reduce transmission, and in turn infections, in both the medical and wider

community.
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Appendix A: Systematised Review Data

Data from the systematised review of 380-480 nm violet-blue light inactivation of

microorganisms, as detailed in Chapter 6.

Table Al.1 details inactivation of Gram positive and Gram negative bacteria, Gram positive
endospores and mycobacteria.

Table Al1.2 details inactivation of yeasts and fungal conidia, germinating conidia and
hyphae.

Table Al.3 details inactivation of a bacteriophage and viruses.

Key:

- ‘CI’ indicates an unspecified clinical isolate;

- ‘A’ indicates microorganisms exposed under anaerobic conditions;
- ‘-‘indicates bacteria exposed at low temperatures (< 10°C);

- ‘4’ indicates bacteria exposed at elevated temperatures (> 37°C);

- ‘P’ indicates microorganisms exposed on agar plates;

- ‘E’ indicates logyo reduction values extracted from figures;

-V’ indicates dose for 1 logy reduction values provided by paper
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Table Al.1 Inactivation of bacteria using 380-480 nm light, collected during the systematised review.

Exposed Lo
Microoraanism Strain Wavelength | Irradiance Dose Time Population re dugtlioon Dose for 1 logyg Reference
g Number(s) (nm) (mWilcm?) | (Jlcm?) (min) | (CFU/ml or reduction
CFU/plate) ()
ACI: 616; 618; ggg; 21% 15.3/18.7/
642; 648; 659; e 16/ 17.6/
665; 671: 672: 400 60 108 30 10° ggjﬁ g;gﬁ 16.5/17.6/ 17/ | Hasteadetal,
698. AYE: i 17.4/ 16.9/
Acinetobacter C60; 19606 039011 1 16,1/ 16/15.9
baumannii ’ 6.76/6.81
Gram —ve i
( ) LMG 1041 5 45 15 | 15:3x10%° 2.2 2 Ramakrishnan et
05 =
4
NCTC 12156 10 108 180 10*10° 4.2 25.7 Mac'gggget al.
MDR Cl 415 195 70.2 60 1% 10° 45F 155 Zhang etal,
Aggregatibacter Cieplik et al
actinomycetemcomitans | ATCC 43718 460 1260 150 2 1% 108 5 30 o014
(Gram -ve)
Bacillus atrophaeus 300/ 300/ 4p De Luccaet al.,
(Gram +ve) - 470 80 300° 62.5 3x 10 2/2.3/2.2 | 130.4/150/136.4 5012
95 306/306° | 540 10° 2.3/23 133/133 K”";%rl‘;‘ al,
a - 8 B
Bacillus cereus ATCC 14579 405 18 486 450 10 1.9 255.8 Kim et al., 2015
(Gram +ve, Vegetative)
40 108 45 10*10° 4 27 Maclean et al,

2013b




Exposed

. . . . Logio
. . Strain Wavelength | Irradiance Dose Time Population ; Dose for 1 logs
Microorganism Number(s) (nm) (mW/icm?) | (I/em?) (min) | (CFU/ml or {écli:Lllj}r:?B reduction Reference
CFU/plate)
Bacillus cereus 4 4n5 Maclean et al.,
(Gram +ve, Endospore) NCTC 11143 405 40 1730 720 10°-10 2.6 665.4 2013b
Bacillus megaterium 4 1m5 Maclean et al.,
(Gram +ve, Endospore) UoS CC 405 40 1150 480 10°-10 1.8 638.9 2013b
6 Hoenes et al.,
Bacillus subtilis 405 21 75.6 60 1x10 2 37.8 2016
(Gram +ve, Vegetative) DSM 402
408 335 300 150 1% 10° 43°F 100 Hoepes etal,
015
6 E Hoenes et al.,
451 gels 300 150 1x10 3 69.8 2015
Bacillus subtilis 4 45 Maclean et al.,
(Gram +ve, Endospore) UoS CC 405 40 1150 480 10°-10 1.7 676.5 2013
Camylobacter coli DF: 1140; 7 E Haughton et al.,
(Gram -ve) 1662: 2124 B g 21 5 10 7 03 2012
BC 323, DF 7 £ Haughton et al.,
1136 395 7 4.2 10 10 7 0.6 2012
DF: 1135;
Campylobacter jejuni 1146; 1147, 7 E Haughton et al.,
(Gram -ve) 1354, NCTC 395 ! 21 5 10 / 0.3 2012
11168
LMG 8841 405 10 18 30 10° 5.25 3.4 Murdoch etal.,

2010




Exposed

Microoraanism Strain Wavelength | Irradiance Dose Time Population reld_Sgtlioon Dose for 1 logyg Reference
g Number(s) (nm) (mW/icm?) | (I/em?) (min) | (CFU/ml or reduction
(CFU/mI)
CFU/plate)
40 48 20 10"-10° 3.7 13 Maclean etal.
Clostridium difficile
(Gram +ve, Vegetative) NCTC 11204 405 Moorhead et al
70 252 60 3.3x10° 3.3 76.7 2016 v
a
4 45 Maclean et al.,
- 40 1150 480 10*10 2.7 425.9 i
Clostridium difficile NCTC 11204 405
(Gram +ve, Endospore) Moorhead et al
225 2430 180 3.5 x10° 3.3 736.4 i
a
Clostridium perfringens ATCC 13124 405 10 45 75 10%-10° 44 102 Maclean et al.,
(Gram +ve) 2009
Corynebacterium 71 128 30 | 1:3x102° 2 64 MeDonalg etal.
striatum (¢]] 405
(Clrin s 123 221.4 30 10° 5 43 Gupta et al.
2015
Elizabethkingia Halstead et al
meningoseptica 502 400 60 54 15 10° 6.8 8 s
(Gram -ve)
Enetrobacter cloacae | ENTCL: 525 400 5 360/ 648/ 138; " 6.76/ 6.61/ 53.3/ 98/ Halstead et all,
(Gram -ve) 801; 804 576 160 6.24 92.3 2016
ATCC 19433 385 49 81 27.6 108 1V 81 Lui et al., 2016
Enterococcus faecalis
Gram +ve
( ) - 405 * 19.1 5.73 5 1x 108 No - Hope et al., 2016

Inactivation




Exposed

Microoraanism Strain Wavelength | Irradiance Dose Time Population I’el(;lcjgtliOOI'l Dose for 1 logsg Reference
g Number(s) (nm) (mW/icm?) | (J/cm?) (min) | (CFU/mI or reduction
(CFU/ml)
CFU/plate)
NCTC 00775 10 216 360 10%10° 2.6 96 Maclean etal.
ATCC 19433 65 130 33.3 10° 1V 130 Lui et al., 2016
e McDonald |
2P E cDonald et al.,
71 128 30 1-3 x 10 2 64 501
Cl
Enterococcus faecalis 5 Guptaetal.,
(Gram +ve) 123 885.6 30 10 4.72 187.6 2015
ATCC 19433 430 21 190 150.8 10° 1V 190 Luietal, 2016
ATCC 23112 450 520 93.6 3 5 x 10° No ) Feuerstein et al.,
Inactivation 2004
cl 455 37 410 184.7 10° 1V 410 'V'CDOZ”S'lg etal.,
Enterococcus faecium 5 Halstead et al.,
(Gram +ve) ik 400 60 648 180 10 1.86 348.4 2016
EC: 73; 42 400 60 108 30 10° 1.55/4.71 229/60.7 | Hebteadetal,
Escherichia coli : 405 A 19.1 5.73 5 2x10® | 1O : Hope et al., 2016
nactivation
(Gram -ve)
5 27 90 1.5-3 x 102 29E 123 Ramakrishnan et
al., 2014
NCTC 9001 405
10 180 300 10*10° 31 58.1 Mclean et al.,

