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ABSTRACT

With the rise in strains of antibiotic resistant bacteria, and with that, the rising
rates of hospital infection, there is a drive for new antimicrobial infection control
technologies. One such technology is the use of narrow spectrum light with a central
wavelength in the region of 405 nm - henceforth referred to as ‘405 nm light’ - which has
been developed for continuous environmental decontamination applications. This study
investigates the use of this pulsed 405 nm light, to evaluate potential operational
advantages that this delivery method may provide when compared with continuous
405 nm light.

The initial part of the study investigates the fundamental effects of pulsed
operation of light emitting diodes (LEDs), by altering a range of parameters including the
frequency of the pulsing, the peak irradiance, the duty cycle and the exposure time, and
the resulting effects on the antimicrobial action. Results using pulsed 405 nm light
demonstrated more efficient bacterial inactivation, yielding a higher electrical energy
efficiency and optical efficiency, suggesting beneficial results in using pulsed 405 nm light
over continuous 405 nm light.

The study then investigates, more specifically, the application of pulsed 405 nm
light to the area of continuous environmental decontamination. The study documents the
design, build and testing of a prototype blended pulsed antimicrobial white light based
on pulsed 405 nm LEDs - supplemented by red, green and yellow/amber wavelengths to
produce the blended white light. The pulsed blended white light prototype demonstrated
an improved colour quality with the supplementary colours when compared with the 405
nm light alone whilst demonstrating effective antimicrobial action.

Overall, this study provides the first evidence of the use of pulsed 405 nm LEDs
and the operational advantages over continuously run 405 nm LEDs in terms of
antimicrobial action. The study then utilises this pulsed delivery system to develop a
pulsed blended white light prototype system, a possible viable future design option for

continuous environmental decontamination systems.
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CHAPTER 1
INTRODUCTION

In recent years, environmental decontamination has been highlighted as an
increasingly important area of infection control, particularly within the healthcare
environment. The continued increase of antibiotic resistant strains of bacteria, and
also highly transmissible viruses, has emphasised the need for novel
decontamination technologies to control the levels of environmental contamination
and consequently, reduce infections.

One such technology, which has been extensively tested and documented for
decontamination applications, is ultraviolet (UV) radiation (Reed, 2010; Kowalski,
2014; Santos et al., 2012; Bohrerova et al., 2008). There are however some limitations
to the technology, including levels of optical penetration and its physically degrading
effects on materials. However, the major issue, particularly for environmental
decontamination applications, is that of human safety, as UV exposure among other
gaseous exposures used for decontamination can pose significant risk to humans.
Therefore visible light, which can be used in the presence of humans, would be
preferential for certain applications.

The antimicrobial action of 405 nm violet light have been well documented
(Guffey and Wilborn, 2006; Enwemeka et al., 2008; Maclean et al., 2008; Murdoch et
al., 2013) and although its germicidal efficacy is lower than that of UV light, it can be
used to inactivate bacteria at levels which have no significant effect on mammalian
cell viability, function or proliferation rate (Ramakrishnan et al., 2014).

In terms of optical germicidal efficiency, studies have shown that pulsed UV
light can produce more efficient microbial inactivation when compared to that of
continuous UV light (McDonald et al., 2000). This has been generally through the use
of high irradiance broadband flash lamps, with a limited number of recent studies

demonstrating the concept using UV light-emitting diodes (LEDs) (Li et al, 2010;



Wengraitis et al., 2012). Conclusions from this literature then pose the question; if
pulsed UV light can be more efficient than continuous; could similar operational
advantages be achieved with pulsed 405 nm light? This idea is where the main focus
of this thesis lies.

Initial work in this study (Chapter 4) looks at the characterization of
LEDs, and specifically LEDs under varying pulsed regimes; investigating effects of
temperature, levels of current, frequency, and pulse width. Additionally, the chapter
looks at the design and testing of the pulsing circuit to be used for the rest of the
study.

The next phase of work (Chapter 5) provides ‘proof-of-concept’ testing
to investigate whether pulsed 405 nm light provided any beneficial outcomes in
terms of electrical, optical or antimicrobial efficacy when compared with
continuously run 405 nm LEDs. Parameters investigated included: the pulsing
frequency; the duty cycle; the peak irradiance; and the overall germicidal dose.
Analysis of the comparative optical and electrical efficiencies was also conducted.

The final investigative stages of the study (Chapters 6 and 7) look specifically
at the extension of results from the proof-of-concept pulsed 405 nm work towards
practical application. This involved the design, construction, testing and scale-up of
a pulsed, blended antimicrobial white light, inherently containing pulsed 405 nm
light, in an effort to demonstrate a means of deploying the 405 nm light technology
in a more, energy efficient and aesthetically acceptable form.

This thesis concludes (Chapter 8) with a discussion of the major findings and
key conclusions from the experimental and analytical work conducted, proposes

future work and additional ideas for further study.



CHAPTER 2
LITERATURE REVIEW

2.0 OVERVIEW

This section will review the background literature pertaining to the problem of
environmental contamination and its significant role in the transmission of infection,
particularly within healthcare settings. It will also discuss the different technologies
currently being used to combat the problem of environmental contamination. The
chapter will then focus on the use of visible 405 nm violet light as a method for
continuous environmental decontamination - reviewing the literature on the clinical
evidence of its efficacy, and also its mechanism of action. Finally, means of enhancing
the antimicrobial efficacy of the 405 nm light will be discussed; one of which is the

concept of pulsing, thus introducing the central research idea behind this study.

2.1 ENVIRONMENTAL CONTAMINATION & ITS ROLE IN INFECTION

TRANSMISSION

The motivation for this study stems from the problem of infection control and
the need for improved methods of environmental decontamination. Healthcare
associated infections (HAIs) were an increasing problem over a decade ago (Dancer,
2009) however in the 2018 Health Protection Scotland annual report (NHS, Health
Protection Scotland, 2019) observed most infection rates demonstrating no change
over that past few years whilst a US study between 2011-2015 demonstrated a
reduction in HAIs (Haque et al., 2018) suggesting the reduction is due to the national
initiative to counter HAIs. Either way, HAIs are still currently a hot topic and there
are a variety of ways the causative organisms can be spread, particularly in the
healthcare environment - and whilst they are still occurring within the healthcare

setting, there must be an effort made to reduce or eradicate HAIS.



HAIs, also referred to as nosocomial infections, are defined as ‘an infection
occurring in a patient in a hospital or other healthcare facility in whom the infection
was not present or incubating at the time of admission’ (Ducel et al., 2002). It was
found during a 2016 survey in Scotland that about 1 in 9 ICU patients (11.4%) had an
HAI at the time of the survey along with 6.5% of patients in surgical wards and 4% in
medical wards (NHS, Heath Protection Scotland, 2017). HAIs can prove fatal to
patients admitted who are already seriously unwell and additionally, HAIs are
estimated to cost the UK NHS (National Health Service) an excess of £1 billion with
some 300,000 cases each year (Mackley et al., 2018). On a larger scale, it is estimated
that in the EU, over 4 million patients acquire HAIs annually and this is thought to
contribute to approximately 110,000 fatalities per year (OECD/EU, 2016). It is in the
global interest to reduce the levels of HAIs being transmitted.

An additional complication and global issue is that of the emergence of
antibiotic or multi-drug resistance - i.e. bacteria, viruses and fungi which become
resistant to standard treatments. Resistance is a natural occurrence but is being
accelerated mainly due to the misuse and overuse of antibiotics in combination with
the failure to develop or discover new antibiotics (Aslam et al., 2018). For example, in
2016, it is thought that globally, 490,000 people developed multi-drug resistant
Tuberculosis (TB), and this increasing resistance is also beginning to complicate the
treatment of conditions like pneumonia, gonorrhea, salmonellosis, HIV and malaria
(WHO, 2018A; WHO, 2018B).

The organisms which lead to HAIs can be both endogenous and exogenous i.e.
agents from the patient themselves or from an external source. A few sites of the
body which typically carry organisms are the skin, nose, mouth and gastrointestinal
tract - these represent endogenous sources of HAIs. External or exogenous sources
include health care worker, visitors, healthcare equipment and devices as well as the
environment itself (Horan et al., 2008).

A wide variety of organisms can cause HAIs; however, a study has shown that

80-87% of HAIs are predominantly caused by a relatively small number of microbial



species (Haque et al., 2018). Table 2.1 lists some of the most common bacteria, viruses
and fungi which lead to HAISs.

Table 2.1: List of common bacteria, viruses and fungi which lead to HAIs. (Khan et al.,
2017; European Centre for Disease Prevention and Control, 2012; Endarko, 2012; Tomb,

2017)
Bacteria Viruses Fungi

Staphylococcus aureus

(Including methicillin- Hepatitis B Candida albicans
resistant S. aureus (MRSA))
Pseudomonas aeruginosa Hepatitis C Aspergillus species

Escherichia coli Herpes simplex Cryptococcus neoformans
. e Human Immunodeficiency
Clostridium difficile Viruses (HIV)

Acinetobacter baumannii Norovirus

Klebsiella pneumoniae Influenza

Enterococcus species

The microorganisms causing these HAIs are transmitted in a number of ways.
They can be transmitted through droplets (>5-10 or particles suspended in air
(Memarzadeh et al., 2010); food or water; contact with visitors, patients or healthcare
workers; or contact with the environment - e.g. furniture, medical devices or fixtures
like switches or taps (Meena et al., 2019).

Airborne transmission is when droplets are produced, for example through a
patient sneezing or coughing, and so infectious particles are released into the
environment (Memarzadeh et al, 2010). These particles are generally split into two
types - droplet (particles with diameter>5pm), or airborne particles or aerosols
(particles with diameter<5um) (Siegel et al., 2007). The droplets tend to travel much
less distance due to their size and so you generally have to be close enough, within 3
feet, to allow the droplet to make contact to allow for infection. Airborne
transmission however, with smaller particles, means the particles and infectious
organisms can remain airborne for up to and longer than a week depending on the
environment - and so airborne particles can easily be found 20 m from the infectious

source (Fernstrom and Goldblatt, 2013). Droplets however are prone to evaporation



and a study by Wells (Wells, 1934) suggested a droplet of diameter 50pm could
evaporate in 0.4s which could very easily mean that a droplet this size could
evaporate and become airborne before it comes in contact with a surface. It is easy
to see that airborne particles are a common occurrence and could travel sizable
distances depending on air currents, and thus a person could inhale, ingest or
otherwise come into contact with infectious organisms without coming into direct
contact with the source (Fernstrom and Goldblatt, 2013). Other sources of airborne
particles include vomiting, bowel evacuation, flushing the toilet and even talking -
however sneezing produces the most particles producing approximately 40,000
particles per sneeze, with talking only producing 36 per 100 words (Fernstrom and
Goldblatt, 2013). Another study by Sergent (Sergent et al, 2012) demonstrated
significant increase in airborne and surface contamination after wound dressing
changes.

The most common means of infection transmission, in the healthcare setting,
is however healthcare workers (HCW) hands (Allegranzi and Pittet, 2009). It is very
easy to touch a contaminated surface or patient and then subsequently come into
contact with another patient, leading to transmission of infection. Frequently touched
surfaces - things like bed rails, light switches, overbed tables, beside locker and door
handles - can become a significant source of contamination if hand hygiene standards
are not properly adhered to. Reductions in HAIs have been demonstrated with
improved hand hygiene: a study by Pittet (Pittet et al., 2000) demonstrated the overall
number of nosocomial infections reduced from 16.9% to 9.9% between 1994-1998
with a significant improvement in the hand hygiene of nurses and nursing assistants
(Pittet et al, 2000). Although hand hygiene offers an effective means of reducing
infection - the main issue appears to be with compliance. The aforementioned study
by Pittet (Pittet et al., 2000), noted that doctor compliance was poor and a study by
Randle (Randle et al., 2010) demonstrated compliance of 75% and 78% for nurses and
allied health professionals respectively however only 59% for ancillary and other

staff, and 47% doctors. The downfall appeared to be hand hygiene after contact with



surrounding environment - leading to the point of transmission of organisms from
the environment.

Although routine environmental cleaning is undertaken in the clinical
environment, it is hard to clean everywhere all the time and pathogens can survive
on dry surfaces for a significant amount of time if not disinfected. A review paper,
by Boyce (Boyce, 2007), stated that pathogens such as methicillin resistant
Staphylococcus aureus (MRSA), vancomycin resistant Enterococcus (VRE) and
Clostridium difficile can remain viable on dry surfaces for anything from days up to
months. The study also demonstrated 36% of the surfaces cultured in a room
accommodating a patient with MRSA present in a wound or urine were contaminated;
whilst only 6% of surfaces demonstrated contamination in a room accommodating a
patient with MRSA on other body sites.

A further study demonstrated that in a room with 8 patients who had diarrhoea
that yielded heavy growth of MRSA, almost 60% of the 80 surfaces in the room were
contaminated compared to 23.3% in a room with 6 MRSA positive-patients whose
stool tested negative for MRSA (Boyce et al., 2007). The study showed the most
commonly contaminated surfaces were the bedside rail, blood pressure cuff,
television remote control, overbed table, and toilet seat. The studies demonstrate how
easily the environment is contaminated - even with standard cleaning practice in
place - and the study by Boyce (Boyce, 2007) is one of many demonstrating how long
organisms can survive on surfaces.

Additionally, a study by Johnson (Johnston et al., 2006) documented a case of
2 healthcare workers being infected with community-associated MRSA (CA-MRSA) -
one being in direct contact with patients and the other being administrative staff with
no direct patient contact. If healthy healthcare staff can be infected - then
compromised patients are also very much at risk. The study suggests that inanimate
environmental surfaces most likely had a role in the transmission of the infection

and demonstrates how environmental transmission of infectious agents is an issue.



2.2 CONVENTIONAL CLEANING

With the problem of environmental contamination playing a big part in the
transmission of infectious organisms, methods and practices of cleaning must be
examined. It is standard practice for environmental surfaces within patients’ rooms
to be regularly cleaned or disinfected. Cleaning three times a week, if not daily, is
recommended specifically when patients are discharged or when areas or surfaces
are visibly dirty or soiled (Rutala and Weber, 2013).

Cleaning and disinfection are slightly different and both important. Cleaning
physically removes causative organisms and any organic matter that may provide a
breeding ground for the organisms. Disinfection, however, tends to mean inactivation
of pathogenic organisms (Veerabadran and Parkinson, 2010). A combination of both
is required to stop the transmission of pathogenic organisms and resulting HAISs.

There are several parties responsible for the cleaning and decontamination of
the environment as well as reusable non-invasive care equipment. These include
nurses (trained and untrained), domestic cleaning staff, porters, housekeeping, and
Allied Health Professionals (AHP), however there can be confusion over who is
responsible for what. There is also a lack of clarity when moving between
departments as to which department is responsible - for example for
decontamination of the trolley for moving patients (NHS, HPS, 2017).

General rules suggest domestic cleaning staff clean the general environment -
floors, surfaces, tables, under the bed - up to bumper level; and nursing staff are
responsible for the immediate patient environment (e.g. bed from the bumper up,
bed rails and mattresses) along with reusable care equipment (NHS GGC, 2016).
Generally, domestic cleaning staff clean the toilets however - dependent on staff
training - this is often referred to a nursing team or domestic supervisor when blood

of bodily fluids are present (NHS, HPS, 2017).



Current cleaning recommendations - prescribed by the NHS in the National
Infection Prevention and Control Manual (NIPCM) - for reusable non-invasive care
equipment (commode, blood pressure cuff etc.) is that they are decontaminated:

= between each use;

= after blood or bodily fluid contamination;

= atregular pre-defined intervals as part of an equipment cleaning protocol;

*= before inspection servicing and repair.

All equipment, after decontamination, must be rinsed and dried and then stored.

In terms of the clinical environment - decontamination of patient isolation
and cohort rooms/areas is recommended at least daily, and this can increase on
advice from a Health Protection Team (HPT) if there is an increase in environmental
contamination rate e.g. if patients have diarrhoea (NHS, HPS, 2018). For
decontamination, recommended methods are,

* a combined detergent/disinfectant solution at a dilution of 1,000 parts per

million available chlorine (ppm av.cl.); or

* a general-purpose neutral detergent in a solution of warm water followed by

disinfection solution of 1,000ppm av.cl.

Detergents contain liquid or water-soluble chemical compounds, the key
disinfection compounds being surfactants, i.e. surface-active agents (Ramm et al.,
2015). Detergents are used in conjunction with water and a microfiber cloth, to clean
surfaces however, according to a study carried out by Wren (Wren et al., 2008), Ultra
Microfiber Cloths (UMF) can remove most of the bacteria on surfaces with water,
without the aid of biocides or detergents. However, this does pose the issue that these
cloths can then become a source of pathogens. Detergent wipes however are
becoming a more popular alternative to reusing clothes, and are advocated in the UK
(Ramm et al.,, 2015)

It is also advised that cleaning and/or decontamination equipment must be
single use or completely dedicated to cleaning or decontaminating that specific area.

The NICPM also recommends terminal decontamination of patient rooms after



patient transfer, discharge or if the patient is deemed no longer infectious. The
vacated room or cohort area is cleared of healthcare waste; bedding, screens and
linens; and reusable non-invasive care equipment. The waste and bedding, screens
and linens are bagged before removal from the room and the care equipment should
be decontaminated in the room prior to removal. The room/area and all remaining
equipment must then be decontaminated using the same method as described above
for environmental decontamination (NHS, HPS, 2016).

Thorough cleaning is one key part in reducing the number of HAIs as
demonstrated in a study by Denton (Denton, 2004) - showing decreased levels of
Acinetobacter baumannii when a new cleaning protocol, using hypochlorite solution
in an intensive care unit, was introduced. Consequently, a significant correlation was
demonstrated via the reduced number of patients which contracted an A. baumannii
infection.

However, there are limitations with current physical cleaning methods. There
will always be elements of human error, missing surfaces and then the problem of
the continuous airborne production and transmission from patients as mentioned,
and the healthcare staff themselves inadvertently spreading pathogens as discussed
(Duckro, 2005; Hayden et al., 2008). Therefore, other cleaning procedures/methods
of terminal cleaning can be utilized in order to target decontamination of the ‘whole
room’. Examples of these terminal ‘whole room’ decontamination strategies will now

be discussed.

2.3 WHOLE-ROOM TERMINAL CLEANING TECHNOLOGIES

As mentioned in the preceding section, the terminal clean - also termed a ‘deep
clean’ - is carried out when patients are transferred, discharged, or deemed no longer
infectious and so the room is vacated and completely decontaminated. The standard
recommendation for a terminal clean is the same as the decontamination method in

general, just using a detergent to clean all surfaces and equipment and then a

10



disinfectant to decontaminate the area. There are however other methods of full
room decontamination. These methods to date have generally been gaseous
disinfection or ultraviolet disinfection. These methods can only be used for terminal
cleans are they use gases and/or UV light which are harmful to humans, and so these
procedures are designed to decontaminate a full room whilst vacant (no patients or
staff present). These terminal cleaning procedures are not a replacement for
conventional cleaning, they are designed to provide a supplementary measure of

environmental decontamination.

2.3.1 GASEOUS DISINFECTION TECHNOLOGIES

The method of terminal or deep cleans described in Section 2.3, in which the
room and equipment is hand cleaned with detergent and then disinfectant, is very
time consuming and labour intensive - requiring the cleaner to apply disinfectant to
a large number of high touch surfaces and equipment in rooms to ensure proper
decontamination. However, it is impractical to clean the entire room (e.g. walls, high
ledges and other environmental sites that are inaccessible or not easily cleaned),
therefore the use of gaseous disinfectants, such as chlorine dioxide (ClO.) or
hydrogen peroxide (H.0O.), for full room decontamination provides benefits. Gaseous
delivery of these disinfectants has demonstrated superior antimicrobial effects when
compared with other applications of the chemicals in aqueous forms (Montazeri et
al., 2017). This is due to the gases being more diffusible and penetrable making it
easier for the gas to reach areas which are difficult to access and hard-to-clean sites.
For this reason, gaseous disinfection or ‘fogging’ is sometimes used for terminal or

deep cleans - and there are various different gases that can be used for this purpose.

2.3.1.1 Hydrogen Peroxide (H.O,)

Hydrogen peroxide (H,0.) is a chemical, which can be used in aerosol form or
deployed as a vapour and can be used as a supplementary cleaning method for

terminal or deep clean of empty hospital room. Hydrogen peroxide is an oxidizing
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agent and has been demonstrated to be effective against a wide range of pathogens,
including Mycobacterium tuberculosis (Hall et al., 2007), MRSA (Mitchell et al, 2014),
and C. difficile (Falagas et al, 2011). The antimicrobial effects of hydrogen peroxide
are induced as a result of the production of free hydroxyl radicals which cause
oxidative damage to the DNA, proteins and membrane lipids of the target organisms
(Linley et al., 2012). Hydrogen peroxide can also be harmful to humans, however once
decomposed poses no threat to humans or the environment, with only water and
oxygen as the products.

There are in general two types of hydrogen peroxide systems - one using
aerosol hydrogen peroxide (AHP) and the second using hydrogen peroxide vapour
(HPV). AHP systems generate an aerosol from a solution typically containing 5-6%
hydrogen peroxide along with silver ions (<50 ppm) whilst the HPV systems generate
a vapour with 30-35% hydrogen peroxide. One difference apart from the
concentration of hydrogen peroxide is the fact that HPV is a vapour, which is a gas,
whereas AHP is small droplets which have evaporated and so are smaller than droplet
and can remain suspended in the air easier. Furthermore, upon completion of the
HPV dispersal and disinfection phase, an active aeration system breaks down all the
vapour into oxygen and water vapour. The AHP relies on passive breakdown of the
hydrogen peroxide over time - and so the level must be monitored, and the room left
until the hydrogen peroxide level reduces to sufficiently safe levels (Bioquell, 2015;
Fu et al., 2012). It should be noted that there is debate on the definition of aerosols
and droplets and their sizes and differentiation.

Bioquell are a major producer of the HPV technology and have various
systems including built in wall decontamination units (Bioquell SeQure); full custom
integrated building decontamination systems; portable systems for decontaminating
emergency medical transport (Bioquell BQ-EMS); and Portable full room
decontamination systems (Bioquell BQ-50) - all employing the HPV approach. Shown
in Figure 2.1 (a) & (b) are illustrations of the wall mounted systems and the portable

full room decontamination systems, respectively.
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(a) (b)

Figure 2.1: llustrations of the Bioquell HPV decontamination systems commercially
available. (a) Wall Mounted Decontamination System (BQ-SeQure) (b) Portable Full Room
Decontamination System (BQ-50). Illustrations adapted from pictures from
www.bioquell.com/healthcare/systems-for-healthcare/

OxyPharm are another commercial company which supply systems using the
aerosol Hydrogen peroxide method of decontamination. They also offer a range of
different systems including the ‘Nocospray’ for small room decontamination; the
‘Wall Mounted Nocospray’; and the ‘Nocomax Easy’ for decontamination of much
bigger areas, up to 20000m’. Pictures of the ‘Nocospray’ and ‘Nocomax Easy’ are
shown in Figure 2.2 (a) & (b).

The Glosair aHP is another system made by the same company (OxyPharm)
but employs aerosol hydrogen peroxide for full room decontamination. Comparing
the Bioquell HPV system and the Glosair aHP system (also made by OxyPharm for full
room disinfection with HP), the HPV system can complete the disinfection of a single
occupancy room in 1.5-2hrs with the aHP system taking longer at 2-3hrs (Bioquell,
2015). In a study by Fu (Fu et al.,, 2012), HPV and aHP systems were tested and
compared, and the HPV system inactivated more than 90% of the 6-log,, Geobacillus
stearothermophilus biological indicators in the decontamination process compared
to <10% inactivation achieved with the aHP system. Similarly, a study by Holmdahl
(Holmdahl et al, 2011) compared HPV and aHP technologies and demonstrated

complete inactivation of 6-log,, G. stearothermophilus with the HPV technology in

13



three separate tests: while the aHP technology demonstrated only 10% inactivation in
the first test and 79% for the subsequent two tests. Both studies seem to suggest that
the HPV performs better in terms of disinfection and the Bioquell white paper

(Bioquell, 2015) suggests it takes less time to perform the disinfection cycle.

(@) (b)

Figure 2.2: Pictures of the OxyPharm AHP decontamination systems commercially
available. (a) ‘Nocospray’ - for small room decontamination. (b) ‘Nocomax Easy’ - for
larger area decontamination. Pictures sourced from
https://www.oxypharm.net/en/products/machine/

2.3.1.2 Ozone (0O,)

Similar to hydrogen peroxide, ozone is an oxidizing agent and has been
demonstrated to be effective for the inactivation of vegetative bacterial cells (Boer et
al., 2006) however it has a limited impact on bacterial spores and fungi (Dancer,
2014). Ozone is a strong oxidizing agent and when in the presence of water generates
an array of oxidizing radicals including hydrogen peroxide (H,O,), singlet oxygen (‘O.),
and hydroxyl radicals (OH), which then target the organisms causing membrane and
DNA damage (Murray et al., 2008). Ozone is however toxic to humans in large doses.
The UK and USA deem <0.1ppm to be a safe exposure level, with the hydrogen
peroxide exposure limit is <1ppm (Otter et al., 2013). For this reason, containment of

the ozone when decontaminating a room is a key safety concern. Furthermore - it is
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documented that ozone can cause damage to materials, including rubber (Masaoka et
al., 1982) so care should be taken in terms of the materials in the room and their
condition monitored if ozone was repeatedly used.

A study by Sharma and Hudson (2008) demonstrated that a 20-minute period
of treatment with 25 ppm ozone was able to inactivate an excess of 3-log,, CFU of a
range of bacteria including MRSA, A. baumannii and C. difficile of populations of
approximately 6x10® CFU/ml. The system used was a commercially available system,
the Vitroforce 1000 (Vitroforce systems, Omega Environmental, CA, USA) shown in

Figure 2.3.

Figure 2.3: The Vitroforce 1000 ozone generator (Vitroforce systems, Omega
Environmental, CA, USA) used for environmental decontamination.
Image adapted from: https://www.omegaenv.com/environmental-consulting-firm-
services/disinfection-odor-elimination-viroforce/technology/

The system fills the room with ozone upon start up, killing 99.9% of viruses
and/or bacteria and upon completion, the ozone is drawn into a catalytic converter
speeding up the process of decomposing the ozone to standard oxygen, so the room
is once again safe to occupy. The study by Sharma (Sharma and Hudson, 2008) states
a 20-minute period of treatment: this was 20 minutes with the room filled with ozone,
so with the inclusion of the additional steps i.e. time for the room to fill with ozone,
the activation of the rapid humidifying device, and the conversion of the ozone to
oxygen, the full process was closer to 60 minutes before the doors of the room could

be opened and the room entered.
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2.3.1.3 Chlorine Dioxide (ClO,)

Chlorine dioxide is another oxidizing agent used in gaseous form as a method
of environmental decontamination. It demonstrates effective bactericidal, sporicidal
and fungicidal properties, and chlorine dioxide demonstrates 2.5x the oxidising
power of chlorine (Davies et al, 2011). The inactivation mechanism of chlorine
dioxide is oxidative stress, which results in the degradation of protein structure and
genomic RNA (Yeap et al, 2015).

Studies with chlorine dioxide in the clinical environment are limited. A study
carried out by Lowe et al. (2013) investigated the use of chlorine dioxide on a variety
of nosocomial organisms within a hospital room. Pathogens, including A. baumannii,
E. coli and S. aureus, were placed on various surfaces and sites in the room and
exposed to chlorine dioxide gas. The study demonstrated more than a 6-log
inactivation of each organism on the sites. The system used was the Minidox-M
Decontamination System (Clordisys Solutions, Inc. Lebanon, NJ, USA) which is a
commercially available system - however the description does not mention the use
in a clinical setting. A picture of the system is shown in Figure 2.4. The study did not
provide a time however the company states that full rooms, can be decontaminated
in under 3.5 hours (Clordisys.com, 2014). Chlorine dioxide is toxic to humans, the
exposure limit being 0.1ppm as a Time Weighted Average (Osha.gov, 1991) so the
room must be sealed appropriately for application of this method of
decontamination.

In addition to the danger posed to human health by exposure to chlorine
dioxide: it is also explosive at concentrations higher than the 10% in air, so storage of
the gas and even use of the gas raises safety concerns; a by-product of incomplete
production of chlorine dioxide is toxic gaseous chlorine, and it can degrade and
discolour certain materials within rooms (Davies et al., 2011). Chlorine dioxide can

however be smelled at harmful levels - making it easier to detect when humans are
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present. It is also, unlike hydrogen peroxide, is not carcinogenic so does have some

aspects which make it advantageous.

| -l

Figure 2.4: The Minidox-M Decontamination System (Clordisys Solutions, Inc. Lebanon, NJ,
USA) used for environmental decontamination.
Image adapted from: https://www.clordisys.com/minidoxm.php

2.3.2 ULTRAVIOLET LIGHT TECHNOLOGIES

Another method of whole room environmental decontamination or terminal
cleans is that of ultraviolet (UV) light. This technology can avoid the use of potentially
harmful chemicals - however UV light in itself is harmful to humans so the room must
be again unoccupied for UV decontamination to take place. The antimicrobial
properties of UV light were discovered in the 1870s and have been researched,
developed and deployed over the last century to inactivate microbes (Reed, 2010).
This specific section will look at the application of UV as a terminal clean technology.

The antimicrobial effects of UV radiation are well established. UV radiation is
a part of the electromagnetic spectrum with wavelengths just shorter than that of
visible light, and spans from approx. 10 nm up to around 400 nm. There are 3 main

wavelength bands of UV radiation of interest:
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e UV-A, which is the longest wavelength region of UV radiation, between
315-400 nm;

e UV-Bis between 280-315 nm; and

e UV-C which is the shortest wavelength of UV radiation between 200-

280nm (Reed, 2010; World Health Organization, 2020).

UV-C is it the most commonly used type of UV radiation for disinfection due
to the higher energy in this lower wavelength region (Yang et al, 2019). There is
however a problem with penetrability of UV-C, and this can limit its effectiveness for
decontamination applications (Memarzadeh et al., 2010).

The inactivation mechanism of UV-C, with max germicidal efficiency around
260-265nm, targets DNA and RNA molecules. The UV-C around 260-265 nm matches
the peak absorption by bacterial DNA making it very effective. UV-C radiation is
directly absorbed by RNA and DNA causing the formation of covalent bonding
between neighbouring pyrimidine nucleotides which results in mutagenic lesions.
These mutations inhibit the transcription and thus replication of the molecules
resulting in cellular functions being compromised and can ultimately lead to death
of the cell (Maclean et al, 2008; Kowalski, 2014). UV-B, which includes wavelengths
from 280 nm up to around 315nm, causes inactivation the same way, but as the
wavelength moves further away from the peak germicidal efficiency at 265nm, the
amount direct DNA damage reduces and more oxidative damage is achieved
(Nyangaresi et al., 2018).

UV-A radiation has a lower germicidal efficacy when compared to UV-C. UV-A
photons generate reactive oxygen species, such as hydrogen peroxide (H.O,) and
Hydroxyl radicals (OH), within exposed cells, which then cause indirect oxidative
damage to cells and proteins, and can result in single strand DNA breaks (Li. et al.,

2010).
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In terms of environmental decontamination applications, the use of UV light
means no potentially dangerous chemicals are required for the decontamination
process, unlike H,O, or ozone. UV-C is most commonly used because of its high

antimicrobial efficacy and UV can be deployed in continuous or a pulsed form.

2.3.2.1 Continuous Ultraviolet Light Technology

Continuous UV decontamination uses a source, such as mercury lamps, that
produces continuous UV output, which have a peak output in the region of 254 nm,
or more recently UV-LED technology has presented a different option for sources
(Livingston et al., 2020). As discussed, most studies use UV-C, and continuous UV-C
technology is widely used for disinfection (Kim et al., 2015).

There have been various studies carried out using continuous UV-C for
environmental decontamination in a clinical setting. A recent study by Yang (Yang et
al., 2019) demonstrated inactivation of a variety of multi-drug resistant, mycobacteria
and fungi that are commonly found in the hospital environment. The source used
was the Hyper Light Disinfection Robot (Model: Hyper Light P3, Mediland). The system
consists of 6 amalgam lamps, pictures shown in Figure 2.5, and produces continuous
UV-C at 254 nm for disinfection and claims 99.99% reduction of organisms including
bacteria, viruses and pathogens in 15 minutes within a 3-metre radius (Mediland.com,
2019).

The UV-C source was placed in 3 different locations - 2 locations in the
bedroom (on either side of the bed in opposite corners of the room) and 1 in the
adjoining toilet - and the machine was run for 5 minutes in each location (15 minutes
in total). Samples were taken from 20 high touch sites around the room and incubated
for control values and the room was then exposed to UV-C and further samples taken
and incubated for 24hrs with the control. In the control samples, 3 showed no growth;
however, of the 17 remaining sample sites demonstrated between 10' and 10° CFU of
pathogens. After 15 minutes of exposure and 24 hours incubation of plates - 16 of

the 20 sites demonstrated 100% inactivation and only four sites demonstrated growth
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of in the region of 1x10' CFU. Statistical analysis demonstrated a significant reduction
(p=0.0005) in the median bacterial population comparing sites before and after UV-C

exposure.
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Figure 2.5: The Hyper Light P3 disinfection robot by Mediland. This disinfection robot
produces 254nm UV-C for environmental decontamination. Image sourced from
(Mediland.com, 2019).

Other commercially available continuous UV systems include the Surfacide
Helios (Bates Group, Rayne, UK), Tru-D SmartUVC (RDS, UK) and the Ultra-V (Hygiene
Solutions, King’s Lynn, UK) - most of these continuous UV systems employ a low-
pressure mercury vapour lamp to produce the mercury peak at 254nm (Boyce, 2016).

In terms of human exposure - UV-B and UV-C is known to cause acute and
chronic eye and skin damage (Trevisan et al., 2006). The UV decontamination can only
be used in an unoccupied room and so, as with the other technologies, is used as a
terminal clean alongside conventional cleaning.

A recent study (Livingston et al, 2020) investigates continuous UV-A LED
radiation - this however is not a terminal clean solution but more for continuous

decontamination. The study by Livingston (Livingston et al., 2020) used a UV-A LED
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based system, emitting 365 nm and visible light, mounted in the ceiling, provided by
Current (powered by GE, Cleveland, OH, USA). Medical devices were then placed under
the unit and left for 4 hours for decontamination. The results demonstrated a
significant reduction (p<0.01) in the aerobic bacteria from non-selective plates and
MRSA. A commercial system for use in the healthcare setting is currently under
development however the study concludes that efficacy of the deployment of UV-A
in healthcare setting requires further investigation. The study addresses the safety
issues of using UV-A in the presence of human but suggests that the levels could be

below the damage threshold for humans - however this remains a key safety concern.

2.3.2.2 Pulsed Ultraviolet Light Technology

Pulsed UV is when the UV radiation is delivery in high irradiance pulses
opposed to continuous delivery. For many pulsed UV disinfection applications, the
source used is a type of Xenon lamp (McDonald et al, 2000; Luksiene et al., 2007;
Elmnasser et al., 2007), however with the emergence of more efficient UV-LEDs, UV-
LEDs are becoming more commonly used sources. Studies have shown that pulsed
UV can demonstrate better performance than continuous UV, with both UV-C
(McDonald et al., 2000; Wengraitis et al., 2012) and UV-A output (Li et al, 2010).

A study by Stibich (Stibich et al., 2011) compared a standard terminal clean
(manual cleaning for approx. 30 minutes using germicide (Wexcide; Wexford Labs))
with a terminal clean using a pulsed UV system, on Vancomycin-resistant
Enterococcus (VRE) infected rooms in a cancer centre. The results demonstrated that
23.3% of the samples tested positive for VRE before cleaning, and after a terminal
clean the positive VRE samples were 8.2% and 0% for standard terminal clean and
Pulse UV terminal clean, respectively. Similarly with the heterotrophic plate counts
(HPC), before cleaning the positive samples were 78.1% (Mean plate count: 33
CFU/cm?®) and the post clean samples were 63.7% (Mean plate count: 27.4 CFU/cm?)

and 36% (Mean plate count: 1.2 CFU/cm?) for standard terminal clean and pulsed UV
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terminal clean respectively. A positive sample in each case is defined as the growth
on any microbe on the HPC and as specifically a VRE colony on the VRE samples. The
study demonstrated Pulsed UV provided better terminal cleans, which was run for 4
minutes in each of the three locations within the room, when compared with the
standard terminal clean protocol, which was carried out by hand using Wexcide and
took 30 minutes. The Pulsed UV system used was the LightStrike Germ-Zapping robot
(Xenex Disinfection Services, USA), which is a commercially available pulsed UV

system for environmental decontamination (Figure 2.6).
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Figure 2.6: The pulsed UV-C light system, the LightStrike Germ-Zapping robot (Xenex
Disinfection Services, USA).

This system has also been demonstrated in a study by Hosein (Hosein et al.,
2016) where it was deployed for terminal cleans in isolation rooms in a hospital in
London and resulted in 5-log,, reduction in multidrug resistant organisms with a
turnaround time of 1 hour. The process demonstrated a decrease to the bioburden
in the room and was well received by the hospital staff causing minimal disruption
of patient flow. A further study by Jinadatha (Jinadatha et al., 2015) investigated the
use of UV decontamination without manual cleaning. Results showed a statistically

significant (p<0.01) reduction in MRSA in 5 high-touch sites in 14 rooms previously
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occupied by an MRSA patient. There was a reduction from 393 MRSA colonies down
to 100 colonies after UV decontamination. This demonstrates a good result however
it possibly suggests that although a reduction in colonies was observed, a better
outcome would have been achieved if manual cleaning had been carried out prior to

the UV exposure.

2.3.2.3 Comparison of Pulsed and Continuous UV

Both methods of UV delivery have been demonstrated to be effective for
inactivating microorganisms, and studies demonstrate both UV-C and UV-A are both
capable of environmental disinfection. Still to date - the most common type system
is the continuous UV-C low-pressure mercury vapour decontamination system.
However with LED technology on the rise there could be a change in this. In general,
UV offers a decontamination option with shorter decontamination times, in the
region of minutes up to 1 hour, when compared with H,0O,, Chlorine Dioxide and
Ozone which tend to be more in the region of 1-4 hours decontamination. UV also
removes the added hazard of working with and storing hazardous chemicals. UV
however can result in degradation of certain materials, specifically polymers which

can be used in the hospital envirnment (Dancer, 2014; Yousif and Haddad, 2013).

2.3.3 SUMMARY OF TERMINAL CLEAN TECHNOLOGIES

As discussed, each of these methods of disinfection demonstrate significant
antimicrobial efficacy in addition to being effective against a wide range of
pathogens. There is no denying the efficacy of the methods however the application
of environmental decontamination poses more than a few obstacles, the first and
foremost being room occupation.

For each of these whole-room treatments, the rooms must be unoccupied for
any of these technologies to be employed. In shared hospital rooms, it could be a very
long time before all patients are discharged; and the room is empty and even in single

occupancy rooms, the patient could be there for a number of weeks and after
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discharge the fastest turn around possible is required so the shortest and most
efficient method of decontamination is key. These terminal or deep clean
technologies will not replace conventional cleaning however do provide further
reduction of the bioburden when they can be deployed.

The length of time required for a full disinfection cycle varies for each of the
technologies. Of the example systems discussed the Chlorine Dioxide has the longest
turnaround at around 3.5 hours with UV and Ozone demonstrating the shortest
turnaround at around an hour. In the terminal clean as discussed, the faster the
better.

Furthermore, the toxicity poses another practical issue for the Hydrogen
Peroxide (HP), Ozone and Chlorine dioxide gases. The rooms have to be unoccupied
when populated with the gas, but the rooms also have to be airtight in order to ensure
containment of the toxic gas. Cost will be further driven up by the need for specialist
training and operators for the gaseous and UV decontamination equipment in order
to adhere with safety regulations. A further issue as discussed is that ozone and UV
can cause material degradation, in plastics and rubber respectively, in rooms.

This section has detailed the antimicrobial effectiveness of several
technologies however has not discussed how infection rates have been affected when
these technologies are used in the required environments. Various studies have detail
that there is a demonstrated improvement in infection rates when using UV, HP and
chlorine dioxide for example in conjunction with existing manual cleaning methods.
A study by Passaretti (Passaretti et al., 2013) demonstrated that patients admitted to
rooms decontaminated with HPV were 64% less likely to acquire a Multi Drug
Resistant Organism. An additional study (McCord et al, 2016) using hydrogen
peroxide demonstrated a reduction in C. difficile infections from 1 case per 1000
patient-days in the 24 months before the use of HPV down 0.4 cases in the 24 months
when HPV was used.

Furthermore, a study by Conlon-Bingham (Conlon-Bingham et al, 2016)

demonstrates a decrease in the hospital infection rate of MRSA on average of four
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cases per month with the use of chlorine dioxide decontamination along with manual
cleaning. Similar studies with UV demonstrate a drop of 57% in C. difficile infection
rates in an acute care facility after the introduction of pulsed UV decontamination
(Miller et al., 2015); and demonstrated hospital facility-wide and ICU infection rates
significantly decreased upon the use of pulsed UV decontamination (Vianna et al.,
2016). These studies demonstrate the strong link between bacterial reduction in the
environment and the infection rate.

All of these terminal clean methods demonstrate effective inactivation
properties against a wide variety of problematic bacteria, fungi and viruses and so
can help in reducing the environmental contaminants. They can provide high levels
of decontamination in the region of a few hours and can reach places that standard

cleaning might not reach.

2.4 WHOLE RooM CONTINUOUS DECONTAMINATION USING 405 NM

LIGHT

A method of environmental decontamination that has recently been
developed is the use of antimicrobial visible violet light in the region of 405 nm. This
technology uses narrow spectrum light with a central wavelength around 405 nm
light - henceforth referred to as ‘405 nm light’. This violet light has demonstrated
significant antimicrobial action against a wide variety of problematic pathogens and
can be used in doses lethal to microbes with no effect on mammalian cells. This
means the 405 nm light technology can be deployed safely in the presence of
patients/staff (Ramakrishnan et al., 2014) therefore these systems have the benefit
of being able to be utilized to provide continuous decontamination (unlike the
previously discussed technologies which are restricted to terminal clean). The 405
nm light technology is discussed in more detail in Section 2.5.

The concept and development of environmental decontamination systems

which utilise antimicrobial 405 nm light was established through work by
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researchers at The Robertson Trust Laboratory for Electronic Sterilisation Technology
(ROLEST), at the University of Strathclyde (Maclean et al, 2010). The system is a
patented design (Anderson et al., 2013). This system, known as the high-irradiance
narrow-spectrum light environmental decontamination system (HINS-light EDS), is a
ceiling-mounted light source designed to provide continuous decontamination in
illuminated areas.