2009




Exposed

Microoraanism Strain Wavelength | Irradiance Dose Time Population I’el(;lcjgtliOOI'l Dose for 1 logsg Reference
g Number(s) (nm) (mW/icm?) | (J/cm?) (min) | (CFU/mI or reduction
(CFU/ml)
CFU/plate)
65 234/702 | 60/180 | 107/ 10° 33/7.7 70.9/60.8 MCKe;gil‘get al.
NCTC 9001 -
0 378378 | 90/ 90/ 10° 5e 75.6/75.6/ | McKenzieetal.
252" 60 50.4 2014
cl 71 192 45 | 1-3x10%° 2°€ 96 MeDonalg etal.
405
NCTC 9001 100 450 75 10° 45 100 Mac'ggggt al.
Escherichia coli
(Gram -ve) cl 123 2214 300 10° 5.01 441.9 G“F’Z‘gf; al,
Cl11313 415 100 60 10 ; 3 20 Lipovsky etal.,
2010
ATCC 25922 450 2 117*/117° | 975 3% 10! 0.85/1.15 137.7/101.7 Ke;riszhgfg et
Cl11313 455 100 120 20 ; 1 120 Lipo";(')‘i’oet al.
3 No ) Cieplik et al.,
ATCC 25922 460 1260 151 2 10 nactivation e
- ATCC W3110 385 49 61 20.7 10° 1Y 61 Lui etal., 2016
Escherichia coli K12
Gram -ve .
( ) DSM 1607 395 1.21 2.83 39 108 0.52 5.7 B”mz%alj‘ e




Exposed

Microoraanism Strain Wavelength | Irradiance Dose Time Population I’el(;lcjgtliOOI'l Dose for 1 logsg Reference
g Number(s) (nm) (mW/icm?) | (J/cm?) (min) | (CFU/mI or reduction
(CFU/mI)
CFU/plate)
8 E Birmpa et al.,
6.5 2.83 7.25 10 0.6 4.7 L
DSM 1607 32.2 36 18.6 10° 1.37 26.3 B"mz%alj‘ al.
8.71 130.6 250 1x10%° 6.27 20.8 B""r”gg’;gt al.,
405
P Rhodes et al.,
- 9.2 132.1 250 : 6.27 21.1 ool
o DSM 498 21 151.2 120 10° 35 43.2 H°eg‘§flgt al.,
Escherichia coli K12
(Gram -ve) 6 v
ATCC W3110 65 86 22 10 1 86 Lui et al., 2016
DSM 498 408 335 600 300 10° 3.8 157.9 Hoegzslgt al,
ATCC W3110 430 21 100 79.4 108 1V 100 Lui et al., 2016
DSM 498 451 335 600 300 10° 1.2 500 H“g%slgt al.,
ATCC W3110 455 37 300 135 108 1V 300 Lui et al., 2016
Escherichia coli - 6 Kumar et al.
EDL . 4 1 5/1. 12/ 235.4 ’
eyt 933 o 9.5 306/ 306 540 0 0.5/ 1.3 612/ 235 5015
(Gram -ve) 5
NCTCC 12900 10 288 ago | 12x107 35/53 54.3/82.3 Lo il

10°

2010; 2012




Exposed

Microoraanism Strain Wavelength | Irradiance Dose Time Population relo_lggtlioon Dose for 1 logso Reference
g Number(s) (nm) (mWiecm?) | (Jlem?) (min) | (CFU/ml or reduction
(CFU/mI)
CFU/plate)
EDL 933 18 486 450 10° 1 486 Kim et al., 2016
Escherichia coli 2.3-2.4 x Murdoch et al.,
0157-H7 405 71 270 45 10°° 2.2 123.9 2012
85.6 554.7 108 10° 452 122.7 Endarko sl
6 Ghate et al.,
EDL 933 461 22.1 596.7 450 10 49/1.2 121.8/ 497.3 2013: 2015
ATCC: 1594; Feuerstein et al.,
Fusobacterium 25586 450 520 62/ 94 2/ 3 5 x 10° 0.7/0.3 88.6/ 312 2004: 2005
nucleatum
(Gram -ve) ATCC 25586 455 80 4.8 1 10° 0.27 17.8 Fontana etal,
Fusobacterium
L) 5 ATCC 10953 455 80 4.8 1 10° 1.2 4 Fontana et al,
polymorphum 2015
(Gram -ve)
Fusobacterium Fontana et al
nucleatum ss vincentii ATCC 49256 455 80 4.8 1 108 0.49 9.8 2015 N
(Gram -ve)
Fusobacterium Fontana et al
periodonticum ATCC 33692 455 80 4.8 1 10° 0.46 10.4 .

(Gram -ve)

2015




Exposed

Microoraanism Strain Wavelength | Irradiance Dose Time Population relo_lggtlioon Dose for 1 logso Reference
g Number(s) (nm) (mWicm?) | (J/cm?) (min) | (CFU/mI or reduction
(CFU/mI)
CFU/plate)
ATCC: 49503; E Hamblin et al.,
43904. C| 2 100 10 1.7 - 5/ 6/ 3.75 2/ 1.7/ 217 2005
; q ATCC 405 Hamblin et al.,
LS L 700824, 100 20 33 : ASISSIS |y 413614144 2005
(Gram -ve) o A%5
Cl:1;3;4
ATCC 43504 200 32 5.3 - 5E 6.4 Ganz et al., 2005
MDR-A, 6 Halstead et al.,
MDR-B 400 60 504 140 10 6.61/ 6.88 73.3/76.2 2016
2P E Ramakrishnan et
5 36 120 1-3x 10 2.2 16.4 al., 2014
NCTC 09633
Maclean et al.,
Klebsiella pneumoniae 10 180 300 10%-10° 3.9 46.2 2009
(Gram -ve) 405
2p McDonald et al.,
71 128 30 1-3x 10 2 64 2013
Cls
123 1328.4 180 10%10° 5.05 263 G“p,;gf; al,
_ 405 24 srarsos | 20 10° 1V 374/ 394 R
Lactob(a(t}nr IE:rL:]s f\llz)ntarum ATCC 8014
. . 1121/ 251.5/ 10° 1Y/ No 1121 - Kumar et al.,
1800 274 Inactivation 2016
Leuconostoc
. i i i ap No ) De Luccaetal.,
mesenteroids 470 80 3x10 inactivation 2012

(Gram +ve)




Exposed

Microoraanism Strain Wavelength | Irradiance Dose Time Population I’el(;lcjgtliOOI'l Dose for 1 logsg Reference
g Number(s) (nm) (mW/icm?) | (J/cm?) (min) | (CFU/mI or reduction
(CFU/mI)
CFU/plate)
1.21 2.832 39 1.1 257
Listeria innocua 3 E Birmpa et al.,
G v} NCTC 11288 395 6.5 2.832 7.25 10 1.25 23 e
322 36 18.6 274 13.1
Listeria ivanovii 5 Endarko et al.,
Gram e NCTC 11846 405 85.6 184.9 35 10 412 44.9 s
NCTC 1194 400 75 123.3 274 10° 1.05 117 E”daggi;t al,
NCTC 1194 8.6 154.1 299 10° 25 61.6 E”dagg‘izet al,
BAA 679 9.5/9.5 306 540 10° 1.9 284.2 K”rg"’gl‘g‘ al.
LMG 19944 10 108 180 1-2 x 10° 5.18 20.85 M“rdggg‘zet al.
Listeria monocytogenes
(Gram +ve) 405 i 8 )
BAA 679 17 486 450 10 2.1 231.4 Kim et al., 2015
LMG 19944 20 108 90 1-2 x 10° 5.05 21.4 M“rdgg;‘;t al.,
MG 19944 30 108 60 | 1-2x10° 4.9 22 Murdoch etal
NCTC 1194 447 154.1 575 10° 35E 44 Endarko etal.,

2012




Exposed

Microoraanism Strain Wavelength | Irradiance Dose Time Population I’el(;lcjgtliOOI'l Dose for 1 logsg Reference
g Number(s) (nm) (mW/icm?) | (J/cm?) (min) | (CFU/mI or reduction
(CFU/mI)
CFU/plate)
NCTC 1194 66.1 154.1 39 10° 3.25F 47.4 E”daggizet al.,
20/ 707 70* | 84/ 63/ 42 20/ 15/ 10° 5E 16.8/ 12.6/ McKenzie et al.,
405 10 8.4 2014

LMG 19944

2.3-2.4 x Murdoch et al.,

71 108 30 iy 2.25 80 oo
NCTC 1194 85.6 184.9 35 10° 3.72 49.7 Endarko el
410 7.2 1233 | 2854 10° 1.23 100.2 Endarko stal.
Listeria monocytogenes

(Gram +ve) 420 75 123.3 274 10° 0.51 241.8 Fndarko etal
NCTC 11994

430 7.7 123.3 266.9 10° 0.25 493.2 E”dagg‘izet al,

440 7.3 123.3 281.5 10° 0.19 648.9 Fndarko etal

450 8.3 1233 . 10° 0.11 1120.9 Endarko stal.

BAA 679 461 22.1 596.7 450 10° 43114 138.8/ 426.2 ggig’ ?oilé'
- 470 8 345.6 726 4 x 10" 05 691.2 O"Donoghue et
HE Sl NCTC 11856 405 8.3 184.9 371 10° 3.31 55.9 Endarko etal.

(Gram +ve)

2012




Exposed

Microoraanism Strain Wavelength | Irradiance Dose Time Population relc;lcjgtlioon Dose for 1 logsg Reference
g Number(s) (nm) (mW/icm?) | (J/cm?) (min) | (CFU/mI or reduction
(CFU/ml)
CFU/plate)
, Cl 71 85.2 20 1-3 x 102 2E 426 MeDonald etal.
Micrococcus spp 405
Gram +ve
( ) Cl 123 4428 60 10° 485 91.3 Cupaetal,
Mycobacterium Decarli et al.,
massiliense INCQS 00594 450 36.1 300 138.5 108 0.32 937.5 2016
(Gram *)
Mycobacterium Guffey et al.,
smegmatis - 405 160 120 12.5 10°%° 1.8 66.4 2013b
(Gram *)
Mycobacterium terrae 5 Murdoch et al.,
(Gram *) LMG 10394 405 10 288 480 1-2 x 10 5 57.6 2012
11.4 3.42 5 107 1.22 2.8 Hope etal., 2013
ATCC 33277 4054 |
3285 98.5 5 107 1.26 78.2 Hope etal,, 2013
Porphyrompnas 200 4 033 102 1 4 Kotoku et al.,
gingivalis 2009
(Gram -ve)
ATCC 33277 405 400 8 0.33 10° 11 7.3 Fotoky eval,
800 16 0.33 10? 2 8 K°‘°2"0”0‘;‘ al.
KCTC 5352 425 10 288 480 2 x 10° 8F 36 Kim et al., 2013




Exposed

Microoraanism Strain Wavelength | Irradiance Dose Time Population reld_ggtlioon Dose for 1 logyo Reference
g Number(s) (nm) (mW/icm?) | (J/cm?) (min) | (CFU/mI or reduction
(CFU/mI)
CFU/plate)
448 100 60 1 10° 1.1 49.5 Chui et al., 2013
Porphyromonas
gingivalis 6 Feurestein et al.,
(Gram -ve) ATCC 33277 450 520 471 62.4 1.5-2 5x 10 1 471 62.4 2004: 2005
3 Fontana et al.,
455 80 4.8 1 10 0.1 50 2015
19.1 5.73 5 7.5 x 10’ 2.6 2.2 Hope et al., 2016
_ _ 405
Prevotella intermedia ATCC 25611 346.2 20.77 1 75 %107 44 47 Hope et al., 2016
(Gram -ve)
8 Fontana et al.,
455 80 4.8 1 10 0.34 14.1 2015
Prevotella Fontana et al
melaninogenica ATCC 25845 455 80 4.8 1 10° 0.67 7.16 2015
(Gram -ve)
) ATCC 25261 405 # 19.1 5.3 5 7.5 x 10’ 1.2 4.8 Hope et al., 2016
Prevotella nigrescens
Gram -ve
{ ) ATCC 33563 455 80 48 1 10° 0.49 9.8 Fontana etal,
op No ) Guffey &
Propionibacterium acnes ATCC 211827 405 160 15 1.6 1.5x%x 10 Inactivation Wilborn, 2006
(Gram +ve) )
ATCC 6919 4144 20 225 180 2 x 10° 5 45 pshkepazl etal.




Exposed

Microoraanism Strain Wavelength | Irradiance Dose Time Population relc;lcjgtlioon Dose for 1 logyo Reference
g Number(s) (nm) (mW/icm?) | (J/cm?) (min) | (CFU/ml or reduction
(CFU/mI)
CFU/plate)
No Kawada et al.,
Propionibacterium acnes Cls 414 90 324 60 5.1x10° Inactivation i 2002
(Gram +ve) N Guff
2p 0 uffey &
ATCC 211827 470 150 15 1.7 2x10 Inactivation - Wilborn, 2006
Proteus vulgaris Cl 329 405 10 144 240 | 10°-10° 47 30.6 Maclean et al.
(Gram -ve) 2009
568, PA01, 6.48/ 5.59/ 16.7/19.3/ Halstead et al
6749, 1054, 400 60 108 30 10° 6.55/ 6.01/ 16.5/ 18/ 2016
1586 6.07 17.8
LMG 9009 5 97 90 153 % 102" 2 9E 12.3 Ramakrishnan et
: ) ' al., 2014
P Barneck et al.,
PseLdomonas ATCC 27853 7.84 117.55 250 52 22.6 2016
aeruginosa 6 £ Kumar et al
(Gram -ve) ATCC 10145 9.5/9.5 306 540 10 0.3 1020 2015
405 4 4 A5 Maclean et al
NCTC 9009 10 180 300 10°-10 4.2 429 2009
PAOS’APKA“’ 15.7 50 53 10° 75/6%/65% | 7.14/83/7.7 | Filaetal,2017
1959/0, 146/s,
133/k, 23/k, 15.7 50 53 10° 7E 7.14 Fila et al., 2017