The system itself emits a blend of white light with a high output of
antimicrobial 405 nm light and can be seen in Figure 2.7. 405 nm light has
demonstrated broad-spectrum antimicrobial efficacy, (Maclean et al., 2009) and due
to the photons being part of the visible light spectrum, the light can be used at levels
that are antimicrobial but not harmful to mammalian cells (Ramakrishnan et al.,
2016), thus facilitating its use for continuous decontamination. Although 405 nm
light is less germicidally efficient than UV light, it can be used continuously opposed
to the episodic use of UV. Once installed the system is easy to use (just a simple

matter of switching it on) and requires no specialist training.

@ (b)

Figure 2.7: Ceiling-mounted HINS-light Environmental Decontamination System. (a) System
in-situ mounted in the ceiling (b) Close up photo of HINS light system. (Bache, 2013).

26



In terms of clinical evaluation of the technology, there have been a number of
studies demonstrating its efficacy for decontamination of healthcare environments,
with most studies conducted in patient-occupied isolation rooms. Maclean et al
(2010) conducted a study using the ceiling-mounted HINS-light EDS in a hospital
isolation room used to treat burns patients. All standard cleaning procedures were
left in place throughout the study to ensure the effects were only that of the EDS unit,
and the EDS was operated continuously between 8am - 10 pm (in tandem with the
standard room lighting.

The study demonstrated a 91% reduction in surface bacterial levels around
the unoccupied room with a 92% reduction in presumptive S. aureus. In the room
occupied with a MRSA-infected patient, the study was run for a longer time over 6
days showing a maximum reduction in total bacterial contaminants of 86% and a
reduction of 76% of presumptive S. aureus. The antimicrobial effect of the EDS was
further confirmed by the increase in bacterial contamination back to the pre-
treatment levels, within 2 days after the HINS light EDS was switched off.

A further study by (Bache et al., 2012) investigated the effects of the HINS-
light EDS on an inpatient isolation room in addition to an outpatient clinic. After the
use of the HINS-light EDS, there was a significant bacterial reduction in the inpatients
room of between 24-75% and again demonstrated an increase in the bacterial levels
2 days after the HINS-light EDS units had been switched off. In the outpatient clinic,
use of the EDS significantly reduced the degree to which environmental
contamination rose over the 8-hr clinic day, achieving the equivalent of a 61%
reduction in bacterial contaminants.

A third study by Maclean (Maclean et al., 2013) deployed the ceiling-mounted
HINS-light EDS in an intensive care unit isolation room, with results demonstrating a
significant reduction in bacterial contamination across a range of surfaces, showing
up to a 66.8% reduction in staphylococcal-type organisms and a 53.3% reduction in

total bacterial contamination.
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In all three studies discussed, the existing cleaning methods were maintained
to ensure the only change was the introduction of the HINS-light EDS. This would be
the case in reality as the HINS-light, even though a continuous method of
decontamination, is still supplementary to conventional cleaning.

The technology has been licensed in the USA by Kenall Lighting and is
commercially available under the brand name ‘Indigo-Clean’, with various 405 nm
light-based units for different clinical applications. Examples of these ceiling
mounted continuous environmental decontamination systems can be seen in Figure

2.8.

Figure 2.8: A example of one of the surgical suite lights (Model: M4SEDIC22) developed by
Kenall. Image taken from: https://kenall.com/M4SEDIC22.htm.

A recent case study published in 2018 used the Indigo-Clean technology in a
surgical theatre and demonstrated a 56-88% reduction in bacterial contamination 2
weeks after the installation of the violet light unit. Significantly, the study also
demonstrated that use of the decontamination system in the theatre over a 1-year
period resulted in a 73% reduction in surgical site infections (SSIs) (Murrell et al.,
2018).

A further study by Murrell (Murrell et al., 2019) used the Kenall Continuous

Environmental Decontamination (CED) system in an operating theatre. Upon
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sampling the results demonstrated an average 81% bacterial reduction from sample
plates taken before and after the installation of the CED system. The adjacent
operating theatre, which shared heating, ventilation and air-conditioning systems
also seen an average of 49% bacterial reduction without the CED in that operating
theatre. Additionally, the percentage of Surgical Site Infections reduced from 1.4% the
year prior to the installation of the CED to 0.4% the year after the installation of the
CED demonstrating the tangible effect the CED system has on specifically infection
control and not just bacterial reduction.

Demonstration of the impact of this system for reducing infections is a
significant achievement, both for this technology specifically, but also for providing
more evidence in the literature of the direct link between environmental

contamination and risk of infection.

2.5 ANTIMICROBIAL VIOLET 405 NM LIGHT

The use of 405 nm light as a method of environmental decontamination is the
central concept of this thesis, and as such, this section provides a detailed overview
of its broad-spectrum efficacy, the mechanism of action, and its benefits and

limitations.

2.5.1 405 NM LIGHT ANTIMICROBIAL INACTIVATION PROCESS

Exposure of microorganisms to violet light induces inactivation through
oxidative damage, and this inactivation process has three main steps: (i) the
photoexcitation of endogenous porphyrin molecules within the microbial cells; (ii)
the generation of highly active oxidative species (reactive oxygen species, singlet
oxygen); and (iii) oxidative damage leading to cell death. These steps are described

in detail in the following sections.
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2.5.1.1 Photoexcitation of Porphyrins

The antimicrobial effects of violet light are due to the absorption of photons
in this wavelength region by endogenous porphyrins within the microorganisms,
thought to be primarily coproporphyrin III and uroporphyrin III (Dai et al., 2012). The
porphyrins have an absorption maxima, termed the Soret band, that generally lies in
the region of 400 nm (Shkirman et al, 1999). When unexposed the electrons of
interest within the molecules are said to be at singlet ground state, meaning the
electrons are paired with one having an upward spin and the other a downward, both
at the same energy level as shown in Figure 2.9.

A section of the molecule will have an energy band gap corresponding with
the energy in the region of 400-420nm light photons and so the electrons in this
portion of the molecule will absorb photons in this region. The photons will cause
electron pairs at singlet ground state to be excited to singlet excited state electron

pairs, a pair in which each electron still has opposing spin but has a different

Singlet ground Singlet excited Triplet excited
state state state

orientation, as shown in Figure 2.9.

Figure 2.9: Illustration of the electrons spins and energy levels in the different ground
and excited states of molecules. For instance, in the singlet ground state oxygen molecule
the electron spins are paired and on the same level - however in the triplet excited
oxygen molecule, the electron spins are unpaired and in different energy levels.
Image adapted from: https://www.wikiwand.com/en/Intersystem_crossing

From the singlet excited state, the electron pairs can either undergo
vibrational relaxation until it reaches the local minima and then return to singlet
ground state through a radiative transfer; or can undergo vibrational relaxation
followed by a transition to the triplet excited state, as can be seen in Figure 2.10. The

triplet excited state is when the electron spins become unpaired, for example with
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both electrons having an upward spin and different energy levels (Figure 2.9). This
transformation from the singlet excited state to the triplet excited state is known as
an Intersystem Crossing as illustrated in Figure 2.10. It should be noted that Figure
2.10 is an illustration of a general case of excitation and is not specific to the
porphyrins in the case of the use of 405 nm light - it is purely illustrative.

The triplet excited state electron pair, which has a longer lifetime than the
singlet state because of the unpaired electron spins, may consequently react in one
of two ways (Type I and Type II photo-processes) leading to cytotoxicity (LuksSien¢,

2003; Dai et al., 2012; Hamblin and Hasan, 2004; Wainwright, 1998).

Excited Singlet State
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i
= e
Vibrational®_—-| § J/
Relaxation § ™ ———ad

Intersystem Crossing Type | - Produce Radicals
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Internuclear Distance (A)

Figure 2.10: Illustration of the energy levels and the transitions that occur between the
singlet, triplet and ground state energy levels in the production of radicals and oxidising
agents. Image adapted from (Atkins et al., 2014)

2.5.1.2 Generation of oxidising molecules

In the first case, the Type I photo-process, the triplet state porphyrin

molecules react with organic substrates resulting in the production of radical ions
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like superoxide, hydrogen peroxide and hydroxyl radicals, which can then react with
ground state triplet molecular oxygen (°Z,) to produce toxic species which can, in
turn, lead to damage and even death of biological cells. In the second case, the Type
II photo-process, the triplet state porphyrin molecules react directly with ground
state triplet molecular oxygen (*%,) resulting in the production of singlet oxygen
species 'A,. The singlet oxygen molecule has the ability to oxidise cellular
components, such as proteins and nucleic acids, which can then lead to cell death

(LuksSiene, 2003; Amin et al., 2016).

2.5.1.3 Inactivation Mechanism

At present, there are varying hypotheses on the exact inactivation mechanism.
Some studies have suggested that 405 nm light indirectly causes damage to the DNA
molecules. Enwemeka (Enwemeka et al., 2008) suggests that, although their study
wasn't directly investigating the inactivation mechanism, 405 nm has similar effects
on DNA compared with that of UV light, with the capacity to denature DNA molecules.
Findings in a recent study by Kim (Kim and Yuk, 2016) support this view suggesting
that the antibacterial mechanism is mostly attributed to the oxidation of DNA
although a loss of membrane function was also evidenced. Other studies have
suggested that DNA is not damaged, but that the cell death is due to membrane
damage. A study by Kim (Kim et al, 2016) using Escherichia coli, Salmonella
typhimurium and Shigella sonnei, found no more DNA damage than normal with the
application of violet light, and results indicate loss of function and possible damage
to the outer and cytoplasmic membranes of the bacteria. In addition, a study by Dai
(Dai et al, 2012) indicates the application of violet light caused significant
cytoplasmic disruption within Pseudomonas aeruginosa. Findings from Zhang (Zhang
et al, 2014) demonstrated during a study looking at the susceptibility of
Acinetobacter baumannii, that after exposure to a dose of 195 Jcm?* of violet light
(415 nm=10 nm), that severe cell wall damage was done with leakage of intracellular

substances; with a further study by Zhang (Zhang et al., 2016) indicating that after
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exposure to violet light, Candida albicans showed complete decomposition of
organelles, with again disrupted cell walls with some cells showing almost complete
loss of cytoplasmic components. Due to the light exposure initiating the formation
of highly reactive oxygen species, it is likely that inactivation in exposed organisms
will be a result of a combination of the above, with non-specific oxidative damage
occurring to all components of the cell (nuclear material, cell membrane, organelles),

with maximum damage exerted closest to the site of ROS production within the cell.

2.5.2 BENEFITS & LIMITATIONS OF THE TECHNOLOGY

Although, UV light has a much higher antimicrobial efficacy than 405 nm
light, UV light has significant limitations in terms of its potential for carcinogenicity,
its depth of penetration, and its potential for material degradation, and so there are
restrictions in where and how it can be safely deployed. 405 nm light, however, has
advantages in these areas, which make it suitable for certain decontamination
applications, in particular applications where mammalian tissue needs to be exposed
during treatment - for example, during continuous environmental decontamination.

In terms of its compatibility with mammalian cells, studies have shown that
it can be used at levels which induce microbial inactivation without causing damage
to mammalian cells. A study carried out by (McDonald et al., 2011), investigating the
potential of 405 nm light for wound decontamination, looked at the effects on
fibroblast cells, which are critical in the wound healing process, under exposure to
violet light. Significant reductions in Staphylococcus epidermidis bacterial
populations were achieved with 405 nm light exposure whilst no inhibitory effect on
the function of the 3T3 fibroblast cells was observed. This difference in sensitivity
between bacteria and mammalian cells demonstrates the potential for 405 nm light
to be a viable option for wound disinfection. Further studies looked at the effects of
415nm light exposure on mouse abrasions. Dai (Dai et al, 2013B) exposed mouse
abrasions infected with MRSA and applied the same dose to human keratinocytes

(HaCaT) to observe the impact on the mammalian cells. The study demonstrated a
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significant 4.75-log,, reduction in the MRSA with only 0.29-log,, reduction in the
HaCaT cells for the same dose of 168 Jcm? - 25-fold slower inactivation, again
demonstrating the increased susceptibility of microbial cells compared to
mammalian cells. Similar studies by Dai (Dai et al, 2013A) and Zhang (Zhang et al,
2014) using other bacterial species (P. aeruginosa and A. baumannii) demonstrated
similar results with significant bacterial inactivation being observed with minimal
impact on the mammalian cells.

In addition, 405 nm light has better penetrability than UV light. Penetrability
is dependent on the wavelength of UV: UVB and UVC cannot penetrate glass or plastic
although as the wavelength of UV increases to UVA its penetrability begins to
increase, although still to a lesser degree than visible light wavelengths. However,
405 nm light, which is part of the visible spectrum, can pass through both glass and
transparent plastics effectively, with a study by McKenzie (McKenzie et al., 2013)
showed successful inactivation of Escherichia colibiofilms indirectly on the underside
of glass and clear acrylic surfaces. Another study demonstrated the ability of 405
nm light to decontaminate blood plasma whilst held in situ in blood transfusion bags
(Maclean et al., 2016), again highlighting the potential for 405 nm light to penetrate
through materials and achieve decontamination efficacy.

An additional benefit to 405 nm light is the reduced potential for degradation
of materials. A study by Irving (Irving et al., 2016) investigated the use of UV-C and
405 nm light for endoscope storage and the degradation of the plastic over time with
each optical decontamination method. The results demonstrated an increase in
average surface roughness from 2.34nm to 68.7nm, along with visible cracking, with
the use of UV-C. The same dose of 405 nm light demonstrated little to no changes in
the material surface. This is a major advantage of 405 nm light, particularly for the
application of environmental decontamination where objects, equipment and
surfaces in treated rooms will be continuously exposed to low-level 405 nm light.

The effects of material degradation by UV-light is an aspect that requires
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consideration in areas where there is routine use of UV-C terminal clean technologies
(as described in Section 2.3.2).

As with all decontamination technologies, 405 nm light has limitations - the
main one being its decreased germicidal efficacy when compared to UV-light, as
already mentioned (Maclean et al., 2014). When compared with UV light, 405 nm light
requires a much larger dose for the same degree of inactivation to be achieved. This
means either exposure over a much longer time, or exposure to very high irradiances,
either way this means there is a requirement for more optical energy and thus higher
power. For certain applications, for instance time-sensitive applications this could
render 405 nm non-viable however, for the application of safe, continuous
environmental decontamination, it is a good technological fit.

Another drawback, only really relevant for the application of continuous
decontamination of occupied environments, is that of the use of narrow-band visible
violet light. As mentioned above (and in more depth in Section 2.6) the main safety
benefit of 405 nm light is that it can be used, at certain levels, in the presence of
humans; however for continuous use in occupied environments, the violet light needs
to be appropriately blended in order to produce an optical output which is overall
white light, in order to ensure acceptability of the technology in terms of both
aesthetics and comfort.

If not blended correctly, there can be alight imbalance. Due to the high degree
of light scattering, light with a dominant violet output can be uncomfortable to work
under, and can also distort peoples ‘real’ colour perception - which in a clinical
environment is a major consideration due to the need for high quality lighting in
order to conduct routine medical tasks such as monitoring of patient’s
complexion/coloration, and locating veins for injection. This can be used deliberately
in some cases - for example, light sources with higher wavelengths of violet light are
used in some public washrooms to discourage people from injecting themselves due
to the light making it harder to find veins (Crabtree et al., 2013) - however this would

not be acceptable in the clinical environment.
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Also, 405 nm light, similar to UVA (known as Blacklight), can cause white
colours to fluoresce (e.g. paper, bed sheets etc.) which for instance in the hospital
environment could be uncomfortable for long periods. Therefore, it is of great
importance that appropriate optical blending is incorporated into any violet-light
technology being developed for use for environmental decontamination in occupied

environments.

2.5.3 ANTIMICROBIAL EFFICACY OF 405 NM LIGHT

Work carried out by Maclean (Maclean, 2006; Maclean et al., 2008) investigated
the bactericidal properties of high-irradiance narrow-band wavelengths of visible
light against Staphylococcus aureus. The study used a broadband Mercury-Xenon
lamp in conjunction with bandpass filters to look at specific narrow bandwidths of
visible light. The results highlighted the potential for successful inactivation using
photons in the violet range (400-420 nm), with a significant increase in the bacterial
inactivation around the 405 nm wavelength, with 405 nm light achieving an
increased inactivation of almost a 1-log,, when compared with 400 nm light; and at
awavelength of 410 nm - in improvement excess of 1-log,, reduction when compared
with 400 nm light exposures. These antimicrobial wavelengths in the region of 405
nm was termed HINS (High Irradiance Narrow Spectrum) light by the team at
Strathclyde.

Following identification of the antimicrobial efficacy of light in the region of
405 nm, the majority of subsequent studies used narrowband light sources, such as
light emitting diodes (LEDs), as the antimicrobial light source. LEDs have various
benefits including the compact size, electrical efficiency and narrowband wavelength
spread.

Various studies have now been carried out demonstrating the broad-spectrum
efficacy of violet light, against problematic bacterial and fungal organisms. Pathogens
such as Acinetobacter baumannii, Bacillus cereus, Candida albicans, Clostridium

difficile, Escherichia coli, Pseudomonas aeruginosa, Staphylococcus aureus,
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Staphylococcus epidermidis, Enterobacter cloacae, Stenotrophomonas maltophilia,
Enterococcus faecium, Klebsiella pneumoniae, Elizabethkingia wmeningoseptica,
Streptococcus pneumoniae, Porphyromonas gingivalis and Listeria monocytogenes)
are all susceptible to 405 nm light (Maclean et al., 2009; Murdoch et al., 2013; Maclean
et al., 2013; Halstead et al., 2016; Barneck et al., 2016; Hope et al., 2013; O’'Donoghue
et al, 2016).

Many pathogens are known to produce problematic biofilms - where
organisms can secrete a protective slime layer which promotes microbial replication
and survival in adverse conditions. Because of this slime layer, bacteria in biofilms
are generally much harder to inactivate than planktonic organisms (Gebreyohannes
et al, 2019), however 405 nm light has shown to be effective for successful
inactivation of bacterial biofilms of organisms including A. baumannii, P. aeruginosa,
E. coli, Listeria monocytogenes and S. aureus (Halstead et al, 2019; Halstead et al,
2016; McKenzie et al, 2013). The study by Halstead (Halstead et al, 2016)
demonstrated an array of 34 different organisms - a few of which are detailed in the
previous paragraph - were all susceptible to violet light with 71% of the organisms
demonstrating over a 5-log,, reduction in populations with a dose of 54-108 Jcm®.

405 nm light has also been shown to be effective against strains of pathogens,
which are demonstrating resistance to antibiotics, such as methicillin-resistant S.
aureus (MRSA) and B-lactam-resistant E. coli (Enwemeka et al., 2008; Rhodes et al.,
2016). The same study mentioned above by Halstead (Halstead et al, 2016)
demonstrated bacterial inactivation of MRSA using 400 nm light and observed
between a 6-7-log,, reduction in MRSA bacterial populations with a dose between 54-
108 Jcm®. Ramakrishnan (Ramakrishnan et al., 2014) suggests that the reason it is
effective against antibiotic resistant strains is that the damage mechanism is not site
specific and the reactive oxygen species (ROS) - generated by 405 nm light exposure
- cause widespread damage unlike antibiotic inactivation.

Additionally, 405 nm light has been shown effective against spores and

endospores which are notoriously resistant to common treatments. Maclean (Maclean
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et al., 2012) demonstrated the successful inactivation of B. cereus and C. difficile
endospores achieving up to 4-log,, reduction of spore population in suspension with
a dose of 1.73 kJcm®. The study also compared this with vegetative cells of B. cereus
and C. difficile and demonstrated up to a 4-log,, reduction in populations with a dose
of 108 Jcm* and 48 Jcm® respectively. The study successfully highlighted the much
higher doses required to inactivate endospores when compared with vegetative
bacterial cells - but did demonstrate that violet light can successfully inactivate both.
Additionally, Murdoch (Murdoch et al., 2013) has demonstrated the inactivation of
dormant and germinating Aspegillus niger spores - this required a dose of 2.3 kJcm
® to achieve the 5-log,, reduction in the spore population.

Finally, viruses - which lack the endogenous porphyrins involved in the
inactivation mechanism (discussed in Section 2.5.1) have displayed some degree of
susceptibility to inactivation by 405 nm light. Previous studies have shown that viral
inactivation, when suspended in minimal media (e.g. simple salt solutions), is
minimal, however significant inactivation can be achieved when viruses are exposed
when suspended in nutrient-rich suspending media - such as faecal matter and saliva
- demonstrating that the inactivation of viruses can be enhanced with the
involvement of exogenous photosensitive components (Tomb et al., 2016; Tomb et
al, 2014; Tomb, 2017). The study by Tomb (Tomb et al., 2016) demonstrated the
inactivation of feline calicivirus in PBS suspension - demonstrating a 4-log,, reduction
in Plaque Forming Units (PFU) with an applied dose of 2.8 kJcm®. The study also
demonstrated that in nutrient rich environments (i.e. using artificial saliva, faeces
etc.) the required dose is dramatically reduced to between 50-85%. This study
demonstrates that 405 nm light does have some viricidal action although it has not
been as well established as other types of pathogen to date.