3752/sz, 153/s,
2284/p




Exposed

Microoraanism Strain Wavelength | Irradiance Dose Time Population relc;lcjgtlioon Dose for 1 logsg Reference
g Number(s) (nm) (mW/icm?) | (J/cm?) (min) | (CFU/ml or reduction
(CFU/ml)
CFU/plate)
3404/p 15.7 30 32 10° 7F 4.3 Filaetal., 2017
556/K,
4190/pA, 8 7E7F 7.14/7.14/7.14/ | _.
3109/0, 143/p 15.7 50 53 10 7€/ 5E 10 Filaetal., 2017
(MDR)
405 McDonald et al
Cl 71 53.25 12,5 1-3 x 1027 2F 26.7 ¢ °;§13e al.,
Gupta et al.,
Cl 123 664.2 90 105 5 132.8 h0L
Pseudomonas ATCC 27853 160 10 1.05 1 x 102° 13F 77 Guffey &
aeruginosa Wilborn, 2006
(Gram -ve) .
45 19.5 109.9 96 10 7.64 14.4 Dai et al., 2013a
ATCC 19660 "
Amin et al.,
20 48 40 3.45 13.9 5016
+ : 1 Keshishyan et
2 117% 117 975 3% 10 0.81/1.18 144.4/99.2 o
ATCC 27853 450 '
8 Decarli et al.,
36.1 300 138.5 10 0.7 428.6 5016
. 80/ 80/ 80" | 50/50/ 10 3% 10° 07-08/21 | 625/71.4/48 | D¢ L‘;%sze‘ al,
470
ATCC 27853 150 5 0.55 1x10%° 0.46 € 10.9 Guffey &

Wilborn 2006




Exposed

. . . - Log1o
. . Strain Wavelength | Irradiance Dose Time Population - Dose for 1 logyo
WAlE eI Number(s) (nm) (mW/icm?) | (J/cm?) (min) | (CFU/ml or zé?:lg/tr'glr)] reduction REEEEE
CFU/plate)
PSE“‘{%T:;?/ Z;“tze” cl 405 50 240 80 10° 4 60 Bache, 2013
Sa'r{‘é’:‘aer:]'ef e BAA 707 405 35 900 420 | 10%10" 2¢ 450 Kim et al., 2017
71 270 45 2'3;'622'2‘ x 2.28 118.4 Murdoch etal.
NCTC 4444
420/ .
Salmonella enterica 405 10 252/288 | o0 | 12x10° | 2.96/35° 721973 N o
serovar enteritidis
(Gram -ve) ATCC 13076 20 576 480 10° 5.6 102.9 K'”;(‘fi;( uk
NCTC 4444 85.6 739.6 144 10° 1.36 543.8 Fndarko etal
Salmonella enterica Bumah |
serovar heidelburg ATCC 8326 470 30 110 31.1 10°° 0.94 117 ““;glse;a ”
(Gram -ve)
9.5/9.5 306 540 10° 0.6/03F 510/ 1020 K“rg%rl%t al,
serovar typhimurium ATCC 14028 405 _
(Gram -ve) 20° 576 480 10° 1.7 338.8 K'”;(‘fi;( uk
35 900 420 10% 10* 2.7/124F 333.3/ 375 Kim et al., 2017




Exposed

- - - - Log1o
. . Strain Wavelength | Irradiance Dose Time Population - Dose for 1 log
M _ 10
icroorganism Number(s) (nm) (mW/icm?) | (J/cm?) (min) | (CFU/ml or G reduction REEEEE
(CFU/mlI)
CFU/plate)
461 22.1 596.7 | 450 10° 5/0.4 113.9/1491.8 | Ghateetal,
Salmonella enterica 2013, 2015
serovar typhimurium ATCC 14028
(Gram -ve)
6P Bumah et al.,
470 30 110 31.1 10 1.15 95.7 2015b
Salmonella saintpaul ) 5 Kim & Yuk
(Gram -ve) ATCC 9712 405 20 576 480 1x10 1.7 338.8 2017
71 256 60 | 1:3x10%° 2°€ 128 MacDonald et
Serratia marcescens - al., 2013
(¢]] 405
(Gram -ve) Gupta et al
123 1771.2 240 10° 5.26 336.7 pasah
2015
NCTC 12984 10 180 300 | 1-2x10° 5 36 Murdach etal,
. _ ATCC 29031 18 486 450 10° 0.8 607.5 Kim et al., 2016
Shigella sonnei
(Gram -ve) 0 2.3-2.4 x Murdoch et al
NCTC 12984 71 270 45 107 2.1 128.6 501
LMG 10473 85.6 554.7 108 10° 3.9 142.2 SmeErio Eell,

2012




Exposed

Microoraanism Strain Wavelength | Irradiance Dose Time Population relcTSgtliOon Dose for 1 log; Reference
g Number(s) (hm) (mWicm?) | (J/cm?) (min) | (CFU/mlor reduction
(CFU/ml)
CFU/plate)
NCTC 4135 3.27 235 120 2 x 10° 15 15.7 Mac'ggggt .,
1078*_3' U _ 400 288/ 108/ | 80/ 30/ 7.07/ 6.76/ 40.7/ 16/
I 2ePe: 60 108/ 288/ | 30/ 80/ 10° 6.76/7.01/ 16/40.1/ el el
33807. NCTC: A ' 2016
4163 10442 288/ 108 | 80/30 6.07/6.69 47.4/16.1
- 4054 19.1 5.73 5 9 x 10’ 0.1 57.3 Hope et al., 2016
3.27 235 120 2 % 10° 2.4 9.8 Mac'ggggt all,
Staphylococcus aureus
(methicillin-sensitive) McDonald et al.,
(i ) NCTC 4135 5 18 60 1-3x 1027 | 172722 10.5/ 8.2 Ramazk?iﬁ;nan o
al., 2014
7.6 41 100 10° 3 13.7 Ma‘:'gggg“ el
405 ek ol
ATCC 29213 8.32 124.81 250 P 6.1 20.5 ar“gglg‘ al.
ATCC 35932 9.5/95 306 540 108 4/2.1 75.6/ 145.7 K“rg%rlest all,
10%/ 10%-10% Maclean et al.,
10 36 60 10° 3/5/3 12/7.2/12 5005
NCTC 4135 —
16 115.2 120 10° 14F 823 G'”“;g;’f‘ s