Over the last 10 year since the research on 405 nm light for disinfection
began - studies have well established the significant antimicrobial effects of 405 nm
light. It has proven very effective against bacteria, fungi and spores and some very

promising work has demonstrated some amount of viricidal actions. 405 nm light
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has to work with the disadvantage of requiring high doses and longer exposure times
than UV - but the advantage of safe use around humans means it can deployed in a
completely different way, as a continuous means of decontamination and this is what
gives the technology so much potential. This has been demonstrated by the fact it
has been licensed by Us companies Hubbell Lighting
(https://www.hubbell.com/hubbelllightingcomponents/en/spectraclean )and Kenall
Lighting (https://kenall.com/Indigo-Clean) who both now sell commercial units and

Kenall have published studies demonstrating successful reduction of infection rates.

2.6 COMPARISON OF UV AND 405 NM LIGHT TECHNOLOGIES

Both UV and 405 nm light are both part of the electromagnetic spectrum and
both have significant antimicrobial properties. The antimicrobial properties or UV
however have been demonstrated as early as 1877 when sunlight was found to
prevent microbial growth (Reed, 2010). Ultraviolet is very widely used now with
various commercial system for terminal or whole room cleans as discussed in Section
3.2.3, in addition to the use in air and water filtration systems. The main drawback
with UV is safety. It may be very effective at inactivating pathogens, but it also causes
damage to humans.

405 nm light as a method of disinfection emerged just over 10 years ago
(Maclean et al., 2008) and has since been extensively researched, and the technology
commercialised in the USA by Kenall and Hubbell - as detailed in Section 2.4. One of
the technologies biggest advantages is that it is visible light and thus can be used in
the presence of humans and so can provide continuous decontamination (Maclean et
al., 2010).

Both technologies have been proven against a wide variety of common and
problematic pathogens - however 405 nm light is not fully established against
viruses unlike UV (Maclean et al., 2014). Shown in Table 2.2 is some of the common
organisms that these technologies can be used to combat. Although both

technologies pose significant antimicrobial action - UV is much more germicidal than
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405 nm. Also shown in Table 2.2 is a selection of studies comparing doses and
exposure times required to achieve different levels of inactivation of some common

pathogens with both 405 nm light and UV.

Table 2.2: Table comparing the inactivation achieved and dose required for the
inactivation of 3 common pathogens (in liquid suspensions) of 405 nm light and UV-C.
Data is taken from studies by Maclean (Maclean et al., 2009), Chang (Chang et al., 1985)

and Garvey (Garvey et al., 2014).

Inactivation

(Log reduction)

Organism Type of Radiation

S. aureus 4 log.o

405 nm 5 10g.0 36

uve 510910 11 x10°
405 nm 3.1 log 180

-6

P. aeruginosa uve 5.6 log.o 4.32 x10
405 nm 4.1 log.o 180

As can be seen from the comparison in Table 2.2, the UV far outperforms the
405 nm light in terms of dose required for inactivation of the 3 pathogens. For
instance, looking at S. aureus - the 405 nm light achieves a 1-log,, higher inactivation
than UV; however, the comparative doses are very different with the UVC dose over
1000x less than the 405 nm. Both the E. coli and P. aeruginosa demonstrate higher
levels of inactivation with UV than with 405 nm light for significantly lower doses.

This is a limited comparison with three studies and 3 pathogens. Depending on
the study - the doses and inactivation can vary substantially however the still
demonstrate UV as requiring a lower dose. This is dependent on a number of factors
including: the means of exposure i.e. suspension, seeded agar plates or in the

environment; the starting population; the type of organism; the type of UV. Only UV-
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C was discussed in this section as it tends to be the most commonly used however
UV-B and UV-A will have different doses and different inactivation mechanisms as
discussed in the earlier section - however should still demonstrate more germicidal

efficacy than the 405 nm light.

2.7 SAFETY CONSIDERATIONS OF 405 NM LIGHT TECHNOLOGY

Although 405 nm light is part of the visible spectrum and can be used at levels
which are not damaging to mammalian cells, as with all light sources, there are safety
considerations that must be taken into account, particularly when developing a
system for continuous environmental decontamination to which room occupants will
be exposed. Previous work carried out in the ROLEST research group by Endarko
(Endarko, 2011) analysed the safety aspects of the HINS light EDS system developed
at the University. When using 405 nm for environmental decontamination:

o the UV-A tail of the 405 nm LED spectra have to be within eye and skin

exposure limits;

o levels of blue light have to be within exposure limits; and,

o retinal thermal hazards must be addressed.

There are accepted threshold levels for each of these - recognized by the World
Health Organisation (WHO) - set by the International Commission on Non-Ionizing
Radiation Protection (ICNIRP). The ICNIRP have guidelines on the upper threshold
limits for different wavelengths of light and document all equations necessary to
calculate Threshold Limit Values (TLV) depending on the wavelength of the radiation;
associated type of damage; length of exposure; and type of exposure i.e.
direct/indirect/intermittent (ICNIRP, 1997).

In general, the skin is less sensitive to injury from visible and infrared (IR)
radiation than the eye, and so exposure limits calculated for the eye are in general
more restrictive. Additionally, overexposure injuries of the eye tend to be more

serious than those of the skin (ICNIRP, 1997).
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It is then pertinent to discuss the sensitivity of the human eye and how it
perceives colour. The eye has a different response to different wavelengths - most
obviously seen by the fact that UV and IR cannot be detected. Across the visible region
of light, the eye demonstrates different levels of sensitivity based on the incident
wavelengths of light. This sensitivity curve is known as a luminous efficiency function
- or more specifically with visible light, the eye sensitivity function or Photopic curve

- shown in Figure 2.11.
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Figure 2.11: The eye sensitivity function of Photopic curve - demonstrating the human
eye’s differing sensitivity to different wavelengths of light across the visible spectrum.
Adapted from Schubert, 2006.

As can be seen, the eye is most sensitive to green light with peak sensitivity at
555 nm. The 405 nm violet light is between 3-4 Im/W in terms of luminous efficacy
so more than 2-log,, less than the 683 Im/W of 555 nm.

There are two main ways in which the incident radiation can cause damage to

the human eye: photothermal means or photochemical means. Photothermal damage
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is caused when the incident radiation is absorbed by the eye tissue and is converted
to vibrational, rotational or translational energy, leading to an increase in
temperature. If this rate of temperature increase is larger than the rate of heat
dissipation - then the overall temperature of the tissue will increase and so
photothermal damage can result. With photochemical damage, the absorbed optical
energy causes electron excitation and can lead to the production of radicals and ROS,
which then can cause photochemical damage to cells, proteins, enzymes and/or
nucleic acids (Behar-Cohen et al., 2011). The exact mechanisms of this were discussed
in depth in Section 2.6.2, although this was in reference to organisms rather than
human tissue, although the general mechanism is the same. There are various
components of the eye that can be damaged with different wavelengths, and a
summary of examples is shown in Table 2.3.

Table 2.3: Summary of the ocular tissues; the wavelengths absorbed by each; and the
damage mechanism triggered by the absorption of the radiation. Adapted from Behar-
Cohen et al., 2011)

. Damage Inducing Wavelengths ,
oculiar 1issues ( ) pamage Mecnhdanism
Ocular Tissues m Damage Mechanism

UVA/B/C (100-400) &

IR (780-1400) Photothermal

Cornea

Iris (melanin) 300-700 Photothermal

365 Peak @ 8 years old.
Lens 450 Peak @ 65 years old. Photothermal

(Peak absorption increases with age)

Retina 400-700 Photochemical

RPE (Retina Pigment

Epithelium) (melanin) 400-700 Photothermal &

Photochemical

Photodynamic effect

Lipofuscin 355-450 ~ Photochemical

There are various parts of the eye which can be injured, and by an array of
different wavelengths of visible light as demonstrated by information in Table 2.3.
Photokeratitis, a painful inflammation of the outer corneal layer, can be caused

by exposure to UV light, so when working with 405 nm LEDs it is important to
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consider the spectral output of the LEDs and ensure that the tail region of their
emission spectrum does not contain too much UV-A content, or extend to far into the
UV-A region (Bullough, 2000).

Blue-light hazard is arguably the most important to consider when developing
technologies which use 405 nm light sources. Blue light hazard is the photochemical
damage caused mostly to the retina as a result of exposure to blue light (Bullough et
al., 2017; Bache, 2013). Blue light hazard, or Photoretinitis, has a peak absorption at
450 nm in vivo (Behar-Cohen et al., 2011). Although the narrowband 405 nm LEDs
used for antimicrobial efficacy will have minimal output in the region of 450nm, when
developing an antimicrobial blended white light source, as is the case in the present
study (Chapters 6 & 7), it will be important to ensure the light output at 450nm of

the blended source is in line with optical safety limits.

2.8 ENHANCING 405 NM LIGHT TECHNOLOGY

Despite the advantages of 405 nm light for environmental decontamination
applications, as mentioned, the technology is less germicidally efficient than UV light
decontamination, and so any means of improving the efficacy of the antimicrobial

action would be highly beneficial.

2.8.1 MECHANISMS OF ENHANCING 405 NM LIGHT ANTIMICROBIAL EFFICACY

A number of studies have investigated various methods of enhancing the
antimicrobial efficacy of 405 nm light. These have included the use of additional
photosensitizers and photocatalysts, and synergistic activity with chemicals and sub-
lethal stresses (McKenzie, 2014; Moorhead et al., 2016; Tomb, 2017).

As discussed in Section 2.6.2, the inactivation mechanism of 405 nm light
involves the absorption of photons in the region 405 nm by endogenous porphyrin

molecules within the exposed microorganisms, which results in photoexcitation and
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the production of reactive oxygen species (ROS). The incorporation of titanium
dioxide (TiO.), a photocatalyst, into the reaction has been shown to enhance the
antimicrobial efficacy of 405 nm light. A study by McKenzie (McKenzie, 2014)
investigated the photo-catalytic inactivation effects of 405 nm light used in
conjunction with TiO,-nanoparticles and demonstrated a significant increase in the
inactivation rates, with a 1% concentration of TiO, reducing the required antimicrobial
dose by 50%. Use of nitrogen-doped (N-doped) TiO, has also shown to provide further
enhancement of the antimicrobial efficacy of 405 nm light (Chen et al., 2012).

In addition to photosensitizer/photocatalytic enhancement, a number of
studies have investigated the potential for the antimicrobial effects of 405 nm light
to be enhanced through symergistic effects with already used decontamination
strategies. A study by Moorhead (Moorhead et al, 2016) set out to look at the
synergistic effects of 405 nm light and chlorinated disinfectants for inactivation of
highly resilient Clostridium difficile spores. Results demonstrated that when spores
were exposed to 405 nm light in the presence of sub-lethal levels of chlorinated
disinfectants (as may be the case on soiled environmental surfaces), a 33% reduction
in sporicidal dose was achieved, demonstrating that the sporicidal properties of 405
nm light could be improved with the concurrent use of low-strength chlorinated
disinfectants.

In addition to synergy with the oxidative effects of disinfectants, another
study investigated the potential for synergy with sub-lethal stresses typically used in
the food industry. McKenzie (McKenzie et al., 2014) investigated the effects of sub-
lethal temperatures, salt and acid conditions on the antimicrobial efficacy of 405 nm
light and found that inactivation was significantly enhanced when bacteria were
exposed at high (45 °C) and low (4 °C) temperatures, at low pH (3-3.5), and high salt
concentrations (up to 15%) - with up to 50% less dose required to achieve to
inactivation when compared to non-stressed bacteria. These are interesting findings,
it is important to note that these experiments are carried out under lab conditions

and demonstrate potential for enhanced inactivation; however, are more applicable
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in the food industry opposed to the clinical environment. The results are however

still of interest when discussing mean of enhancing 405 nm light performance.

2.8.2 PULSING FOR ENHANCED PERFORMANCE?

In addition to looking at mechanisms to enhance the germicidal efficacy of 405
nm light by means of additional photosensitizers, and/or synergy, consideration
should be given to investigating potential methods by which the delivery of the
optical energy can be enhanced. Use of higher power light sources, or a greater
number of sources, can help achieve higher irradiance outputs but this is unlikely to
be a feasible solution for all applications due to prohibitive costs and energy
efficiency requirements. It is important therefore to consider other means by which
this can be achieved.

As discussed in Section 3.4.2.2, pulsed UV-light is a mechanism for delivering
short rapid pulses of high energy UV-light for rapid decontamination, and studies
have demonstrated improved performance with pulsed UV when compared with
continuous UV (McDonald et al., 2000). This is typically done using xenon flashlamp
sources, and this principle has been used to develop the Xenex LightStrike Germ-
zapping Robot, a commercially available technology for environmental
decontamination applications (Figure 2.6).

Two recent publications have investigated the potential to operate UV-LEDs
using pulsing, with interesting results. A study by Li (Li et al, 2010) demonstrated
the inactivation of Candida albicans and E. coli biofilms using UV-A LEDs under
pulsed operation at different frequencies. The study demonstrated superior
performance of the pulsed UV-A LEDs with over 99% inactivation (over a 2-log,
reduction), compared with the continuous UV-A exposure which achieved closer to
95% (over a 1.3-log,, reduction) inactivation for the C. albicans. The frequency was
also altered between 0.1-1000 Hz - and the performance increased until peak
performance at 100Hz where E. coli and C. albicans demonstrated over a 97% and 99%

reduction respectively. Upwards of 100 Hz, the performance decreased, and this was
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the case for both organisms. This study demonstrated pulsing, and the pulsing
frequency, could have an effect on the antimicrobial efficacy.

Similarly, a study by Wengraitis (Wengraitis et al., 2013) which used UV-C LEDs,
demonstrated comparable results demonstrating a change in inactivation rate in
terms of dose with different pulsing frequencies and duty cycles; with some of the
pulsed exposures demonstrating a higher inactivation rate in terms of dose than the
continuous exposure. The lowest duty cycle of 10% and frequency of 1Hz
demonstrated the highest inactivation rate in terms of dose of almost 11 log
kills/mJcm®. This study also demonstrates that pulsing can have a significant effect
on the antimicrobial effects of UV radiation.

The findings from these publications highlighted the possibility that UV-LEDs
could be operated under pulsed conditions in order to achieve enhanced
antimicrobial efficacy, therefore this then raised the question as to whether pulsed
operation could be beneficial for enhancing the antimicrobial efficacy of 405 nm

LEDs.

2.9 AiMS AND FOCUS OF STUDY

As discussed in this chapter, the antimicrobial properties of 405 nm light have
been of growing interest over the last number of years, and research by the University
of Strathclyde has led to the development of a 405 nm light system for continuous
environmental decontamination. This technology has now been commercialised in
the United States by Kenall Lighting, under the brand name Indigo-Clean (Kenall
Lighting, USA).

There is however still much to be investigated about this fundamental
antimicrobial technology and means of enhancing performance both germicidally and
operationally. Benefits of the pulsed operation of LEDs compared to continuous
operation have been demonstrated with UV LEDs (Wengraitis et al, 2013; Li et al,
2010) and therefore a major focus of the present study will investigate whether the

same principle can be applied to 405 nm LEDs.
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The study will investigate the fundamental effects that pulsing might have on
the LEDs, both in terms of the optical output of the light sources, and any effects on
the germicidal efficacy. Tests will seek to determine whether pulsed 405 nm LEDs
could deliver higher levels of bacterial inactivation; better energy efficiencies; and/or
better inactivation efficacies.

Furthermore, the study will focus on the practicalities of whether the pulsed
LED concept can be used to create a prototype light source for environmental
decontamination. The study will investigate the development of a pulsed LED system,
where the 405 nm antimicrobial LEDs will be pulsed and blended with supplementary
colours LEDs (Red, Yellow and Green) - all under differing pulsing regimes - with the
objective of developing a blended white light source for the application of continuous

environmental decontamination, using pulsing as a method of control.
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CHAPTER 3
GENERAL MATERIALS & METHODS

3.0 OVERVIEW

This chapter will provide details of the general methodologies and equipment
used for, the culture and handling of microorganisms and for the measurement and
capture of light emissions. Specific methodologies related to the experimental

arrangements used in this study will be described in later chapters.

3.1 MICROBIOLOGICAL MATERIALS & METHODS

This section details the bacterial strains and the methods of cultivation used

as standard throughout the study.

3.1.1 BACTERIAL STRAINS

During this study, two strains of bacteria were used, both obtained from the

National Collection of Type Cultures (NCTC), Collindale, UK:
» Staphylococcus aureus (NCTC 4135)
»  Pseudomonas aeruginosa (NCTC 9009)

These particular organisms where chosen for a number of reasons. Firstly,
they are commonly found organisms and are problematic in the healthcare
environment for causing infection. They are very commonly found as surface
contaminants making them appropriate for this study. One is gram positive and the
other is gram negative allowing comparison of any potential differences between the
two types of organism. Finally, they are commonly used in other studies both within

and out with the research group making comparison of results to other studies easier.
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3.1.2 MEDIA & PREPARATION

Nutrient broth (Oxoid, UK) was used for liquid cultivation of both bacterial
strains. 100 ml volumes of nutrient broth, (13 gL') were prepared in conical flasks,
with cotton wool bungs, and autoclaved prior to inoculation with bacteria.

Nutrient agar (Oxoid, UK) was used for cultivation and enumeration of
bacterial samples. Nutrient agar was prepared at a concentration of 28 gL', and
autoclaved, before pouring into sterile petri dishes to prepare nutrient agar plates.

Phosphate Buffered-Saline (PBS) was used to prepare bacterial suspensions,
and it was made with 1 tablet per 100 ml of distilled water and autoclaved prior to
use.

As mentioned, all growth media was autoclaved (Kestral Automatic Autoclave,
LTE Scientific, UK) for 15 minutes at a temperature of 121 °C at a pressure of
approximately 1 bar (gauge pressure) to ensure no contamination during microbial

experiments.

3.1.3 STORAGE & CULTIVATION OF BACTERIA

3.1.3.1 Storage of Bacteria

For long-term storage, bacteria were stored at -20 “C on microbank beads. For
short-term storage, the bacterial culture was streaked on the surface of a nutrient
agar slope and incubated at 37 °C. After incubation, the slope was stored at 4 °C in a
refrigerator and used as the stock culture. This slope was replaced every month in
order to ensure it was free from contamination. In order to check purity, the bacterial
culture was also streak-plated, to visualize single colonies from the inoculum (Figure
3.1), and Gram stained (Section 3.1.4) to microscopically check the Gram status and

cell morphology.
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Figure 3.1: Single colonies grown on an agar streak plate. Streak plates are a
method of diluting bacterial cells by systematically streaking them across an agar
surface in order to obtain isolated colonies. As can be seen there are 3 defined
levels of populations: the top right, with very dense CFU of bacteria; the lower left
where the density drops and the streak lines are more defined; and finally the
bottom towards the left, where the CFU begin to spread out such that single
colony forming units are identifiable.

3.1.3.2 Cultivation of Bacteria

In order to cultivate bacteria for experimental purposes, a sterile loop was
used to transfer bacterial cells from the refrigerated stock culture (on the agar slope)
into nutrient broth. The inoculated nutrient broth was then placed in a rotary
incubator at 37 °C for 18 hours at 120 rpm.

After incubation, the broth was decanted into sterile centrifuge tubes and
centrifuged at 3939 xg for 10 minutes at 20 °C (Labofuge 400R, Heraeus, Germany).
The resultant bacterial pellet was then re-suspended in 100 ml PBS, giving a ‘neat’
bacterial population of 10° CFUmI' (Colony Forming Units per millilitre). The
suspension was then serially diluted by pipetting 1 ml of the starting suspension into
9 ml PBS resulting in a 10-fold dilution. After each dilution, the suspension was mixed
using a vortex (Whirlimixer, Fisherbrand UK) to ensure uniform distribution of the
bacteria. The ‘neat’ suspension underwent serial dilution to obtain a population of

10° CFUml", which was the cell density used for all experiments in this study.
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During this study, various experiments and exposures were undertaken using
arange of setups and parameters. There were two main types of bacterial exposures:
exposure of bacteria in suspension (Chapter 5); and exposure of bacteria seeded onto
agar plate surfaces (Chapters 6 and 7). The specific methodologies for the light-
treatment and enumeration of these bacterial samples are provided in the relevant

chapters.

3.1.4 GRAM STAIN PROCEDURE

Bacterial species are categorized into two groups: Gram positive and Gram
negative. Due to the structural differences of the two, they stain differently, with
Gram positive bacteria staining purple, and Gram-negative bacteria staining pink.
Through use of a microscope, the stain colour and morphology of a bacterial cell can
then be determined.

As discussed earlier, Gram stains were carried out on a regular basis to ensure
the stock bacterial culture was pure and uncontaminated.

To carry out the Gram stain, the first step was to prepare a bacterial smear (of the
bacteria of interest) on a glass slide, and then use this smear for the staining
procedure. The steps of this are as follows:

1. Place a drop of distilled water on a clean glass slide.

2. Using a sterile inoculation loop, remove a small amount of bacterial culture
from the agar plate or slope, and mix it into the drop of water on the slide to
create a smear.

3. Allow the smear to air dry, and then heat fix the bacteria to the slide, by
quickly passing the slide through a Bunsen burner flame a few times.

4. The slide should then be flooded with crystal violet (Sigma Aldrich, UK) and
left to sit for ~1 minute.

5. Gently rinse the slide with distilled water (dH.O).

6. The side should then be flooded with Iodine (Sigma Aldrich, UK) and left to

sit for ~1 minute.
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7. Again, after the minute, gently rinse the slide with dH.O.