Exposed

Microorganism N Strsln Wavelength || diance Dose Time | Population relcTSgtliOon Dose for 1 logy, Reference
umber(s) M) mwriem?) | @em?) | (min) | (CFU/mIor ety reduction
CFU/plate)
18 486 450 10° 0.9 540 Kim et al., 2015
ATCC 6538
24/ 24 600 416.7 10° 0.6/05 1000/1200 | “umareral,
NCTC 4135 40 72 30 10*10° 5.5 131 Maclean etal,
60 216 60 10° 5 43.2 Ton;té f; al.,
NCTC 4135
7 9 McKenzie et al.,
Staphylococeus aureus 65 234/468 | 60/120 | 107710 3.8/7.7 61.6/ 60.8 e
(methicillin-sensitive) 405
(Gram +ve) Cl 71 42.6 10 1-3 x 102P oE 21.3 MCDozn(z)-:l::-d3 etal.,
NCTC 4135 100 60 10 10° 5 12 Maclggrll 6et al.,
cl 123 147.6 20 10° 5.16 28.6 R
/ 10°7/ Guffey &
0.93 Wilborn, 2006;
ATCC 25923 160 S 1.57 1.5 x 10%F e Sl Guffey et al.,
2013a
NCTC 4135 410 3.27 235 120 2 x 10° 11 21.4 Maclean et al.,

2008




Exposed

Microoraanism Strain Wavelength | Irradiance Dose Time Population relcTSgtliOon Dose for 1 log; Reference
g Number(s) (hm) (mWicm?) | (J/cm?) (min) | (CFU/mlor reduction
(CFU/ml)
CFU/plate)
5 Maclean et al.,
NCTC 4135 a5 3.27 235 120 2% 10 05 47 o0
ATCC 5923 100 120 20 - 1 120 Lipovzsgifoet al.,
NCTC 4135 420 3.27 235 120 2 x 10° 0.3 78.3 Maclean etal,
NCTC 4135 430 3.27 235 120 2 x 10° 0.1 235 Maclean etal.
2 1174117 | 975 3 x 10" 0.3/1.2 390/ 97.5 NETEE
ATCC 25923 450 —
Staphylococcus aureus 36.1 300 1385 108 1 300 Decarli et al.,
(methicillin-sensitive) 2016
CRe) ATCC 5923 455 100 120 20 - 0.3 400 SR gl
ATCC 6538 460 74/ 74 1800 240 10° No i Kumar et al.,
Inactivation 2016
G Ghate et al.,
ATCC 6538 461 221 596.7 360 10 5.2 1148 2013
ATCC 25923 470 150 15 167 | 15x10%° 0.42 35.7 el

Wilborn 2006




Exposed

Microoraanism Strain Wavelength | Irradiance Dose Time Population I’el(;lcjgtliOOI'l Dose for 1 logsg Reference
g Number(s) (nm) (mWicm?) | (J/cm?) (min) | (CFU/ml or reduction
(CFU/mI)
CFU/plate)
108/ 54/ | 30/ 15/ 6 6.17/ 6.82/ 17.5/ 7.9/ Halstead et al.,
508, 520, 531 400 60 108 30 10 6.41 16.8 2016
EMRSA-16a 10 45 75 10%-10° 5 9 Maclean etal.
EMRSA-15 60 270 75 105 5.24 51.5 Tomp etal.
405 5 x 10% Bumah et al.,
Staphylococcus aureus ATCC 100 50/ 60/ | 40/-/-1 | 3x10°P/ 1.25/1.45 100.8/ 35.7/ 2015a; Masson-
(methicillin-resistant) BAA1680 121/ 240 20.2 5 % 10°7/ 1.4% 157 42.9/152.9 Meyers et al.,
(Gram +ve) 7 % 106° 2015
USA 300, 5 Enwemeka et al.,
s 100 55.2/50.4 | 9.2/8.4 5x 10 1.1/1.2 50.2/ 42 2008
USA 300 LAC 415 19.5 168.3 144 10’ 4.92 34.2 Dai et al., 2013b
8325-4, 252 460 133.3 240 30 10° 3F 80 Yang et al., 2017
ATCC BAA Bumah et al.,
2660 470 30 60 33.3 - 0.48 124.6 2013




Exposed

. . . - Logso
. ; Strain Wavelength | Irradiance Dose Time Population ; Dose for 1 logsg
L L Number(s) (nm) (mWiecm?) | (J/em?) (min) | (CFU/ml or LI reduction RS
(CFU/mlI)
CFU/plate)
3x10%"/
5 x 10°"/
5x10°7 | 1.5/1.1/1% 35/ 50/ 55/
AT%SEAA 30 55 306 | 7x10°% | 05/07% 110/ 78.6/ Eg{gﬁh Zeéféc
Staphylococcus aureus 7x10°7 06%07" 9171786 |
6 P
(methicillin-resistant) 470 8x 10 7/P
(Gram +ve) 1.2 x10
USA300, 6P Enwemeka et al.,
1S854 30 55 30.6 5x10 1.01/1.01 54.5/ 54.5 2009
3 X 106 P/ E E
ATCC BAA 100 13/ 50/ -/ 133 5 % 10°F/ 0.85/1.15%/ 16.25/ 43.5/ Bumah et al.,
1680 240 7* 10°° 2F 120 2015a
X
NCTC: 11964; 1-3 x 1027/ Meponel el
10956, LMG 5 18 60 10% 0.8/3/2.2F 22.5/2.7/8 .2 R . '
2p amakrishnan et
10474 1-3x 10 al., 2014
4 45 Maclean et al.,
Staphylococcus NCTC 11964 10 42 70 10%-10 4.6 9.1 2009
epidermidis 405 Ramakrishnan et
9
(Gram +ve) LMG 10474 15 324 360 10 7 46.3 al., 2016
2P E McDonald et al.,
Cl 71 32 7.5 1-3x10 2 16 2013
Maclean et al.,
NCTC 11964 100 60 10 10° 5 12 2016




Exposed

Microoraanism Strain Wavelength | Irradiance Dose Time Population relo_lggtlioon Dose for 1 log; Reference
g Number(s) (nm) (mwWiecm?) | (Jlem?) (min) | (CFU/ml or reduction
(CFU/mi)
CFU/plate)
Staphylococcus Cl 405 123 118.1 16 10° 5.12 23.1 G“pztgf; al,
epidermidis
(Gram +ve) No K
9 : awada et al.,
Cl 414 90 324 60 3.8x10 [hactivation 2002
Stenotrophomonas
maltophilia 529, 51, 558 400 60 108 30 10° 7212971 157364/ Halstead et al.,
7.33 14.7 2016
(Gram -ve)
Streptococcus mutans 6 No ) Feuerstein et al.,
(Gram +ve) ATCC 27351 450 520 93.6 3 5x 10 Inactivation 2004
Streptococcus Barneck et al
pneumoniae ATCC 49616 405 8.05 123.41 250 -P 6.13 20.1 2016
(Gram +ve)
Streptococcus pyogenes NCTC 8198 405 10 54 9 10%-10° 5 108 Maclean et al.,
(Gram +ve) 2009
. _ 405 24/24 | 170/ 147 11%82/ 10° 1 170/ 147 K”rg"’(‘)rl‘%‘ al,
Vibrio ?g::gae\;z)c)lytlcus ATCC 17802 e
- B 161.5 6 Kumar et al.,
460 74/ 74 717/ 958 215 8 10 1 717/ 958 2016

* Mycobacteria cannot be classified using Gram staining



Table Al.2 Inactivation data of fungi and yeasts using 380-480 nm light, collected during the systematised review