8. Using ethanol, rinse the slide gently (rocking side-to-side) until the ethanol
runs almost clear.

9. Rinse the ethanol off the slide with dH.O.

10. The slide should then be flooded with safranin (Sigma Aldrich, UK) and left to
sit for ~45 seconds.

11. Gently rinse the slide with dH,O and blot dry the slide.

12. The slide is then viewed using a Nikon Eclipse E400 microscope at x1000
magnification to confirm the Gram status (Gram positive = purple; Gram

negative = pink) and morphology of the bacterial sample.

Figure 3.2(a) and (b) show microscopic images of S. aureus, a Gram-positive coccus,

and P. aeruginosa, Gram negative, rod-shaped bacterium respectively.
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Figure 3.2: Examples of the results of a Gram Stain of (a) S. aureus. - Gram-positive
organism meaning the stain comes out as purple colour and as it is a Staphylococcus, the
bacteria present as purple cocci or spheres. (b) P. aeruginosa - Gram-negative organism
meaning the stain comes out as a red/pink colour and P. aeruginosa is a rod-shaped
bacterium so the bacteria presents as pink rods.
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3.2 OPTICAL MEASUREMENT EQUIPMENT

This section details the three methods of optical measurement used
throughout this study. The three methods are the use of the radiant optical power
meter, the spectrometer and the use of a photodiode. Each is described in more detail

in the proceeding sections.

3.2.1 RADIANT OPTICAL POWER METER

The optical power meter used throughout the study was the Model-70260,
Oriel Instruments, UK, used with a photodiode detector, Model-1202413, Ophir. The
photodetector head was an area of 1 c¢m?® and the output of the power meter was
given in mWcm® The power meter sensitivity could be adjusted to a specific
wavelength on the console and was set to 405 nm for all experiments throughout this
study. It should be noted that the irradiance measured was not solely 405 nm light;
the system measured all light but was calibrated to measure 405 nm light accurately
and so measurements were made in low background light or darkness to ensure an
accurate measurement of the 405 nm light.

The response time of the optical power meter was in the region of 0.1 s and
given that most of the experiments in the study involved pulsing with the majority
of pulsing around 1 kHz, the power meter could only provide an average irradiance
reading. The average reading will be lower than the peak irradiance of each pulse and
a parameter known as the duty cycle was used to calculate the peak irradiance from
the average.

The duty cycle is defined as the percentage of a period of a waveform during
which the signal is high, or in this case, the LED array is on; e.g. a 50% duty cycle is
illustrated in Figure 3.3, in which the voltage level is high 50% of the period. Duty
cycle is given by Equation 3.1, with t being the pulse width and T being the pulse
period.

Duty Cycle = %x 100% (Equation 3.1)
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Shown in Figure 3.3 is an illustration of two pulsed waveforms with differing

duty cycles and the average amplitudes of the waveforms illustrating the effects of

duty cycle on average irradiance.
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Figure 3.3: An illustration showing a pulsed voltage signal and associated average voltage
signal, for (a) a 50% duty cycle and (b) a 75% duty cycle. The increase in duty cycle of the
voltage signal results in an increase in the average voltage signal.

The duty cycle is how the average irradiance and peak irradiance are related.

The peak can be discovered mathematically with the duty cycle and the reading of

average irradiance using the relationship shown in Equation 3.2.

Peak Intensity =

Duty Cycle

Average Intensity

(Where the duty cycle is represented as a decimal)

(Equation 3.2)

The power meter had to be tested in order to be sure that the average would

be as expected since the pulses were out with the response time of the power meter.

This was verified by measuring the 100% duty cycle irradiance - then pulsing at a 50%

duty cycle and over a range of frequencies, and the output of the power meter

displayed 50% of the continuous irradiance as expected confirming that the power

meter displayed an accurate average irradiance.
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3.2.2 SPECTROMETER

The spectrometer was used to capture the spectral output of the light sources
used. The model used was the Ocean Optics HR4000, with Ocean Optics SpectraSuite
software, which measures broadband light from 200 nm up to 1100 nm.

The spectrometer was used in two configurations depending on the
requirement of the experiment. The first configuration used the spectrometer and an
optical fibre and allowed capture of an optical spectrum with arbitrary irradiance
readings, wavelength resolution of 0.28 nm. This provided the shape and spread of
radiation and was used to compare peaks relatively.

For an absolutely irradiance reading, the spectrometer and optical fibre were
used in combination with a cosine corrector (CC3-UV-T, Ocean Optics, USA), which
was connected to the end of the optical fibre. A calibrated light source (DH2000,
Ocean Optics, USA) was first used to ensure calibration and accuracy of the
spectrometer, and following this, absolute irradiance spectral data could be captured,
again with a wavelength resolution of 0.28 nm.

A major focus of this study was to investigate the efficacy of pulsed 405 nm
light, and the majority of experiments used pulsing at 1 kHz frequencies. The
response time of the spectrometer made it difficult to catch the spectrum of a single
pulse given the pulse duration was <1 ms. This meant that all spectra from pulsed
sources recorded in this study were taken as an average. The average spectral reading
will only differ in the measured height of irradiance due to the ‘off’ time of the pulses
- with the relative spectral peaks remaining unchanged by the pulsing. The correct
irradiance peak could be found using the same equation discussed at the end of

section 3.2.1.
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3.2.3 PHOTODIODE

A photodiode was used as a method of capturing the pulse waveforms and as
a measure of consistency during most experiments throughout this study. The
benefit of the photodiode was the response time, which was in the region of 25 ns.
This facilitated capture of the optical pulse waveforms, and enabled verification of
the shape, pulse width, time periods and relative irradiances of the pulses. The
photodiode was operated in photovoltaic mode with the setup shown in Figure 3.4.

The model of photodiode used (OSRAM BPW34 B) had a blue sensitive diode
with peak sensitivity in the violet-blue region of the spectrum. It was not calibrated
in any way and so could not be used to take readings of absolute irradiance; however,
it was used to monitor any changes in the peak irradiance and the optical pulse width

and period.

Voltage
Output

Photo-
diode

w3 G

Figure 3.4: The circuit of the photodiode set up in photovoltaic mode and used
throughout the study to capture optical pulse waveforms, and enable verification of the
shape, pulse width, time periods and relative irradiances of the pulses of light being
measured.
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3.2.4 SUMMARY OF OPTICAL MEASUREMENT METHODS

Three different methods have been described for the capture of light and each has a

different application which will be summarised here.

1. Radiant Optical Power meter - used for average irradiance readings (mWcm?)
to check the irradiance before and after exposures, as well as to set the
irradiance of the LEDs prior to bacterial exposures.

2. Spectrometer - fundamentally used for the capture of the light spectra.
Relative irradiance spectra of the 405 nm LEDs were captured. Additionally,
calibrated spectra from the blended prototype was captured to quantify and
help tune the quality of the light output from the LEDs.

3. Photodiode - used with an oscilloscope to monitor real time optical pulsing
throughout the duration of the experiments to ensure consistency. The high
response time allowed for capture of the optical pulses to check duty cycle

and monitor peak irradiance.

Each of the three methods had a specific task which it was used. The Spectrometer
could have been used to carry out all of the optical measurement tasks - however the
power meter and photodiode were much easier to use in terms of setup and
complexity with no real drawbacks when compared with the spectrometer, so for this

reason each of the three methods was used for the most suited tasks.
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CHAPTER 4
OPERATION & CHARACTERISATION OF LEDS
UNDER PULSED CONDITIONS

4.0 OVERVIEW

This chapter provides an introduction to LEDs as the source of light that will
be used throughout the study. Literature will be examined relating to how LEDs
operate; as well as the effects pulsed operation can have on the performance and
output of the LEDs. The chapter will then detail experiments undertaken to ascertain
a suitable electronic circuit for pulsing the LEDs throughout the study; and finally, it
will detail the rudimentary experiments carried out with LEDs to investigate their

behaviour under pulsed conditions.

4.1 LED BACKGROUND, UNDERLYING PRINCIPLES & OPERATION

Light generation has always been of significant interest however it was only the
late 1800s when the first electrical light source, the incandescent lamp, was
commercialised. Since then other more efficient electrical sources have been realized
the most common and well known being the fluorescent lamp, including the compact
fluorescent lamp (CFL). The most recent option, becoming increasing popular for
electrical light, is the LED. LEDs were first commercialised in the early 1960s (Cole et
al., 2015). It wasn’t however until the breakthrough with blue LEDs using InGaN to
overcome inefficiency problems over the last 20-30 years, which won 1. Akasaki, H.
Amano and S. Nakamura the Nobel Prize in Physics in 2014, that LEDs really became
common place (Gayral, 2017). With the introduction of blue LEDs, a combination of
colours could be used to produce white LEDs allowing for the realisation of a new
alternative white light source. These LEDs will also be the focus of this study, which

will focus specifically on 405 nm LEDs.
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An LED is a discrete semiconductor device, which is designed to emit light
when subject to a forward current. As the name suggests, it is a diode, and so allows
current to flow through it in one direction, the forward direction, but not in the
opposite, or reverse direction. This is accomplished through the combination of two
different types of doped semiconductor: an n-type and a p-type.

Semiconductors are materials that have a measure of conductivity somewhere
between metals and insulators. There are two general classifications of
semiconductor: an elemental semiconductor, i.e. a group IV element such as silicon;
or a compound semiconductor, commonly a compound of a group III and group V
element e.g. GaAs. (Neamen, 2012, pp. 1-2) In the case of LEDs, we are concerned with
the latter, the compound semiconductors.

Semiconductors by nature form a crystalline structure; and at a temperature of
absolute zero, in the lowest energy state, each electron is in the valence energy band
and is part of a covalent bond. In this arrangement, the semiconductor will not
conduct. However, if the temperature is increased a few degrees above 0 K, some
electrons in the highest unoccupied molecular orbit (HOMO) may gain enough
thermal energy to make the jump across the band gap (E,) from the valence band up

to the conduction band (Neamen, 2012, pp. 72-73), as demonstrated in Figure 4.1.

Conduction Band e

A

Valence Band

Figure 4.1: An illustration of an excited electron moving from the valence band up to the
conduction band by jumping across the band gap (E,).
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Electrons in the conduction band are free to move about the crystal lattice of
the semiconductor between atoms. When an electron is elevated to the conduction
band, the covalent bond it was part of is broken and as the electron moves around
the lattice it leaves behind a hole for another electron to fill, as shown in Figure 4.2.
These are the two charge carriers in a semiconductor, the negative electrons, which
travel in the conduction band, and the positive holes, which effectively travel in the

valence band. (Neamen, 2012, pp.78)
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Figure 4.2: A 2D illustration of the generation of a positive hole by the excitation of a

bonded electron from the valence band to the conduction band, in a group IV elemental
semiconductor crystal lattice.

Group IV
Element
Atoms

When an electron recombines with a positive hole, it drops back down to the
valence band to form a covalent bond and as it falls through the band gap; the band
gap energy is released. The semiconductor material determines the band gap and so
different materials will have different band gaps and thus release different amounts
and types of energy. The interest of this study is materials that have band gap energy,
which corresponds to the wavelengths of visible light, i.e. light emitting
semiconductors.

Common light emitting diodes, are compound semiconductors - group II-V
compounds and more complex ternary compounds which include 3 elements, for

example Indium Gallium Nitride (InGaN). In the case of these compound
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semiconductors, they also form large covalent network lattice structures (Neamen,
2012, pp.2).

Pure silicon, in its crystalline form, at a temperature of absolute zero will have
all electrons constrained within covalent bonding and with an increase in temperature
some electrons are released and are able to jump to the conduction band. However,
the electrical conductivity of a semiconductor can be improved through the process
known as doping. This process is when impurity atoms (atoms of a different element)
are added to the semiconductor. (Neamen, 2012, pp.16)

If we consider a group III element, Boron for example, used as a dopant; there
will be an inherent positive hole in the semiconductor lattice because the group III
element will only have 3 valence electrons for bonding, whilst the semiconductor
structure will be looking to bond with 4 valence electrons. (Neamen, 2012, pp.119)
This is an example of a p-type semiconductor, as it has more positive charge carriers

(positive holes) than negative (electrons). A 2D illustration is shown in Figure 4.3.
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Figure 4.3: A 2D illustration of a semiconductor structure doped with a group III element,

resulting the in the generation of a positive hole (positive charge carrier) in the valence
band. An example of a p-type semiconductor.

Group IV Atoms

With the generation of positive charge carriers in the semiconductor by
adding a dopant, the electrical conductivity of the semiconductor can be drastically

improved. Likewise, if the dopant has more than 4 valence electrons - for instance

63



Phosphorus (Group V), which has 5 valence electrons - then the lattice will have extra
electrons in the structure as the group 4 lattice only required 4 valence electrons to
bond with, whilst the dopant atoms have 5 (Neamen, 2012, pp. 118). This forms an
n-type semiconductor with more negative charge carriers. A 2D illustration of the

lattice is shown in Figure 4.4.
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Figure 4.4: A 2D illustration of a semiconductor structure doped with a group V element,

resulting the in the generation of a free electron (negative charge carrier) in the
conduction band. An example of an n-type semiconductor.

Group IV Atoms

This doping process can also be carried out with other element out with group
Il and V to change the electrical conduction of the semiconductor.

With knowledge of p-type and n-type semiconductors, the idea of a diode can
be introduced, also known as a p-n junction. As the name suggests, a p-n junction is
when a p-type semiconductor is combined with an n-type semiconductor. Where the
n-type and p-type meet, what is known as depletion layer forms: where the positive
holes from the p-type and the free electrons from the n-type combine (Schubert, 2006,
pp-59). This can be seen in Figure 4.5.

When the p-n junction is subject to a forward bias voltage - i.e. positive to the
p-type region and negative to the n-type region - the p-n junction will conduct,
assuming there is enough voltage to overcome the built-in potential barrier - which

in effect is the energy required to move electrons and holes across and out of the
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depletion layer thus reducing its size (shown in Figure 4.5). The positive voltage
potential will repel the positive holes from the p-type region across the depletion
layer to the negative voltage potential which attracts them: and vice versa, the free
electrons from the n-type region are repelled in the opposite direction and attracted
to the positive voltage potential. This results in admittance of a continuous flow of

current through the semiconductor (Schubert, 2006, pp.60).
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Figure 4.5: An illustration of the formation of a depletion layer in a p-n junction and the
effects of the application of a forward and reverse bias on the size of the depletion layer
and thus the conductivity of the semiconductor.

Alternatively, if the p-n junction is subject to a reverse bias voltage - i.e.
positive to the n-type region and negative to the p-type region - the p-n junction will
cease to conduct. The positive voltage potential will draw the free electrons to the n-
type region and likewise the negative voltage potential will attract the positive holes
to the p-type region causing the width of the depletion layer and thus the potential
barrier to increase (shown in Figure 4.5). This greatly reduces the conductivity of
semiconductor to virtually a non-conductive state. (Neamen, 2012, pp.281)

When a p-n junction is subject to forward bias voltage and thus conducting,

the recombination of electron hole pairs across the junction, as the charge carriers
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move, result in a release of energy - equal to the size on the energy band gap. In
diodes, the energy released varies with the band gap, which is dependent on the
composition material. Standard electrical diodes are usually made from materials
that have an indirect band gap. This means the electrons in the lowest energy level in
the conduction band and the highest in the valence band do not sit at the same
momentum - and this makes radiative recombinations very unlikely, as momentum
must be conserved (Neamen, 2012, pp.84). Most of the recombinations are non-
radiative meaning the energy is dissipated into the lattice as vibration energy -
effectively dissipated in the diode as heat (Schubert, 2006, pp.35).

However, there are certain materials where the energy band gap corresponds
to the energy of photons of visible light and the momentum of electrons in the lowest
energy level in the conduction band and the highest in the valence band are the same
(direct band gap). These materials have far higher probabilities for radiative
recombinations because the recombinations can occur with just a photon release with
no need for phonon release for momentum conservation (Neamen, 2006, pp.85). The
wavelength of the photon is again determined by the energy band gap, as dictated by

the Planck-Einstein Relation, Equation 4.1.

E=— (Equation 4.1)

Where E is the photon energy in Joules (J); h is Planck’s constant, 6.626 x10**
with the unit Joule-seconds (Js); ¢ is the speed of light in metres per second (ms™);
and A is the wavelength of the photon in metres (m). This photon energy or band gap
energy is dependent on the elemental makeup of the semiconductors used to create
the p-n junction. (Neamen, 2012, pp.648)

The material of main interest in this study is Indium Gallium Nitride (InGaN),
which produces violet light, and can be used to create 405 nm light emitting

semiconductors.
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This section explains on the simplest level the workings of light emitting
semiconductors however; LEDs come in many different shapes, sizes and layouts. A
sizable number of LEDs are built up of multiple layers, with a combination of differing
n-type and p-type material in different shapes combined to produce the most

efficient light output however the principles remain the same.

4.2 PULSING LEDS: BASICS & EXISTING LITERATURE

One of the main focal points of this study is to investigate the effects of pulsing
LEDs and so this section (4.2) will look at the existing literature on pulsing LEDs and
detail the effects and implications of pulsing LEDs.

Pulsing a device is when, instead of being provided with a continuous
electrical supply, the device is subject to short bursts of electrical energy punctuated
by periods of no energy. Depending on the response time of the device and the
frequency of the pulsing, the device could switch on and off with the energy pulses,
as in this study; or the device could act as if subject to a continuous supply (if there
is a slow response and a high frequency of pulsing) with a magnitude of the average
electrical input. As mentioned, in this study the interest lies in pulsing the LEDs and
so the aim is to have the LEDs switch on and off. Semiconductors typically have very
fast response times so can be pulsed a high frequencies whilst still turning off and
on.

A study carried out by Willert (Willert et al., 2010), demonstrated that, when
compared to the Xenon flash lamp, which can be used with a filter to produce near
monochromatic light, the LED has a better response with less of a delay and a sharper

drop off at the end of the pulse, as demonstrated in Figure 4.6.
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Figure 4.6: Labelled extract from study by Willert (Willert et al., 2010) demonstrating the
output optical response of an (a) LED compared with a (b) Xenon lamp when subject to an
electrical input pulse of 5 ps.

When discussing pulsing, the most common application tends to be Pulsed
Width Modulation or PWM. When a voltage source is pulsed fast enough, the output
can appear as a DC voltage with an magnitude of the average voltage across the
pulses; and so with PWM, the width of the pulse, or length of the ‘on’ time, will
increase or decrease the average voltage, or effective magnitude, seen at the output.
For example, a voltage source supplying 1 V, could be run through a pulsing circuit
set to run at a 1 kHz frequency with a pulse width of 0.5 ms, meaning the source is
on for 50% of the time and off for 50% of the time, i.e. 50% duty cycle. The average
voltage would thus be 0.5 V as illustrated in Figure 4.7(a).

If the pulsing frequency is high enough, the pulsed signal can be thought of
as a DC voltage signal with a magnitude identical to that of average. With this in mind,
pulse width - or duty cycle- could then be either increased or reduced to alter the
average output voltage achieved (as shown in Figure 4.7(b)), and thus the level of

apparent DC voltage.
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Figure 4.7: An illustration of PWM, showing a pulsed voltage signal and associated
average voltage signal, for (a) a 50% duty cycle and (b) a 75% duty cycle. The idea being
that if the pulsing frequency of the voltage signal is high enough, the pulsed signal can be
thought of as a DC voltage signal like that of the average voltage signal demonstrated.

With this application allowing easy control of the average voltage, PWM is
widely used as a method of controlling input power. It is more efficient than using
variable resistors to control the amplitude of voltages produced since the resistor
would just dissipate the excess power, whereas PWM allows you to supply only the
power required.

PWM is also a useful way of reducing the operating temperature of LEDs. Due
to the ‘off’ time during the pulsing, the LED has a short period to cool down and this
can be highly beneficial in terms of performance.

There are two main efficiencies when discussing LED performance: Internal
Quantum Efficiency; and External Quantum Efficiency. Internal Quantum efficiency is
the fraction of the diode current that results in luminescence - i.e. how much of the
current injected actually results in radiative electron-hole recombinations. External
Quantum Efficiency pertains to how much of the light radiated actually leaves the
semiconductor - with some recombinations being non-radiative meaning the electron
energy is converted to vibration energy in the lattice atoms - effectively the energy is
realised as heat (Schubert, 2006, pp.35). Photons from radiative recombinations

however do not always leave the semiconductor with photons being reabsorbed by
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the semiconductor or losses at the semiconductor-air boundary (Neamen, 2012,
pp.650).

In LEDs, the temperature is a key parameter affecting the optical output. As
the p-n junction of the LED increases in temperature the LED will become less
efficient and the optical output will suffer. This is down to the recombination
probability, which is related to temperature. Equal momentum for electrons and holes
is required for a recombination producing a photon - however an increase in
temperature results in momentum change of the electrons and thus less available
electrons and holes for recombination. This leads to less radiative recombinations,
more non-radiative recombinations effectively meaning that an increase in
temperature results in a decreased optical output (Schubert, 2006, pp.54).

There are issues when pulsing an LED at high current. The first and main issue
remains the same, increasing temperature of the p-n junction. This causes diminished
output irradiance; too much heat can cause damage to the semiconductor junction
itself in addition to output spectral shift (a change in output wavelength), as
demonstrated by Serawiratne (Senawirante et al,, 2010) and Lin (Lin et al, 2012)
among others.

Research carried out Keppens (Keppens et al.,, 2010) demonstrated that a
change in junction temperature of an LED, by as little as 40 K, can have a large effect
on the spectral output. A graph shown in Figure 4.8 shows the effects on spectral

output both in terms of wavelength and flux density.
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Figure 4.8: Graph comparing the spectral output of a single colour LED at two different
temperatures demonstrating the effect temperature has on the peak dominant wavelength
and the maximum output radiant flux produced. Extract from a study conducted by
Keppens (Keppens et al., 2010).