Exposed

Microoraanism Strain Wavelength | Irradiance Dose Time Population relaggtlioon Dose for 1 logyg Reference
g Number(s) (nm) (mwicm?) | (Ilem?) (min) | (CFU/mlor reduction
(CFU/ml)
CFU/plate)
405 A 63 2300 | 6085 | 2x10° 0.1 23000 Murdoch st
Aspergillus niger 1,150 38903 405 50 1440 480 10° 15 960 Moorhead et al.,
(spores) 2016b
405 63 2300 | 6085 | 2x10° 5.24 439 Murdoch etal.,
2013
Aspergillus niger 3 Moorhead et al.,
(hyphae) MUCL 38993 405 50 1440 480 10 3 480 2016b
Aspergillus niger
(germinating spore | MUCL 38993 405 63 454 120 2 % 10° 25 181.6 M“rd;’g;‘;t al.
suspension)
Aspergillus niger _P No growth Moorhead et al.,
(microconidia) MUCL 38993 405 % S04 240 inhibition 2016b
Botrytis cinerea 1080 360 Germination Imada et al
- - 5 . g _ "
(spores) Cl 405 50 3780 1260 10 significantly 2014

inhibited




Exposed

Microoraanism Strain Wavelength | Irradiance Dose Time Population relc;lcjgtlioon Dose for 1 logsg Reference
g Number(s) (nm) (mwWiem?) | (d/em?) | (min) | (CFU/mlor (CFU/mI) reduction
CFU/plate)
50 4320/ 1440/ _ P Inhibited i Imada et al.,
17280 5760 growth 2014
Cl 405 Reduced
. mycelial Imada et al
- 720 - growth - ma281e4 b
(20mm less
than control)
o Reduced
Botrytis cinerea i mycelial e
(mycelia) Cl 415 50 17280 | 5760 - growth € . St
(22.5mm less
than control)
P No growth Imada et al.
Cl 450 50 17280 5760 - R - '
inhibition & 2014
Reduced
. mycelial
Cl 455 - - 720 - growth - Xu et al., 2017
(20mm less

than control)




Exposed

i i i i Logio
. ; Strain Wavelength | Irradiance Dose Time Population ; Dose for 1 logsg
T AT B Number(s) (nm) (mWicm?) | (Ilem?) (min) | (CFU/mlor zé?:lﬁrlr?g reduction REEEEE
CFU/plate)
MUCKL A 5 Murdoch et al.,
20903 405 40 576 240 2 x 10 1.76 327.3 2013
MUCKL 5 Murdoch et al.,
29903 40 576 240 2x10 5 115.2 2013
No growth Merigo et al.
405 - _ 7 i ,
S . > 10 Inhibition 2017
Candida albicans Cl 123 332.1 45 10° 4.52 73.5 Gupztgf; al.,
(yeast cells)
ATCC 90028 406 - 80 } 104 27E 29.6 Risovi¢ et al.,
2014
CEC 749 415 195 70.2 60 107 5.42 13 Zha;gleg al.,
ATCC 90028 420 - 5 - 10%P 25E 2 Risovi¢ et al.,
2014
ATCC 20011 460 36.1 200 | 1385 10° 02 1000 Decarli etal,

2016




Exposed

Microoraanism Strain Wavelength | Irradiance Dose Time Population reId_L(J)(?tlioon Dose for 1 logsg Reference
g Number(s) (nm) (mwWiecm?) | (J/em? | (min) | (CFU/mlor reduction
(CFU/mI)
CFU/plate)
Fusarium e L et al
Graminearium - 470 80 100 215 3 x 10* 0.22 4545 e
(spores)
Fusarium De Lucca et al
Graminearium - 470 80 100 21.5 3 x 10 0.28 357.1 L12012 K
(germinated spores)
Penicillunum digitalum i 470 80 100 215 3% 10 No . i De Luccaet al.,
(spores) Inactivation 2012
Pen|C|IIl.Jnum digitalum ) 470 80 100 215 3% 10° 0.097 1030.9 De Lucca et al.,
(germinated spores) 2012
MUCL 28749 |  405° 40 288 95 2 x 1057 4.37 65.9 Murdoch etats
Saccharomyces 2013
cerevisae
east cells
4 ) MUCL 28749 405 40 288 95 2 % 10°7 5 57.6 Murcooh stal
Trichophyton L
P Germination Moorhead et al.
MUCL 982 4 4 24 - I - '
mentagrophytes UCL 9823 05 35 50 0 inhibited 2016b

(microconidia)




Exposed

. . . . Logso
. . Strain Wavelength | Irradiance Dose Time Population . Dose for 1 logy
Microorganism Number(s) (nm) (mwW/ecm?) | (J/em? | (min) | (CFU/mlor reduction reduction Reference
(CFU/mI)
CFU/plate)
Trichophyton rubrum MUCL 11954 405 50 360 120 p 23 156.5 Moorhead et al.,
(spores) 2016b
Trichophyton rubrum Germination Moorhead et al.,
(microconidia) MUCL 11954 405 3 S04 240 inhibited 2016b




Table AL1.3 Inactivation data of bacteriophage and viruses using 380-480 nm light, collected during the systematised review

Exposed Log
. . Strain Wavelength | Irradiance Dose Time Population £ Dose for 1 logsg
Ll e Number(s) (hm) (mwW/ecm?) | @/ecm? | (min) | (CFU/mlor FECWELDT reduction R
(CFU/ml)
CFU/plate)
Feline calicivirus Tomb et al
(in MM) F9 405 10° 155.8 2800 300 3.9 717.9 On;Ofﬁa "
(Virus, ss RNA)
Feline calicivirus o mbietal
(in ORM) F9 405 10° 155.8 421 45 5 84.2 2016 !
(Virus, ss RNA)
Murine Leukemia
Virus Richardson &
(in ORM) i 420-430 i i 10080 i i i Porter 2005
(Virus, ss RNA)
¢C31 Tomb et al
(in MM) @C31cA25 405 56.7 306 90 10° 0.3 1020 2014 K
(Bacteriophage, ds DNA)
9C31 90/
. 306/ 510/ 113.3/94.4/ .
(in ORM) ©C31cA25 405 56.7 430 150/ | 10% 105/ 107 | 2.7/5.4 7.1 S0l To’ggffl al.
(Bacteriophage, ds DNA) 420 '




Appendix B1l: Inactivation Kinetics Following

Repeated Sub-Lethal Exposure

This appendix details the inactivation kinetics of S. aureus, from each individual run
(A, B & C) that underwent repeated sub-lethal exposure to 405 nm light, as detailed in
Chapter 7.

Table B1.1 details inactivation of methicillin-sensitive Staphylococcus aureus

Table B1.2 details inactivation kinetics of methicillin-resistant Staphylococcus aureus
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Table B1.1 Inactivation kinetics of isolates of MSSA from triplicate runs A, B & C after 5, 10 & 15 sub-lethal exposures of 405 nm light. Sub-lethal
exposures were conducted using a dose of 108 J/cm? (at an irradiance of 60 mW/cm?), and inactivation kinetics were based on exposure to 60 m\W/cm?
for increasing time periods. Comparisons are made with the inactivation kinetics of the initial starting population. Each data point is a mean count
(n>2) = SD. Asterisks “*’ indicate bacterial inactivation level which was significantly different to equivalent O sub-cultures control (P <0.05), using
one-way ANOVA.