At the higher temperature of 340K, the LED demonstrates a much lower
radiant flux showing roughly a 30% decrease from approximately 7 mWHz"' to 5
mWHz'. Furthermore, an increase in temperature causes a shift upwards of
approximately 10 nm in the peak dominant wavelength of the LED spectral output
from approximately 630nm up to 640nm.

A similar type of wavelength shift is also demonstrated in the study
previously referenced by Willert (Willert et al., 2010), albeit with a change in forward
current opposed to a direct change in temperature. The dominant wavelength of the
spectral output is increased by almost 30nm with an increase in forward current from
50 mA to 55A and a decrease in pulse width from continuous to 1 ps, as
demonstrated in Figure 4.9. Unfortunately, the variation has been carried out at the
same time, so although the total charge (Q =1 x t) is kept the same for each pulse,
there are still two variables changing, the magnitude of the forward current and the

width of the pulse delivered.

71



+ Dec

= Increase in Peak Wavelength

11 PT40, green

09 || —=— cwsoma
------- 1kHz 10us 4A
| —mmrmmm 1kHz 5us 10A
08| — 1kHz 2us 20A
- | —=—— 1kHz 1us 55A
07

06|

05

Intensity [arb.]

0.4
03|

02|

[, e PN I I BT EPAPE T B PRI e e o
580 570 560 550 540 530 520 510 500 490 480
Wavelength / [nm]

|
470

Figure 4.9: Graph of the spectral outputs of a green LED subject to increasingly short
pulses of increasing levels of current demonstrating a shift in the peak dominant
wavelength with the variations. Extract from a study conducted by Willert (Willert et al.,
2010).

This means it cannot be completely deduced whether it was: current alone;
pulse width alone; or the combination of both which caused the wavelength shift.
Furthermore, the combinations of current and pulse width were chosen to be of
similar integral power so as to assume a consistent average junction temperature,
but this may not be the case, and if the temperature is varying this could also have
an effect on the wavelength shift. The paper does however show that wavelength shift
is possible, in particular when overdriving (applying more than the rated current)
LEDs. It should be noted that Willert’s study is not directly comparable to the present
study as it looks at single pulses - opposed to longer duration periodic waveforms
used to continually pulse used in this study. It remains, however of interest.

The paper additionally highlights how different colour LEDs, or technically
speaking the different semiconductor materials, can be affected differently: where

the orange LED demonstrated a wavelength shift of about 2 nm (Orange and red LEDs
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are typically GaAsP or AllInGaP) opposed to the 30 nm wavelength shift of the green
LED (Green and blue LEDs are typically InGaN).

These papers highlight possible issues working with LEDs in controlling
predominantly the peak dominant wavelength which will be key in the 405 nm work
undertaken in this study so temperature and rated current values will have to be
carefully considered.

This study will be the first to undertake pulsed LED work specifically using

405 nm LED with several existing studies looking at pulsed UV LEDs or flashlamps.

4.3 FUNDAMENTAL PULSING LED EXPERIMENTS

This section will detail some rudimentary experiments looking at the effects of
varying temperature, forward current and duty cycle on the peak irradiance as well
as the spectral output of the LED(s) being used. These experiments are split into three
main sections: The first looking at the design and build of the circuitry required to
pulse the LEDs; the second focusing on experiments with a single 405 nm through-
hole LED; and the third then moving onto to use a 405 nm 5x5 array of LEDs.

The experiments in the subsequent section (4.3) are mainly scoping
experiments with a big emphasis on getting practical experience in working with LEDs
the circuitry and the methods of control and optical capture. For this reason, each of
the three means of optical capture (Photodiode, Power meter and Spectrometer) are
used at different points as the requirement dictates. Whilst the results from each may

not be directly compatible, they are still fit for purpose in each experiment.

4.3.1 PULSING ELECTRONICS

One of the mains objectives of this research is to investigate whether pulsing
405 nm LEDs could results in any advantageous results; either in terms of electrical
efficiency or antimicrobial performance in comparison to continuous 405 nm light.
Logically, the first step in being able to investigate this is to physically realise a

method of periodically pulsing LEDs i.e. electronics to control the pulsing of LEDs for
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experimentation. To do this a switch is required to switch the power to the LED on
and off - and the transistor is the electrical component used which is driven by an
input pulsing signal allowing for the power to be switch on and off to the light source.

The TTL (Transistor-Transistor Logic) input can be easily generated from a
pulse generator (TGP110 model - 10MHz Pulse Generator; Thurlby Thander
Instruments, UK), however this is the control signal. TTL is a simple logic signal either
to indicate either 1 or O (on or off; High or Low) - effectively a square wave signal.
This signal will then be used to control the switching on and off of a dedicated power
supply that will match the power requirements of the LED(s) being used, thus
providing sufficient power to operate the LED(s). The system should have a fast
response time such that pulsing periodically up to the low kHz (0.1-5kHz) region is
possible.

A study undertaken by Willert (Willert et al, 2010) investigated pulsed
delivery of light and illustrates the circuit used, which was able to produce periodic

1kHz signals with pulse widths down to 1us. This circuit is shown in Figure 4.10.

Component Key: Vs
Vs .. = Voltage Source

TTL = Transistor- Transistor Logic signal R1

C = Capacitors

D = Diode

LD = Light Emitting Diode (LED) JE1 _|£32

R = Resistor
T=MOSFET |
U = MOSFET Driver

Vg, = Voltmeter Vv
cc

LD1
D1 Z&
TTL U1 T1 «

-1 5
GHs

QRZ ? Vro

Figure 4.10: Extract from a study by Willert (Willert et al., 2010) showing the Pulsing

Circuit used to pulse high currents through LEDs with pulse width in the region of
microseconds.

4
w
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This circuit was used as a basis from which to work, however it was altered

as required to suit the application to this study. Changes made were as follows;

*= Only one capacitor was required so C1 was removed. This was because
the power requirements and pulsing speeds were much lower than
that of the Willert study and so the capacitor was not required to
provide the initial level of power quickly.

= The diode D1 was removed because arrays have built in reverse
protection - so this was removed as an element - albeit the reverse
diode was present as part of the LED array.

» The Transistor was changed from a MOSFET (Metal-Oxide-
Semiconductor Field-Effect Transistor) to a high-power capacity NPN
BJT (Bipolar Junction Transistor). This change was one of convenience,
due to the availability of suitable BJTs in the lab.

= The MOSFET driver circuit, Ul, was removed and replaced by a resistor
due to the replacement of the MOSFET - this section of the circuit was
no longer required.

= The variable resistor Vi, was removed and the R2 was kept and used
as a shunt resistor. R2 was very small and purely used as a means of
electrical measurement to avoid the grounding effect cause by

connecting the oscilloscope across the transistor.

This resulting circuit is shown in Figure 4.11.
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Figure 4.11: The resulting circuit after the changes were implemented to the circuit used
in the study by Willert (Willert et al., 2010). This is the circuit used for pulsing LED(s)
throughout the study.

This worked as intended with the transistor acting as the on off switch for the
LED. The capacitor charged up while the transistor was off, not conducting, and then
when a high TTL was input to the base of the transistor, the transistor switched on
and began conducting and so the current then flowed through the LED. The TTL signal
thus controlled the LED switch on and off.

The components of the circuit then had to be tailored to the BJT and specific
LED requirements. The voltage source initially used was a 30V - 1A bench power
supply (Farnell Inst. Ltd. L30, UK). The resistor, R1, served two purposes: the charging
resistor for the capacitor, C, allowing control of the time constant, T, i.e. charging
time; but more importantly a means of controlling the power through the LED itself.

A set voltage is dropped across the transistor when it is conducting, the rest
of the voltage is split across the LED and R1, assuming for the moment R(shunt) drops
anegligible amount of voltage. Depending on the I-V characteristic of the LED, a value
for R1 can be calculated using Ohm’s law to ensure the LED isn’t drawing too much

current.
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The capacitor was left as is from the Willert (Willert et al, 2010) study. The
resistor, R2, ensures the current level is sufficient, such that the TTL input provides
enough current to switch the transistor on and off. This was set as 1kQ.

Finally, the shunt resistor, R(shunt), has a very small resistance of 1Q and this
is so the oscilloscope can be connected for electrical measurements. If the
oscilloscope is connected directly into the circuit it has a grounding effect and alters
the way to circuit operates so to counter this, the shunt resistor is introduced
between the ground and component immediately before ground. This reading can
then be used to monitor the voltage levels and used to calculate current through this

branch of the circuit.

4.3.2 EFFECTS ON PEAK IRRADIANCE WITH CURRENT & Dury CYCLE
VARIATIONS USING SINGLE 405 NM THROUGH-HOLE LED WITH NO

TEMPERATURE CONTROL

This section uses the circuitry from Section 4.3.1 and looks at the effects on

the LED output when the duty cycle of the pulsing signal is changed.

4.3.2.1 Experimental Method

As stated, the circuit used in this experiment to pulse the LED is detailed in
Section 4.3.1 and again illustrated below in Figure 4.12. The LED used for this set of
experiments is a single through-hole LED (LUMEX Quasarbrite 405 nm model) -

specifically a 405 nm mode shown in Figure 4.13.
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Figure 4.12: An Illustration of the circuit, detailing component values, used in this set of
experiment for pulsing an LED or LED array.

Figure 4.13: A photograph of the single through-hole LUMEX 405 nm LED used for
experiments in Sections 4.3.2 to 4.3.4.

The Bench power supply was setat 5 V. The calculation had to then be carried
out determine the resistance require for R1. The circuit is simplified for the
calculation to 4 elements in series to look at the power draw of each component: the
charging resistor; the LED; the transistor; and the shunt resistor.

From the LED datasheet, the typical draw is 50 mA at 3.7 V- meaning 50 mA

is the total current required to flow through the circuit and will flow through all
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components since they are in series. The transistor will see a 0.7 V drop and the LED

will see a 3.7 V drop. From this, it can be deduce that the remaining 0.6 V, of the

5 V supplied from the source (Farnell Inst. Ltd. L30, UK), will be dropped across the

shunt resistor and the resistor R1, the resistance value being calculated. Since the

resistance and current of the shunt resistor are known, the voltage drop can be
calculated using Ohm’s Law.

Vsthunt = IRshune = (0.05)(1) = 0.05V Equation 4.2

Thus, the remaining voltage, Vi, = 0.55 V, is the voltage dropped across R1.

With this, the resistance of the R1 can be solved for via a voltage divider calculation

(a derivative of Ohm’s Law) as shown below,

i _ W
Ry Ry

Equation 4.3

Where V, and V. are the voltage drops across resistor R, and R, respectively.
When rearranged and Vg, Vwm and Rg.. values input, the value of the resistance
require for R, was calculated as 11 Q. This was rounded and R1 was chosen to be a
10 Qresistor as displayed on Figure 4.12. The typical voltage and current were used
to calculate an approximate value for resistor R, - because, the forward current will
be altered by increasing and decreasing the voltage of the power supply and it would
be unreasonable to recalculate a new resistance for every current reading.

With the circuit built and ready for operation, the photodiode circuit was
employed, as described in Chapter 3, and aligned with LED as shown in Figure 4.14.

The oscilloscope was used to observe the light captured by the photodiode from the

pulsing LED, allowing for pulse width, amplitude and frequency to be read.
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Figure 4.14: Illustration of the experimental setup in which the photodiode is aligned with
the LED for capturing light pulses.

With the experimental setup in place, the input current sweep experiment was
undertaken. There were 4 different runs of the experiment. Each run consisted of
applying an incrementally increasing current to the LED (from 15 mA, in increments
of 5 mA, up to 80 mA (60 mA for continuous)) and to monitor the peak output
irradiance of the LED, captured by the photodiode. In the first run, the LED was run
continuously at each current iteration and in the subsequent 3 runs the LED was
pulsed at a duty cycle of 25%, 50% and 75% respectively, at a frequency of 1 kHz, at

each current iteration.

4.3.2.2 Experimental Results

The experiment was carried out once using the photodiode to capture the
output on the oscilloscope and from this the peak voltage could be measured which
was directly related to the peak irradiance. The specific calibration for the
relationship between voltage output and intensity was not carried out - however the
relationship was stated to be linear with the rated bounds on the data sheet. The

results are shown in Figure 4.15.
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Figure 4.15: A Comparison of the peak irradiance of the 405 nm LED (LUMEX Quasarbrite)
photodiode output, measured from the photodiode, at 4 different duty cycles across a
range of currents. Lines are for visual guidance.

As can be seen from the graph, the 10% duty cycle demonstrates much higher
peak output irradiance than the other three duty cycles. In reality, the 10% duty cycle
pulsed LED is much dimmer than the other two duty cycles because it is off 90% of
the time, however the experiment demonstrates that it actually produces the highest
optical peaks. The oscilloscope displayed the periodic square wave and the peak was
read using the measurement feature on the scope.

However, the temperature was not controlled in this experiment, and the legs
of the LED were tangibly hotter when operated continuously, so much so that it was
decided that after the 60 mA input current, it felt too hot to increase the current any
further. It was clear that temperature differential across the experiments had to be
addressed to ensure fair testing; and so, an experiment was carried out to quantify
the significance of temperature variance on the LED output. This temperature

variance was most likely the reason for the differences in peak optical output.

81



4.3.3 INVESTIGATING THE CONSISTENCY OF THE LED OUTPUT FROM SWITCH

ON

The previous experiment in Section 4.3.2 demonstrated sizable differences in
the output irradiance between the different duty cycles when pulsed; however, the
temperature was not controlled. This experiment was undertaken to investigate
whether there is a settling time, due to the increase in the operating temperature,
before the LED output, or peak irradiance, becomes consistent at a single level.

The hypothesis was; the first pulse in any case would produce higher peak
irradiance before the temperature began to increase - which would in turn reduce the
peak irradiance. After a number of pulse repetitions, the temperature, and thus the
peak irradiance, would then reach a consistent value - however there would be a
region of change from switch on, until the equilibrium point, or consistent

temperature/peak irradiance, was reached.

4.3.3.1 Experimental Method

To investigate this, the photodiode and oscilloscope apparatus was set to
capture a large number of pulses from the switch on of the power. The system was
switched on pulsing at 100 Hz, as opposed to the 1 kHz in order to make it easier to
capture the waveforms, at a 50% duty cycle, with the photodiode placed to capture
the output purely to observe any settling time for the output to reach a consistent

level.

4.3.3.2 Experimental Results

The experiment required multiple attempts in order to capture the waveforms
from switch on. The waveform was capture manually on the oscilloscope, so the first
graph, Figure 4.16(a) was easily captured, however the capture of the second figure,

Figure 4.16(b), over a much shorter time was more difficult.
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Figure 4.16: Photodiode Capture of the initial higher peak pulse before the optical output
reaches equilibrium: (a) Zoomed out capture showing peak from initial switch on to
reduced equilibrium; (b) Zoomed in capture showing individual pulses and the reducing
peak irradiance.

Figure 4.16(a) shows the photodiode output over the first 8 /9 seconds from
switch on and as can be seen, the highest peak irradiance for the pulsing is at the

start and then reduces to an equilibrium point where the optical output appears at a
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consistent level. Figure 4.16(b) shows an oscilloscope capture over a much smaller
time frame and again demonstrates the reduction in peak irradiance with time.

The assumption is that this apparent reduction in the peak irradiance is due
to the increasing temperature of the junction. The temperature increases after each
pulse and the output level appears to drop until it reaches an equilibrium point and
an average temperature is maintained - and thus a consistent peak irradiance.
However, it can even be seen on each pulse itself in Figure 4.16(b), that during the on
time the output drops slightly from the start to the end of the pulse. This explanation
appears to fit the results and the idea that high temperatures reduce the efficiency
of LED operation (Schubert, 2006, pp.98).

Following this, the next question to be addressed was whether the 10% duty
cycle would still outperform the continuous run, in terms of peak optical output, if

the temperature was kept constant?

4.3.4 EFFECTS ON PEAK IRRADIANCE WITH CURRENT & Dury CYCLE
VARIATIONS USING SINGLE THROUGH-HOLE LED WITH TEMPERATURE

CONTROL
This section repeats the experiment from Section 4.3.2; except in this instance,
the temperature of the LED is monitored and controlled to ensure an adequate level

of consistency.

4.3.4.1 Experimental Method

There was significant difficulty in attempting to monitor and control the
temperature of the LED, specifically because the p-n junction is not accessible due to
the housing, as can be seen in Figure 4.13. This meant the thermocouple (Kane-May
KM340, UK) could only be placed on the leg of the LED as close to the junction as
possible. Additionally, the temperature could only be controlled by cooling the legs

under the assumption that the heat would conduct down the legs away from the
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junction. For the active cooling, the Peltier module (GM200, European
Thermodynamics Ltd, UK) was used. The Peltier module is a flat unit that transfers
heat from one surface of one side to the opposite side effectively cooling one side,
the rate being dependent on the input current. Reverse current will result in the
opposite, i.e. heating. The LED legs were interfaced with thermal paste to allow
maximum surface area contact, thus providing a large heat sink. In addition, the
power meter was used to measure an average irradiance of 405 nm light output and
then, with the duty cycle, the peak irradiance could be calculated, as discussed in
Section 3.2.1 in chapter 3. Again, the LED was pulsed at 1 kHz and the temperature

was kept constant at 20 ‘C. The experiment was repeated in triplicate.

4.3.4.2 Experimental Results

The experiment was run, as in Section 4.3.2, across the 4 duty cycles and a

range of currents and results are shown in Figure 4.17.
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Figure 4.17: Comparison of the peak photodiode output, directly related to the irradiance,
from a 405 nm LED pulsed at 1 kHz at 4 different duty cycles across a range of currents
at a constant temperature of 20 ‘C. Each data point is the average of 3 data point with
standard deviation error bars (n=3+SD). Lines are for visual guidance.

The results show quite a difference when compared with the previous

experiment in Section 4.3.2 (Figure 4.15). There appears to be a much more a linear
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relationship with peak irradiance and forward current. There is however still a higher
peak irradiance with the pulsed runs than the continuous run, and this difference
increases with the forward current. From the graph, with 60 mA of forward current
at the 10% duty cycle, the peak irradiance is roughly 0.7 mWcm® higher (which is
roughly 22% higher) than that of the continuous run at 60 maA.

This apparent increase in output however could still be attributed to a
temperature differential between the continuous and pulsed experiments. There was
difficulty in monitoring and controlling the temperature of the LED because of the
shape of the LED housing, and so the only way to monitor and control temperature
was via the LED legs. Although the temperature monitoring and control is not ideal,
the experiments still illustrates the effect temperature can have on the LED output.
There is a notable change in the LED output graphs, with the temperature controlled
experiment showing values of irradiance across the range of duty cycles much closer
together. Additionally, a more linear relationship seems apparent between current
and irradiance can also be observed. For this reason, it was decided to repeat the
experiment using a flat LED array, allowing the temperature to be monitored and

controlled more easily.

4.3.5 EFFECTS ON PEAK IRRADIANCE WITH CURRENT & Dury CYCLE

VARIATIONS USING 5X5 LED ARRAY WITH TEMPERATURE CONTROL

The decision was made to repeat the experiment carried out in Section 4.3.4,
using a flat, higher power 5x5 405 nm LED array (ENFIS UNO Tag array, ENFIS Ltd,

UK).

4.3.5.1 Experimental Method

During this experiment, the same pulsing circuitry was used as described in

Section 4.3.1. The LED used this time was a 5x5 array of 405 nm LEDs, ENFIS UNO
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Tag array. This came as a flat square array, as can be seen in Figure 4.18, allowing for

easier contact for more efficient and effective thermal management from the back.

Figure 4.18: The ENFIS UNO 405 nm 5x5 LED Tag array.

The LED array was mounted on the Peltier module and then subsequently onto
an aluminium heat sink attached to a fan (with the LED array, Peltier module and
heatsink all interfaced with thermal adhesive), with a thermocouple positioned for in

situ temperature measurements. The full schematic is shown in Figure 4.19.

Fan
Thermocouple
LED array
Heatsink

Peltier Module

Heatsink —_—
‘ I T T TTTTITTITIIL|

Peltier Module 7
) Thermocouple

LED Array

Figure 4.19: Picture of the experimental setup of the ENFIS 5x5 405 nm LED array
mounted on the thermal management setup (left) and the schematic of the setup (right).
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This LED configuration would permit easier measurement of the bulk
temperature, and active cooling closer to the LEDs p-n junctions (as can be seen in
Figure 4.19).

During the experiment, the array was subject to 3 input currents (20 maA,
40 mA & 60 mA) and this was repeated with each of the four duty cycles (10%, 25%,
50%, 100%) all at a frequency of 1 kHz. During each of these iterations, the
temperature was monitored via the thermocouple and adjusted using the Peltier
module to maintain a consistent temperature of 20 °C throughout the experiments.

Furthermore, it was decided that the calibrated spectrometer would be used
during this experiment, Ocean Optic HR4000. In this setup the optical fibre captures
the spectral output, and then upon analysis, the content of 405 nm + 0.3 nm can
be obtained, in units of ptWem®nm™. However, as discussed in the chapter 3, Section
3.2.2, with the spectrometer it would be very difficult to capture single optical pulses
at 1 kHz, and would require extra apparatus to do so, so the average spectral output
was captured and then used to calculate the actual value of peak output, as detailed
in Section 3.2.2.