MSSA Inactivation Kinetics (Logig reduction CFU/ml)

0
5 Sub-Lethal Exposures | 10 Sub-Lethal Exposures | 15 Sub-Lethal Exposures 15
Dose Sub-Cultures
(Ilem?) (Control) Dark Sub-Cultures
A B C A B C A B C (Control)
047+ | 015+ | 028+ | 043+ | 066+ | 050+ | 077+ | 062+ | 068+
54 0.68+0.36 029 | 015* | 020 | 031 | 049 0.02 0.24 0.23 0.34 0.66+0.50
161+ | 095+ | 136+ | 1.39+ | 174+ | 167+ | 1.97+ | 174+ | 222+
L LB R 0.76 0.29 046 | 052 | 075 0.51 0.67 0.65 1.06 D
332+ | 311+ | 340+ | 270+ | 364+ | 271+ | 307+ | 2090+ | 321+ .
162 3.51£0.40 1.84 0.27 156 | 063 | 144 0.49 0.46 0.86 117 2.56+0.48
456+ | 496+ | 458+ | 436+ | 464+ | 396+ | 446+ | 408+ | 463+
= 02 B 1.22 0.46 056 | 081 | 051 | 058* | 075 0.30 1.03 AU E L
504+ | 513+ | 536+ | 536+ | 489+ | 547+ | 513+ | 452+ | 482+
2170 5.35+0.12 0.25 013 021 | 007 | 017 0.03 021 | 014* | 053 4.93+0.71




Table B1.2 Inactivation kinetics of isolates of MRSA from triplicate runs A, B & C after 5, 10 & 15 sub-lethal exposures of 405 nm light. Sub-lethal
exposures were conducted using a dose of 108 J/cm? (at an irradiance of 60 mW/cm?), and inactivation kinetics were based on exposure to 60 m\W/cm?
for increasing time periods. Comparisons are made with the inactivation kinetics of the initial starting population. Each data point is a mean
count (n>2) + SD. Asterisks ‘*’ indicate bacterial inactivation level which was significantly different to 0 sub-cultures control (P <0.05), using one-
way ANOVA.

MRSA Inactivation Kinetics (Logso reduction CFU/ml)

0 15
5 Sub-Lethal Exposures 10 Sub-Lethal Exposures | 15 Sub-Lethal Exposures
Dose Sub-Cultures Dark Sub-
(Ilem?) (Control) Cultures
A B C A B C A B C (Control)
035+ | 019+ | 055+ | 081+ | 047+ | 034+ | 025+ | 077+ | 0662
54 0.62+0.32 0.19 0.24 0.56 0.28 0.13 011 | 001* | 020 | 055 0.26+0.22
125+ | 113+ | 133+ | 157+ | 244+ | 132+ | 113+ | 1.83+ | 143+
108 D 0.40 037* | 018* | 027* | 017* | 025* | 017* | 059 | o044 0.96 £ 0.64
278+ | 236+ | 298+ | 285+ | 451+ | 281+ | 215+ | 309+ | 2.89+
162 3.45+1.06 045% | 092 0.45 0.36 0.35 061 | 063* | 102 | 085 1.75£0.55
463+ | 378+ | 486+ | 464+ | 534+ | 380+ | 401+ | 432+ | 396+ .
21 S B L 0.49 0.86 0.24 0.18 0.06 1.24 153 | 142 | 139 2912063
512+ | 497+ | 534+ | 521+ | 533+ | 470+ | 442+ | 473+ | 514+
210 5.24£0.58 0.35 0.07 0.04 0.04 0.05 0.76 113 | 082 | 054 4.26+0.51
538+ | 531+ | 551+ | 553+ | 526+ | 541+ | 529+ | 535+ | 540+
e 5S0RE003 0.01 0.05 0.05 0003 | 001 0.04 036 | 001 | 0.004 L2




Appendix B2: Antibiotic Susceptibility
Following Repeated Sub-Lethal Exposure

This appendix details the antibiotic susceptibility of S. aureus, from each individual run (A,

B, C) that underwent repeated sub-lethal exposure to 405 nm light, as detailed in Chapter 7.

Table B2.1 details the antibiotic susceptibility of methicillin-sensitive Staphylococcus

aureus

Table B2.2 details the antibiotic susceptibility of methicillin-resistant Staphylococcus aureus
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Table B2.1 Antibiotic susceptibility of isolates of MSSA from individual runs A, B & C after 5, 10 & 15 sub-lethal exposures of 405 nm light.
Susceptibility was measured using Disc Diffusion Method. Comparisons are made with the antibiotic susceptibility of the initial starting population.
Each data point is a mean value (n = 3) + SD. Asterisks ‘*’ indicate diameter of zone of inhibition that was significantly different to equivalent 0 sub-
cultures control (P < 0.05), using one-way ANOVA.

Mean Diameter of Zone of Inhibition for MSSA (mm)
Conc | 0 Sub- 5 Sub-Lethal Exposures 10 Sub-Lethal Exposures 15 Sub-Lethal Exposures 15 Dark
Antibiotic Cultures Sub-
(M9) | (control) A B C A B c A B C (%L:)Irt]i’rrsls)
Oxacillin 5 30.0 £0.0 29.3+12 29.0+1.0 29.7+06 30.0+0.0 30.0+1.0 29.7+06 29.7+0.6 30.0+1.0 29.0+10 | 19.7+0.6*
Erythromycin 5 21306 21.3+0.6 21.3+0.6 20.7+0.6 21312 22.0£0.0 22306 21.7+06 21.0£0.0 21.0£0.0 | 227+£0.6*
Tetracycline 25 21.7£12 271.3+12 28.0+1.0 21.7£12 29.0£1.7 29.3+0.6 27.0£0.0 29.0+1.0 28.7+15 29.7+15 26.7+0.6
Chloramphenicol 25 21.3£15 21.7+06 20.7+06 20.3£0.6 22.3£0.6 21.3£15 20.7+1.2 21.7£06 20.3+06 20.7+0.6 23.7+06
Fusidic Acid 10 30.0+0.0 20.7+12 30.3+06 30.306 31.0+10 31.3+12 | 323£06* | 30020 30.7£06 | 33.0+£1.0%* | 29.3+06
Gentamicin 10 20.7£0.6 20.0£0.0 21.0+0.0 21.0£0.0 20.3£0.6 21.0£0.0 20.7£0.6 20.0 £0.0 20.3+06 20.7+10 | 247+0.6*
Ampicillin 25 40.0+1.0 38306 383+15 | 403£12 30.7+15 40.30.6 38723 40.0+0.0 38.7+£23 40.0+00 | 357+0.6*
Ciprofloxacin 5 22.3£12 21.3+06 21.0£0.0 21.7£0.6 21.3£0.6 22.0£1.0 21.7£0.6 23.3+06 21.0£1.0 23.0+1.0 20.7+0.6
Mupirocin 5 27706 26.3+0.6 26.3+0.6 26.7+06 28.0+1.0 27321 28312 27706 28.0+17 26.7+0.6 27.3+0.6
Vancomycin 5 15.0 £ 0.0 14.0£1.0 143+ 0.6 14.3£0.6 14.7£0.6 15.7 £ 0.6 15.7 £ 0.6 15.0 £0.0 14.3£0.6 14.7£0.6 14.3£0.6
Rifampicin 5 32.0+1.0 31.7+06 32.0+1.0 31.7+0.6 343+1.2 32.7+0.6 33.0+£3.0 | 340+00* | 340+10 33.7£06 32.3+0.6




Table B2.2 Antibiotic susceptibility of isolates of MRSA from individual runs A, B & C after 5, 10 & 15 sub-lethal exposures of 405 nm light.
Susceptibility was measured using Disc Diffusion Method. Comparisons are made with the antibiotic susceptibility of the initial starting population.
Each data point is a mean value (n = 3) + SD. Asterisks ‘*’ indicate diameter of zone of inhibition that was significantly different to equivalent O sub-

cultures control (P < 0.05), using one-way ANOVA.