Figure 4.20 shows this experimental set-up with the optical fibre and
spectrometer set up to capture the optical readings this time. The distance between
the LED array and the optical fibre was minimised such that the high current level of
60 mA did not cause saturation but was close enough in order to maximize the optical

irradiance resolution achieved.
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Figure 4.20: Experimental setup using the optical fibre and spectrometer to capture the
output spectrum of the 5x5 ENFIS 405 nm LED array.

4.3.5.2 Experimental Results

The experiment was carried out with the array pulsed at the 4 duty cycles; at the 3
different current levels; with the temperature maintained at 20 °C; and the optical
output capture by the spectrometer for each case. The results are shown in Figure
4.21.

As can be seen, there is a minor disparity between the different duty cycles
with a maximum difference of approx. 6 ptWem*nm™, at 60 mA between the 10% and
continuous run. This experiment suggests that with this LED array, with the
maintenance of constant temperature, the duty cycle appears to have little effect on
the optical output. This could arguably be due to the maintenance of a consistent

temperature throughout the experiment.
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Figure 4.21: Experimental results showing the peak 405 nm light content at different duty
cycles across a range of currents at a constant temperature of 20 °C. Lines are for visual
guidance.

4.3.6 INVESTIGATION OF SPECTRAL SHIFT IN THE LED OUTPUT; WITH VARYING

TEMPERATURE, INPUT CURRENT & DUTY CYCLE

The output irradiance measurements collected by the spectrometer in the
experimental system (Figure 4.20) are focused on the 405 nm light content at the
specific peak in the spectrum. There is the possibility that if there was any spectral
shift experienced as a result of increased temperatures, this may have an impact on
optical measurements. Additionally, a study by Maclean (Maclean et al, 2008)
demonstrated that the antimicrobial efficacy is greatly affected by a shift in output
wavelength out with the 400-420 nm range. To investigate this, an experiment was
set up which measured the effect that temperature, forward current and duty cycle
had on the wavelength output of the LED, i.e. the Full Width Half Maximum (FWHM)

and the lowest wavelength of the FWHM (a measure of wavelength shift) emitted.

90



4.3.6.1 Experimental Method for Temperature Sweep

This experiment used the same LED array and test setup as that described in

Section 4.3.5.1, using the ENFIS UNO tag array along with the thermal management

apparatus and the spectrometer setup to capture the optical output. The pulsing

frequency was 1 kHz for all experiments. The FWHM and lowest wavelength of the

FWHM were used as measurement to deduce any spectral shift.

The Full Width Half Maximum is a measure of the spread of the spectrum. It

is calculated by,

First finding the peak or maximum optical output reading
Calculate half of the peak
Locate the 2 cross-over wavelengths of the spectrum at the half maximum

The FWHM is the difference between the high and low cross-over wavelengths

The FWHM and lowest wavelength of FWHM are illustrated in Figure 4.22.
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Figure 4.22: A visual representation of the Full Width Half Maximum (FWHM) and the

lowest wavelength of the FWHM as used for Spectral comparison.

The first experiment was a temperature sweep, during which the current was

set at 40 mA, the frequency at 1 k Hz and the duty cycle at 50%. The Peltier module
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was used to alter the temperature incrementally from 6 °C up to 42 °C, looking at the

effect on the FWHM and the lowest wavelength at every 4 °C increment.

4.3.6.2 Experimental Results for Temperature Sweep

The experiment was set up and a spectrum was captured at increments of 4
‘C and the experiments were carried out in triplicate. The FWHM and lowest
wavelength of FWHM were then extracted from the spectra. The results are presented
in Table 4.1, with data being the average of three experimental readings with the
accompanying standard deviation.

Table 4.1: Results of the temperature sweep on the FWHM and lowest wavelength of the
FWHM. Each data point is the average of 3 data points and is presented with the standard
deviation (n=3+std dev.).

lemperature (nm) Lowest Wavelength at FWHM (nm) +
Temperature EWHM (nm) + Std Dev Lowest Wavelength at FWHM (nhm

(°C) Std Dev

6 14.93+0.78 400.63 + 0.40
10 15.000.53 400.67 +0.35
14 15.17 £ 0.57 400.67 +0.35
18 15.40 £ 0.53 400.67 +0.35
22 15.43+0.35 400.77 £ 0.21
26 15.60 £ 0.20 400.80 + 0.17
30 15.60 £ 0.26 400.93 £ 0.21
34 15.67£0.31 401.00 + 0.30
38 15.60 £ 0.40 401.17 +0.31
42 15.43 £ 0.49 401.53 £ 0.46

The results demonstrate an upward trend in both FWHM and lowest
wavelength at FWHM suggesting that temperature does have an effect on the spectral
output of the LED albeit a very small effect in this case. This is not to say that over a
wider temperature range and with a different LED array, that the variation could not
be more significant.

As discussed earlier in the chapter in Section 4.2, the study by Keppens
(Keppens et al., 2010), looked at this kind of work subjecting an LED to varying
temperatures within an oven and the results agree - demonstrating an increased

FWHM and a red shift in the wavelength albeit in a more substantial change. The
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results are further confirmed by the study carried out by Senawiratne (Senawirante
et al., 2010) who also demonstrated that a red shift was experienced when the
temperature of the LED was increased, via thermal heating and not through self-
heating induced by increased current injection.

The temperature appeared to have less of an effect over the Spectral output
than over the irradiance. The maximum shift in FWHM or lowest wavelength at FWHM
was just over 1 nm. The application in the remainder of this study looks at 405 nm
light as a means on inactivating bacteria based on a specific range of wavelengths,
between 400-420 nm with maximum inactivation around 405 nm + 5 nm (Maclean
et al., 2008).

The thermal management setup successfully provides the ability to monitor
and control the LED bulk temperature to ensure as consistent a temperature as
possible - however the results show minor fluctuations in the temperature should

not have a major effect on the spectral output of the LED.

4.3.6.3 Experimental Method for Forward Current and Duty Cycle

variations

This experiment used the same setup as that described in Section 4.3.6.1, the
difference this time that instead of the temperature being varied it was kept constant
at 20 °C. This experiment varied the input current and duty cycle of the pulsed LEDs.
For each increment of forward current between 20 mA and 60 mA, the duty cycle
varied across the four chosen values, 10%, 25%, 50% & 100%. At each of the specific
current and duty cycle iterations the spectrum was captured using the spectrometer
(Ocean optics HR4000, UK) and the FWHM and lowest wavelength of the FWHM were

found.
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4.3.6.4 Experimental Results for Forward Current and Duty Cycle

variations

The full experiment was carried out in triplicate. The results and standard

deviations of the FWHM are shown in Table 4.2.

Table 4.2: The results of the forward current sweep at different duty cycles on the FWHM.
Each data point is the average of 3 data points followed by the standard deviation.
(n=3+std dev.).

Duty Cycle- 10% 25% 50% 100%
20 15.20 £ 0.17 15.16 £ 0.22 15.09 £0.12 15.19+£0.15
25 15.07 £ 0.06 15.20+£0.20 15.20 £ 0.17 15.23 £0.15
30 15.13 £ 0.06 15.07 £ 0.06 15.13 £ 0.06 15.27 £0.23
35 15.20 £ 0.17 15.07 £ 0.06 15.13 £ 0.06 15.30+0.17
40 15.10+0.10 15.10+0.10 15.33+0.12 15.43 £ 0.06
45 15.13+0.12 15.10+0.10 15.33+0.12 15.47 +£0.12
50 15.10+0.10 15.13+0.12 15.33+0.12 15.53+0.12
55 15.13+0.12 15.13+0.12 15.23 £0.15 15.53+0.12
60 15.00 £ 0.00 15.10 £ 0.00 15.27 £0.12 15.60 £ 0.20

The trends for the FWHM in Table 4.2 are much harder to discern. For the
most part, the FWHM appears to increase with an increasing duty cycle, with a few
exceptions in several of the intermediate points and the 20 mA iterations. With the
current increase, the trends again are less consistent - it appears that for the 10% and
25% duty cycles, the FWHM decreases as forward current increases and the opposite
for the 50% and 100% duty cycles. With this LED, the variation is very small however
as before there is some variation and over a wider range and with a different colour
or array, the variation could be more significant.

Holc (Holc et al., 2010) undertook a study in temperature dependence of
superluminescent LEDs (SLEDs), as discussed in Section 4.2. This experiment
demonstrated a decrease in FWHM with an increasing forward current, which appears
to match the trend observed in the 10% and 25% duty cycles. The study however uses

SLEDs and does not pulse the SLEDSs, so the results are not directly comparable.
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Another study by Lin (Lin et al., 2012) investigated temperature sensitivity of
optical parameters in LED and one experiment appears to demonstrate that with an
increasing forward current the FWHM also increases. This matches the trend for the
50% and 100% duty cycles however this experiment again did not use pulsed LEDs, so
it is not directly comparable.

The results showing the effect on the lowest wavelength at FWHM with varying
input current and duty cycle are shown in Table 4.3.

Table 4.3: Results of the forward current sweep at different duty cycles on the Lowest
wavelength of the FWHM.

Lowest Wavelength at FWHM

(nm)

Duty Cycle- 10% 25% 50% 100%
20 401.00 £+ 0.00  400.99+0.01  400.99 % 0.01 401.08 £ 0.15
25 401.00 £+ 0.00  401.00+0.00  400.97 +0.01 401.03 £ 0.06
30 400.90 +0.17  400.97 +0.06  400.90%0.17 401.00 + 0.00
35 400.77 £+0.12  400.90+0.17  400.90%0.17 400.97 £ 0.06
40 400.77 £+0.12  400.80+0.17  400.70 0.00 400.87 £ 0.15
45 400.70 +0.00  400.77 +0.12  400.70 +0.00 400.80 £ 0.17
50 400.70 +0.00  400.70 +0.00  400.70 +0.00 400.70  0.00
55 400.70 +0.00  400.70 +0.00  400.70 +0.00 400.70  0.00
60 400.70 +0.00  400.67 +0.06  400.70 0.00 400.70  0.00

The numerical changes in the lowest wavelengths at FWHM in Table 4.3 are
small, however there appears to be a trend. The lowest wavelength at FWHM appears
to decrease with an increasing current forward current for all duty cycles - suggesting
movement in the spectra with increasing forward current. The duty cycle however
doesn’t appear to have a sizable effect on the lowest wavelength at FWHM - implying
little movement in the output spectra. There is a very small redshift in the lower
currents with an increase in duty cycle, however higher currents demonstrate no
shift at all over the range of duty cycles.

A study by Beczkowski (Beczkowski and Munk-Nielsen, 2010) investigated
effects on spectral characteristics of PWM, when used as a light control strategy, and

his results show that with an increase in duty cycle (or average current of PWM) the

95



wavelength undergoes a slight redshift, agreeing with the results in Table 4.3. The
study by Beczkowski (Beczkowski and Munk-Nielsen, 2010) however uses a different
current range and green LEDs and the different colour LEDs have different material
composition and thus behave differently.

Another study by Willert (Willert et al.,, 2010), as discussed in Section 4.2,
demonstrates a sizable spectral blueshift with an increasing forward current. The
current range however is much bigger than that of the results in Table 4.3 & 4.4 with
a range of 50 mA to 55 A, opposed to the 20 mA to 60 mA range in this study.
Furthermore, this is a green LED and the study itself demonstrates the difference in
behaviour of different colour LEDs with an orange LED showing a much less dramatic
shift over the current range.

As discussed, the remainder of this study requires wavelengths between 400-
420 nm for bacterial inactivation (Maclean et al., 2008). Therefore, any spectral shift
caused by temperature or pulsing could be problematic. The results however
demonstrate very small spectral shifts, all less than 1 nm, with changing duty cycle
and forward current; and likewise, very small shifts with the implemented
temperature control - so the LED output should be within the 400-420 nm range

required for bacterial inactivation.

4.4 CONCLUSION

This chapter has detailed the basic operating principles of LEDs and has
reviewed the issues surrounding their operation using continuous and pulsed input
power. Initial work developed and tested a suitable LED pulsing circuit, which was
then used in conjunction with different LED configurations (single through-hole LEDs
and LED arrays), to conduct a range of fundamental experiments to establish key
operating parameters. The experiments worked across a range of currents, and
looked specifically at 10%, 25%, 50% and 100% duty cycles and the effects on LED

behaviour for each. This study is the first investigate pulsed 405 nm LED, with
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previous studies looking at PWM in differing colours of LED, pulsed UV LEDs but
mainly pulsed UV using flash lamps.

The main objective of this chapter was to investigate how LEDs behave,
specifically any change to the irradiance and output spectra, under pulsed conditions.
The pulsing appears to have little effect on the irradiance, the major influencing
factor being temperature. Likewise, there were minor amounts of spectral shift with
temperature variation and even less with duty cycle and forward current variation -
almost undiscernible from noise.

This suggests that with the thermal management in place to maintain a
consistent temperature for all future experiments, the irradiance and spectral output
of the LEDs should only undergo very minor and manageable changes so an

acceptable level of consistency should be achievable.
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CHAPTER 5
INVESTIGATING THE EFFECTS OF PULSED
405 NM LIGHT ON ANTIMICROBIAL EFFICACY

5.0 OVERVIEW

As discussed in the Section 3.4, 405 nm light has significant antimicrobial
properties. Whilst Chapter 4 looked primarily at 405 nm LEDs and their behaviour:
This chapter investigates the comparative antimicrobial efficacy of pulsed and
continuous 405 nm light. The common bacterium Staphylococcus aureus is used
throughout the chapter; and this bacterium is subject to 405 nm light in various
different arrangements observing inactivation achieved in each case. The main
objective of this chapter is to look for any benefits, either electrically or in terms of
antimicrobial efficacy, of using pulsed 405 nm light for bacterial inactivation as

opposed to continuous.

5.1 MATERIALS & METHODS

This section will provide details of the experimental set-up and protocols for

microbial inactivation testing used in this chapter.

5.1.1 405-NM LIGHT SOURCE ARRANGEMENT

The light source used in this chapter was a 405-nm ENFIS Innovate UNO 24
(Photonstar Technology, UK), which is an array of 24 x 405-nm LEDs (Figure 5.3(b)).
This LED array had a typical peak wavelength at 405 nm and a typical spectral spread
of 16 nm, producing 5100 mW of radiant flux (over the spectral output). A graph of
the spectral output is shown in Figure 5.2. The LED array was mounted on a PCB and

on a heatsink with a fan, as can be seen in Figure 5.1(a).
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(a)

Figure 5.1: Experimental setup used to expose bacterial suspensions to 405 nm light. (a)
Photograph of the LED within the experimental setup and (b) the LED array mounted on
the PCB.

Due to this fixed arrangement, it was difficult, particularly with the thickness
of the PCB, on which the LED array was mounted, to measure the temperature to
monitor for any changes. For this reason, a photodiode (OSRAM, UK. Model: BPW34
B) was employed to monitor the level of 405 nm light irradiance throughout the
experiment to ensure consistency.

For bacterial exposures, the array was mounted in a PVC housing, which held
the array in a 10 c¢m above the sample plate (Figure 5.3(a)). The setup used is shown
in Figure 5.1(a), with a closer look at the LED array mounted on the PCB in Figure
5.1(b).

As discussed in Section 4.2 and demonstrated in Section 4.3 in the previous
chapter - temperature can have significant effects the operation of LEDs. As the
temperature changes, the I-V characteristic of the LEDs also changes meaning that
with a constant voltage, a change in temperature would cause a change in current
drawn, which is directly related to the light output. For this reason, a means of

monitoring and controlling the temperature of the LED array was required.
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Figure 5.2: Output spectrum of the ENFIS Innovate UNO 24 as captured by the HR4000
Ocean Optics spectrometer setup (described in Section 3.2.2).

Consequently, the LED array was used in conjunction with a range of thermal
management components, shown in Figure 5.3, in order to maintain a constant

temperature throughout the experiments:

e A heatsink was attached to a 5V fan to aid with heat ejection.

e A Peltier module (which employs the Peltier effect whereby a heat is given out or
absorbed as a current is passed across a junction between two materials), was
used for active cooling, or heating depending on the polarity of the current. To
do this, one side was attached to the LED array and the other attached to the
heatsink.

e A thermocouple was positioned between the Peltier module and the LED array in

order to monitor the bulk temperature of the LED array.
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Figure 5.3: Cross-sectional view of the experimental setup showing the LED array system,
and the layout of the thermal management components, used for the exposure of
bacterial samples.

As the light source was an array of LEDs, they were inherently mounted in
position on a PCB meaning that direct LED temperature could not be measured.
However, in this case, the bulk temperature was sufficient to provide an indicator of
the temperature and allow for some element of control via the Peltier module. The
power input to the Peltier module was set at the start of each experiment to achieve
the set temperature (24 °C), and the temperature was monitored throughout the
experiment using the thermocouple, and the current input to Peltier module adjusted
to ensure temperature consistency throughout the duration of each experiment. A
thermal adhesive was used to uniformly interface the heat sink, Peltier module, LED
array and thermocouple, ensuring good thermal conductivity (Figure 5.3). The

temperature 24 °C was chosen to represent a common room temperature value.

101



5.1.2 ELECTRONIC CIRCUITS
As described in the previous chapter in Section 4.3.1, the pulsing circuit,

shown in Figure 5.4(a), was used throughout this chapter to power the LED array.
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1Q _:L

TTL input
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Figure 5.4: The electronic circuits used for pulsing and light measurement. (a) Circuit used
to provide the input power, pulsed or continuous, to the LED array for bacterial
exposures. (b) Circuit used to measure the voltage output from the photodiode to monitor
the optical output of the LED array.

The electronic driving circuit took its input from a pulse generator that provided a 5
V transistor-transistor-logic (TTL) signal. An example of the pulsed TTL signal used

to activate the transistor is shown in Figure 5.5.
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Figure 5.5: Illustration of the pulsed TTL signal used to control the switching operation of
the LED array.
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The frequency and duty cycle of this signal could be set from the signal
generator. This signal is delivered to the base of the transistor which acts as a switch;
when the signal voltage is high, the switch is closed, the transistor conducts and
power is delivered to the LED array: and when the voltage is low, the switch is open,
the transistor ceases to conduct and the LED array is disconnected from the power
source. Thus, this TTL voltage signal determines when the LED source is on and off
and therefore also determines the frequency and duty cycle of the optical pulses
produced by the LED array.

The circuit in Figure 5.4(a) was used to operate the LED array either:
continuously, by setting the signal generator to output a 100% duty cycle (effectively
a 5V DC signal); or pulsed, by setting the generator to output a periodic square wave
signal with 25%, 50% or 75% duty cycles. The system did not change for continuous
and pulsed operation; the signal generator was just set accordingly to either the
periodic square wave for pulsed operation or a DC signal for continuous operation.

For the voltage source, two L30 sources (Farnell Inst. Ltd.) were connected in
series to supply a voltage in the range of 0-40 V. As mentioned previously, the setup
was altered throughout the experiments in this chapter, and details are provided in
the subsequent sections.

The optical output, as discussed in chapter 3 in Section 3.2, was captured
through use of 3 methods:

e a photodiode (Model - BPW34 B, OSRAM), as shown in Figure 5.4(b) was used to
capture the shape of the optical pulses.

e aradiant power meter (Model 70260, Oriel Instruments) and photodiode detector
(Model 1202413, Ophir), calibrated at 405 nm, was used to measure the average
irradiance in mWcm?.

e a spectrometer (Ocean Optics HR4000) was used to capture the light output

spectrum.
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The photodiode was used in conjunction with the oscilloscope (Tektronix TDS
2024) and because the modest size of the photodiode PCB, it was easily incorporated
into the apparatus such that the output signal could be monitored continuously
throughout all experiments to ensure that the duty cycle and irradiances of the
optical pulses did not change over the course of an experiment.

Finally, voltage and current waveforms at different parts of the pulsing circuit
could be monitored using the oscilloscope (Tektronix TDS 2024). The current through
the LED array was indirectly measured by measuring the current across the 1 Q shunt
resistor connected between the transistor emitter and ground. The voltage across the
shunt resistor was measured, and then using the known value of the resistance in
conjunction with Ohm’s Law (V=IR), the current being drawn through the shunt

resistor and the LED array was calculated.

5.1.3 PREPARATION OF BACTERIAL SAMPLES

S. aureus was the bacteria used for all experiments in this chapter. As detailed
in Section 3.1.3.2, bacterial suspensions were prepared at a density of approximately
1-3x10* CFUml’, and suspensions with this cell density were used for exposure
experiments.

For all experiments (described in Sections 5.1.4.1 - 5.1.4.4), samples were taken
at the start, during, and at the end of the treatment periods. In each experiment, 4 ml
volumes of bacterial suspension (suspended in PBS solution) were pipetted into the
well of a 12-well multi-plate, and placed directly under the light source, as shown in
Figure 5.3. The bacterial test suspensions were then subjected to prescribed light
treatment (as described in Sections 5.1.4.1 - 5.1.4.4). Non-exposed control
suspensions were left under standard laboratory lighting conditions and sampled at
identical time points.

After light exposure, samples were spread plated onto 90 mm nutrient agar

plates in order to enumerate the surviving populations. Agar plates were incubated
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for 18-24 hours at 37 °C After incubation, colonies were enumerated, and results
converted to CFUmI™.

All experimental data are an average of a minimum of triplicate independent
experimental results, measured in duplicate (n>6). Each sample was taken and plated
in duplicate and the experiments repeated three times. Standard deviation (SD) was
calculated and used for all data and graphical representation. Data sets were analysed
using one-way ANOVA and Tukey tests with OriginPro 9.0.0 statistical software, with

significant differences accepted at P<0.05.