Mean Diameter of Zone of Inhibition for MRSA (mm)
15 Dark
_ Conc | 0 Sub- 5 Sub-Lethal Exposures 10 Sub-Lethal Exposures 15 Sub-Lethal Exposures Sub
Antibiotic Cultures ub-
(ko) (Control) Cultures
A B C A B C A B C (Control)
Oxacillin 5 0000 0000 0000 0000 0.0%0.0 0.0%0.0 0.0+0.0 00200 00200 00£00 00200
Erythromycin 5 230+10 | 227406 | 220+10 | 217206 | 223+15 | 223+06 | 23306 | 230+10 | 23.0+10 | 243+12 | 23.0%10
Tetracycline 25 27010 | 27.3+06 | 27.0+00 | 273+12 | 27.3+12 | 27.0+10 | 260+00 | 257+06 | 26.0+10 | 267+12 | 26.3+06
Chloramphenicol 25 24010 | 227+15 | 237+06 | 243%06 | 227+15 | 233+21 | 23306 | 21.7+06 | 233+06 | 237406 | 223+06
Fusidic Acid 10 307406 | 30.7+06 | 307+06 | 300+00 | 29.3+06 | 303406 | 303+06 | 29.7+0.6 | 303+06 | 31.0+10 | 29.7+06
Gentamicin 10 207+06 | 207+06 | 207+06 | 203+06 | 20.3+0.6 | 21.7+06 | 23.0+1.0* | 233+06* | 23.3+06* | 22.7+0.6* | 223+0.6*
Ampicillin 25 153+06 | 14706 | 163+15 | 153+06 | 16306 | 143+06 | 143+06 | 12.0+1.0* | 123+06* | 13.7+0.6* | 10.7 +0.6*
Ciprofloxacin 5 257406 | 26.3+06 | 263+06 | 260+00 | 26.7+06 | 247+06 | 257+06 | 243+12 | 263+06 | 253+06 | 24.7+06
Mupirocin 5 263+06 | 263+06 | 27.7+15 | 273206 | 257+15 | 257+06 | 26315 | 250+10 | 273206 | 253+0.6 | 26.0+0.0
Vancomycin 5 143+06 | 150400 | 157+0.6* | 147406 | 143+06 | 147+06 | 147+06 | 147306 | 140+00 | 143+06 | 14706
Rifampicin 5 307+06 | 303+06 | 307+06 | 30010 | 30.0+1.0 | 307+06 | 317+06 | 31.0+00 | 30715 | 31.3+0.6 | 31.0+0.0




Appendix C: Porphyrin Extraction Methods

Table C1.1 The growth methods and regents used to extract porphyrins from

Staphylococcus aureus for HPLC analysis. S. aureus was cultured for 24 hours in nutrient

broth or for 48 hours on nutrient agar plates. Following cultivation and centrifugation, the

bacterial pellet was incubated with either 1ml of 0.1M Sodium Hydroxide (NaOH)-
1% Sodium Dodecyl Sulphate (SDS) or 0.1 M Ammonium Hydroxide (NH,OH):Acetone
(1:9 v/v). Samples were then vortexed and in some instances sonicated for 15 mins, before

overnight incubation in complete darkness.

Method
No.

Bacterial Growth

Method

Extraction Reagent

Vortex and/or
Sonication

10

11

12

13

1 x 100 ml Broth
3 x 100 ml Broth
Agar Plates x 10
1 x 100 ml Broth
3 x 100 ml Broth
Agar Plates x 10
6 x 100 ml Broth

1 x 100 ml Broth

3 x 100 ml Broth

Agar Plates x 10

1 x 100 ml Broth

3 x 100 ml Broth

Agar Plates x 10

0.1M of NaOH-1% SDS
0.1M of NaOH-1% SDS
0.1M of NaOH-1% SDS
0.1M of NaOH-1% SDS
0.1M of NaOH-1% SDS
0.1M of NaOH-1% SDS
0.1M of NaOH-1% SDS

0.1 M NH,OH:Acetone
(1:9 viv)

0.1 M NH,OH:Acetone
(1:9 viv)

0.1 M NH;OH:Acetone
(1:9 viv)

0.1 M NH,OH:Acetone
(2:9 viv)

0.1 M NH;OH:Acetone
(1:9 viv)

0.1 M NH,OH:Acetone
(2:9 viv)

Vortex

Vortex

Vortex

Vortex & Sonicate

Vortex & Sonicate

Vortex & Sonicate

Vortex & Sonicate

Vortex

Vortex

Vortex

Vortex & Sonicate

Vortex & Sonicate

Vortex & Sonicate
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e Maclean, M., McKenzie, K., Moorhead, S., Tomb, R.M., Coia, J.E., MacGregor, S.J. &
Anderson, J.G. (2015) Decontamination of the hospital environment: new technologies
for infection control. Journal of Current Treatment Options in Infectious Diseases.
7 (1), 39-51, March 2015. Doi: 10.1007/s40506-015-0037-5

e Tomb, R.M., Maclean, M., Herron, P.R., Hoskisson, P.A., MacGregor, S.J. &
Anderson, J.G. (2014) Inactivation of Streptomyces phage ¢C31 by 405 nm light:
requirement for exogenous photosensitizers? Bacteriophage. 4 (3), e32129, July 2014.
Doi: 10.4161/bact.32129 (Written during PhD)

Research Papers in Preparation:

e Tomb, R.M., Maclean, M., Coia, J.E., MacGregor, S.J. & Anderson, J.G. Blue-light
exposure of proliferating and non-proliferating Staphylococcus aureus for assessment of

potential tolerance development.

Conference Poster Publications:

e  Moorhead*, S.M., Tomb*, R.T., Coia, J.E., Anderson, J.G., Graham, E., McDonald, M.,
MacGregor, S.J. & Maclean, M. Enhanced visible light inactivation of Clostridium
difficile and Norovirus within simulated faecal contamination. Microbiology Society
Annual Conference, 3-6 April 2017, Edinburgh, Scotland. * Equal contribution

e Tomb, R.M., Maclean, M., Coia, J.E., MacGregor, S.J. & Anderson, J.G. Can repeated
sub-lethal exposure to antimicrobial 405 nm light induce tolerance in Staphylococcus
aureus? IV International Conference on Antimicrobial Research, 29 June-1 July 2016,

Malaga, Spain.
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Society Annual Conference, 21-24 March 2016, Liverpool, England.
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Bacterial Resistance to Antimicrobial 405 nm Light. The Federation of Infection
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