5.1.4 BACTERIAL INACTIVATION PROTOCOLS

A series of experimental protocols were established in order to investigate
important aspects related to the use of pulsing as a delivery method for 405 nm

light. These included:

Investigating the effects of duty cycle and peak irradiance variation.

¢ Investigating how the frequency of the optical pulses affected the
antimicrobial efficacy of 405 nm light.

¢ Investigating the effects of varying exposure length and duty cycle.

e Investigating pulsed-delivered dose and resulting bacterial inactivation.

Generation of this data allowed comparison of the efficacy of pulsed,
compared to continuous, 405 nm light in terms of antimicrobial efficacy, and any
electrical or optical efficiency improvements. Details of each of these protocols are
provided in the following sections. It should be noted that for all the recorded doses
- this is calculated from the power meter reading of the 405 nm light and so it the

dose of all light around the 405 nm region produced by the LED array.
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5.1.4.1 Investigating the effects of duty cycle and peak irradiance

variation

This experiment investigated how the peak irradiance of pulsed 405 nm light
affects the antimicrobial efficacy of the 405 nm light. The peak irradiance and duty
cycle of the optical impulses were varied, in order to determine their effect on
bacterial inactivation. The duty cycles used in this experiment were 25%, 50%, 75%
and 100% (or continuous). The peak irradiance increased with the smaller duty cycles
simultaneously to keep the overall dose and exposure time the same. The exposure
length was chosen to achieve a significant amount of inactivation but still have a
small count of CFU at the end of each exposure. The 24 °C temperature was chosen
as a representative stand room temperature. The parameters and variables for this

particular experiment are shown in Table 5.1.

During exposure, bacterial samples were taken at 30-minute intervals - 0, 30,
60, 90 and 120 minutes. Experiments were conducted in triplicate, with two samples

plated at each of the sample time point (n=6).

Table 5.1: The parameters and variables concerning the operation of the LED array for the
duty cycle and peak irradiance variation experiments detailed in Section 5.1.4.1.

Duty Cycle Peak Pulsing Bulk LED Exposure
(%) Irradiance Frequency Temperature Time
(mWcm?) (kHz) Q) (minutes)
25 64
50 32
1 24 120 115
75 21
100 16
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5.1.4.2 Investigating the effects of frequency variation

This experimental protocol was aimed to establish the effects of varying the
pulse frequency of the light on the antimicrobial efficacy. The initial run of the
experiment was carried out pulsing at 1 kHz, at a duty cycle of 50%, and at an average
irradiance of 24 mWcm™ (48 mWcem® peak irradiance) over a 60-minute exposure time.
The 50% duty cycle was chosen as a middle ground between a lower duty cycle and
continuous.

Over the course of the experiment the frequency was the only parameter
varied across 5 different values. The experimental parameters for the experiments

are shown in Table 5.2.

Table 5.2: The parameters and variables concerning the operation of the LED array for the
pulsing frequency variation experiments detailed in Section 5.1.4.2.

Pulsing Pulse Duty Exposure Bulk LED Peak Dose
Frequency Width  Cycle Time Temperature Irradiance (Jcm?)
(kHz) (ms) (%) (minutes) @) (mWcm?)
0.5 2
1 1 50 60 24 48 86.4
5 0.2
10 0.1

The exposure time for this set of experiments was reduced to 60 minutes,
compared to the 120-minute exposure in Section 5.1.4.1 as the peak intensity required
was lower, at 48 mWcm? as opposed to 64 mWcm?, so the experimental time could
be reduced. Bacterial samples were taken at 15-minute intervals - at 0, 15, 30, 45 and
60-minute time points at each of the given frequencies. The experiment was carried

out in triplicate, with two samples taken at each sample time point (n=6).
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5.1.4.3 Investigating the effects of varying exposure length and duty
cycle

This experiment was undertaken to investigate what effect the length of the
exposure has on the antimicrobial efficacy, with a constant overall constant dose and
varying duty cycles. The experimental methodology was adapted from that used in a
study by Li (Li et al, 2010) who carried out a similar experiment using pulsed UV
LEDs.

The duty cycle was altered over the four experiments, and the exposure length
was then increased with the reducing duty cycle in order to keep the overall dose
constant. All other parameters remained constant. The experimental parameters for

the 4 iterations are shown in Table 5.3.

Table 5.3: The parameters and variables concerning the operation of the LED array for the
exposure length experiments detailed in Section 5.1.4.3.

Duty Cycle Exposure Pulsing Bulk LED Peak Dose
(%) Time Frequency Temperature Irradiance (Jem-?)
(minutes) (kHz) @) (mWcm?)
25 80
50 40
1 24 30 36
75 27
100 20

During the experiment, bacterial samples were taken at four equidistant
points over the length of the exposure. Experiments were conducted in triplicate, with
two samples plated at each sample time point (n=6).

Following this, it was decided that the experiments would be run again to

achieve more bacterial inactivation and to assess if a larger disparity in the exposure
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times would have any effects. This was done because the results were quite mixed
and were hard to draw any trends or conclusions from so it was decided that a longer
exposure might provide a clearer trend or conclusion. Everything was kept the same
with the exception of the length of the exposures, which directly affected the dose.
The new parameter values are shown in Table 5.4.

During the experiment, bacterial samples were taken at four equidistant
points over the duration of the exposures. Experiments were conducted in triplicate,

with two samples plated at each sample time point (n=6).

Table 5.4: The parameters and variables concerning the operation of the LED array for the
second iteration of longer exposure length experiments detailed in Section 5.1.4.3.

Duty Cycle Exposure Pulsing Bulk LED Peak Dose
(%) Time Frequency Temperature Irradiance (Jem-?)
(minutes) (kHz) @) (mWcm?)
25 120
50 60
1 24 30 54
75 40
100 30

5.1.4.4 Investigating pulsed-delivered dose and resulting bacterial

inactivation

This experiment was undertaken to investigate whether the bacterial
inactivation achieved by pulsed light was proportional to the dose delivered, i.e. with
a constant peak irradiance and exposure time, to investigate whether a duty cycle of
25% would result in 25% of the bacterial inactivation achieved with continuous

exposure (100% duty cycle).
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In this set of experiments, the exposure time was shortened to 40 minutes
because the peak irradiance is lower than that of the experiments in Section 5.1.4.1-
5.1.4.3 with a peak irradiance of 29 mWcm®™. All parameters for the four iterations

of the experiment are shown in Table 5.5.

Table 5.5: The parameters and variables concerning the operation of the LED array for the
pulsed-delivered dose variation experiments detailed in Section 5.1.4.4.

Duty Cycle Dose Pulsing Bulk LED Peak Exposure
(%) (Jem-?) Frequency Temperature Irradiance Time
(kHz) @) (mWcm?®)  (minutes)
25 17.4
50 34.8
1 24 29 54
75 52.5
100 69.9

Bacterial samples were taken at 0, 10, 20, 30 and 40-minute time points.
Experiments were conducted in triplicate, with two samples plated at each sample
time points (n=6).

During this set of experiments (detailed in Section 5.1.4.4), optical efficiencies
were used to measure performance: optical efficiency being the bacterial inactivation
in CFUml' achieved per unit of optical energy applied per cm*. The electrical readings
were used to measure the power consumption of the LED array, in addition to power
consumption of the thermal management unit attached to the array and were
measured using a VIVID power meter (model: GT-PM-04). This was then used in
conjunction with the length of the exposure, to calculate the overall energy

consumption.
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5.2 RESULTS & DISCUSSION

This section details the results from the experiments outlined in Section 5.1.4.
The results are either graphed or tabulated and any trends or conclusions to be drawn

are outlined and discussed.

5.2.1 INVESTIGATING THE EFFECTS OF DUTY CYCLE AND PEAK IRRADIANCE

VARIATION

This experiment investigated the effect of peak irradiance on the
antimicrobial efficacy of the 405 nm light. The duty cycle was altered accordingly to
maintain a consistent dose throughout the experiments. Four duty cycles and peak
irradiances were tried as detailed in Section 5.1.4.1. Shown in Figure 5.6 & 5.7 are the

results from the 4 different duty cycles.
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Figure 5.6: Graphs demonstrating the effect of peak irradiance and duty cycle variation
on the inactivation of S. aureus when subject to pulsed 405 nm light. Bacterial
suspensions were exposed to an average irradiance of 16 mWcm? over a 2 hour period
using duty cycles of (a) 25%, (b) 50%, (c) 75%, and (d) 100%/continuous exposure. Data
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points represent the mean values (n=6) of surviving population + SD, standard deviation.
Lines are for visual guidance.
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Figure 5.7: Comparison of the inactivation effects of pulsed 405-nm LED-light exposures
with varying duty cycles (25%,/50%/75% duty cycles) and continuous LED-light exposures
(100% duty cycle) on bacterial suspensions of S. aureus. Irradiance was held constant at

16 mWcm?. Each data point is a mean value (n=6) + SD, Standard Deviation.

For each of 120-minute exposures to the 405-nm light, the results showed just
under a 2-log,, reduction in the bacterial population from start to finish with all duty
cycles. This represents a significant reduction in bacterial population (p<0.05) from
the starting populations to the post exposure populations. The percentage reductions
from start to finish - as demonstrated in Figures 5.6(a), (b), (c) & (d) - were
approximately 97%, 94%, 98% and 96% for the 25%, 50%, 75% and 100% duty cycles
respectively. The 75% appears to provide the highest level of inactivation at
approximately 98% with 50% showing the lowest at approximately 94%. Subsequent
statistical analysis showed that the difference between all the final post exposure
bacterial populations is not significant, p=0.6. The graphs in Figure 5.6 demonstrate
the gradual reduction of the bacterial population over the exposure time, as expected,

with each of the four duty cycles. The only apparent anomaly appeared at the 30-
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minute time point with the 100% duty cycle exposure (Figure 5.6 (d)). There appeared
to be a slower inactivation than the others at this point however by the 60-minute
time point - all duty cycles appeared to show similar levels of inactivation. After
statistical analysis however, no significant statistical difference (p>0.05, ANOVA) was
demonstrated between the bacterial populations of the different duty cycle exposures
at the 30-minute time point. Additionally - as observed - no significant difference in
bacterial populations was found between any of the duty cycles at any of the given
time point. The non-exposed control samples showed no significant change in
bacterial populations over the course of the experiments (p=0.05).

These results suggest that with the same dose applied over the same time,
with varying duty cycles and peak irradiances, antimicrobial efficacy does not appear
to be affected, either beneficially or adversely, when applied in a pulsed regime or
continuously.

Similar studies using pulsed UV LEDs have found differing results
demonstrating advantageous effects when using pulsed UV LEDs compared with
continuous (Wengraitis et al., 2012; Li et al, 2010). These studies, however, are not
directly comparable with the experiments carried out in this study, due to the use of
differing microbial strains and compositions; differing methods of pulsed radiation
delivery; and importantly, different light wavelengths (UV and 405 nm), and
consequently, differing inactivation mechanisms. Nonetheless, it is still of interest to
discuss the results with respect to the potential benefits of pulsed light regimes and
possible similarities.

In a study by Wengraitis (Wengraitis et al., 2012), Escherichia colibiofilms were
exposed to pulsed UV-C LED light, which varied in duty cycle, from 10%-100%, and
frequency from 0.1-100 Hz. Results demonstrated a changes in sensitivity, defined
by the authors as log Kkill per energy per unit area, log kills/mJcm?, between certain
duty cycle. A 25% duty cycle pulse regime showed approximately a 2-fold increase in
sensitivity over 50%, 75% and 90% duty cycles, with an increase from the approximate

average of 2.5 log kills/m]Jcm? to 5 log kills/mJcm® A further approximate 2-fold
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increase in sensitivity was found with a 10% duty cycle pulse regime compared with
the 25% regime with an increase from the approximate average of 5 log kills/mJcm?
to 9 log kills/mJcm®. The continuous exposure result appears somewhere in-between
the 25% result and the 50%, 75% and 90% results, but the authors stated that there
were not a sufficient number of continuous wave samples to include these results in
the statistical analysis. The results are not directly comparable with this study due
to:
¢ the focus of the study being UV-C opposed to 405 nm light exposures;
¢ the use of biofilms compared to bacterial suspensions;
e the parameter variation was not identical to that of the experiment in this
section (5.2.1) - with the lower duty cycles 10%, 25% & 50% being subjected to
250 pJem?, 500 pJem? and 1 mjJcm? respectively and the remaining 3 duty
cycles subject to 1.3 mJcm®. The dose was however kept consistent in the

experiment in this section (5.2.1); and,

the time of exposures was varied, with constant peak irradiance.

Nonetheless, the overall results of Wengraitis’ study (Wengraitis et al., 2012)
show an inverse relationship with sensitivity versus duty cycle. Most inactivation per
unit optical dose was achieved at lower duty cycles. This indicates that the
inactivation or at least the efficacy of inactivation may not be entirely dose
dependent. The results in this section (5.2.1) however show little difference in
inactivation with a consistent dose suggesting a dose dependency relationship. From
this result - dose dependency was further researched with 405 nm light and the
investigation results are detailed in Section 5.2.4.

Another study by Li (Li et al., 2010) demonstrated increased inactivation of E.
coli (bacterium) and Candida albicans (yeast) biofilms with pulsed application of UV-
A LEDs (Li et al., 2010). The results indicated an improvement in performance whilst
altering the duty cycle, with all duty cycles (25%,50%,75%) yielding significantly

different (p<0.05) levels of inactivation. The continuous exposure demonstrated
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91.5% reduction in the C. albicans population whilst the three pulsed exposures
demonstrated significantly (P<0.05) higher population reductions all in excess of 99%.
Similarly, with the E. coli, the pulsed exposures demonstrated inactivation of over
90% of the bacterial population with the continuous exposure demonstrating lower
inactivation at about 85%. As mentioned, the results shown in Figure 5.6 & 5.7
demonstrate over 90% reduction of bacterial populations however none reach an
excess of 99% as demonstrated by Li (Li et al., 2010) with the C. albicans. That being
said, the statistical analysis suggested no significant difference (p<0.05) between any
of the population reductions demonstrated in this study, i.e. Figure 5.6 & 5.7 -
whereas the study by Li (Li et al, 2010) demonstrates significant differences in the
percentage reductions. The paper illustrates error bars on the graphical
representation of the data however fails to give a value for n so it is unclear how
many repeats the experiment had - whereas the n=6 value for this study gave a high
degree of variability leading to statistical analysis showing no significant differences.

While these results are not directly comparable with the present study since
the focus is on UV-A and non-identical methods, they are indicative of the improved
antimicrobial efficacy that may be achieved via pulsed UV light delivery.

As mentioned, the methodologies used in these UV-based studies (Wengraitis
et al., 2012; Li et al, 2010) were different from the present experiment in that the
exposure time and dose were varied in each experiment with constant peak

irradiance.

5.2.2 INVESTIGATION INTO THE EFFECTS OF FREQUENCY VARIATION

In this experiment the frequency of optical impulses was altered. The bacterial
inactivation achieved with five frequencies, ranging from 100 Hz-10 kHz, each with a
50% duty cycle, was compared; the results are shown in Figure 5.8 & 5.9. The average
irradiance for each of the frequencies was 24 mWcm? and each exposure was run for

60 minutes.
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Figure 5.8: Graph demonstrating the bacterial inactivation achieved under pulsed 405 nm
light at a 50% duty cycle across a range of 5 different frequencies. S. aureus populations
in suspension over the course of a 1 hour exposure to 405 nm light at an average
irradiance of 24 mWcm-2. Data points represent the mean values (n=6) of Surviving
population + SD, standard deviation. Lines are for visual guidance. (a) Results of the
100Hz Frequency exposure; (b) Results of the 500Hz Frequency exposure; (c) Results of
the 1kHz Frequency exposure; (d) Results of the 5kHz Frequency exposure; and (e)
Results of the 10kHz Frequency exposure.
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Figure 5.9: A comparison of the inactivation effects of 405-nm LED-light exposures with

varying frequencies (100 Hz - 10 kHz) on bacterial suspensions of S. aureus. Each data

point is a mean value (n>6) + SD, standard deviation. * indicates a significant difference
(p<0.05).

Data in Figure 5.8 shows that successful bacterial inactivation was achieved
using all frequencies, and all show a significant difference (p<0.05) between the start
and end populations. Figure 5.8(a) shows the 100 Hz frequency exposure results,
which demonstrates a gradual decrease in population over the exposure time and
approximately a 91% population reduction which is just a 1-log,, reduction. Figure
5.8(b) shows the 500 Hz experiment and demonstrates a similar downward trend over
the exposure time however demonstrating a closer to a 98% reduction in population
by the end - almost a 2-log,, reduction. Figure 5.8(c)illustrates the 1 kHz experimental
results and the apparent best performance. This showed the same downward trend
over the exposure time but demonstrated approximately a 99.8% reduction in
bacterial population - almost a 3-log,,reduction in population. Figure 5.8(d) details
the 5 kHz experiment and similarly downs a downward trend over the exposure time
demonstrating a 97% population reduction, between a just under a 2-log,, reduction,
from start to end. Finally, Figure 5.8(e) shows the results for the 10 kHz experiment
which demonstrates the slowest and least inactivation. There is a downward trend
although it appears slower than the other frequencies and across the same exposure

time only demonstrates a reduction of 77% - which is less than a 1-log,, reduction.
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There was a wide range of inactivation results with the 1 kHz experiment
achieving the most inactivation by the end of the exposure showing almost 2.8-log,,
reduction in population whilst the 10 kHz only demonstrated approximately a 0.65-
log,, reduction over the same period with the same dose.

Statistically, there is no significant difference (p>0.05, ANOVA) when
comparing the bacterial inactivation achieved each of the specific time points at the
100 Hz, 500 Hz, 1 kHz and 5 kHz exposures. The 10 kHz exposure, however, shows
statistically significant differences in the bacterial populations at the 30- and 45-
minute time points, as illustrated on Figure 5.9.

Post-hoc analysis using the Tukey test showed that, after 30-minutes
exposure, there was a significant difference between the inactivation at 1 kHz and 10
kHz (p=0.002), as well as between the inactivation at 500 Hz and 10 kHz (p=0.0056).
At the 45-minute time point, the only significant difference in inactivation was found
between 10 kHz and 1 kHz (p=0.035) with all other time points showing no significant
differences (p>0.05) between the frequencies.

The non-exposed control samples appear to be consistent across the range of
frequency experiments. Each shows no significant reduction from start point to end
point (p>0.05). Additionally, when compared with each other, all the starting
populations demonstrate no significant differences (p>0.05) and likewise all 60
minute time points, when compared, show no significant differences either (p>0.05).

The only differing result is that of the 10 kHz frequency, which appears to
achieve a slightly lower level of inactivation across the 60 minute period (despite
statistical analysis deeming no significant difference). Observably the 15-, 30- and 45-
minute time points appear to have less kill than other frequencies - with statistical
analysis showing significantly less kill than 1 kHz at the 30 and 45 minute time
points and 500 Hz at the 30 minute time point, suggesting a possible lag in
inactivation kinetics at 10 kHz.

Considering the inactivation mechanism, it was initially hypothesised that a

critical number of photons must be absorbed within a specific timeframe to achieve
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maximum production of the radicals necessary for inactivation. Building upon this
theory, it was postulated that perhaps the pulses of light at 10 kHz (at a 50% duty
cycle) with a pulse width of 50 ps are too short, resulting in reduced photon uptake
by the intracellular porphyrins, non-optimal radical production and hence a reduced
rate of inactivation. The second law of photochemistry (Stark-Einstein Law) however
states that light absorbed need not necessarily result in a photochemical reaction,
but if it does, only one photon is required for each molecule effected (Smith and
Hanawalt, 1969, pp. 5). This suggests that each molecule only needs to absorb one
photon of 405-nm light, and so the idea of reduced photon uptake per molecule
causing non-optimal radical production seems less likely. However, if the assumption
is made that more than one of the target porphyrin molecules are present inside the
bacterial cells, it could be suggested that a certain number of these porphyrins must
absorb photons to induce sufficient ROS production and associated oxidative
damage, to cause complete inactivation of the bacterial cell, below which the bacterial
cell can still survive or take a longer time to become inactivated. Hence, with a short
pulse of photons, it may be the case that not enough porphyrins in some bacterial
cells are being excited which could result in slower death of the cells or a reduced
rate of inactivation, which is seen in the results displayed in Figure 5.8 & 5.9.

Although photons are discussed above the number of photons of flux density
is an interesting note. For 405 nm light of 24 mWcm™ - the flux density of photons
per cm’ per second passing through the bacterial suspension would be approximately
1.17x10°. This is an astronomical number of photons - and it is just to put the
discussion point of single photons into context and could be of interest for future
work if looking at or modelling photon interaction with microbial cells.

The start and end populations of the bacteria for the 10 kHz exposure appear
to be higher than the other frequency end populations show no; statistical analysis
of the end populations suggested however that over the full exposure period the

inactivation achieved at 10 kHz was not significantly different (p>0.05) when
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compared with the other frequencies. Additionally, when looking the inactivation
kinetics, it appears that inactivation at the intermediate time points occurred at a
slower rate. In the case of each frequency, the number of photons applied over the
exposure time is the same in theory, given the dose for each of the different frequency
exposures is constant; and so the only difference is the pulsing frequency, which in
essence is the periods of ‘on’ and ‘off’ time the sample is exposed to. It could be that
the shorter periods of photon exposure allow the bacterial cells to activate cellular
defenses, which could slow down the rate of reaction possibly explaining the reduced
rate of inactivation for the 10 kHz exposure. Again, further investigation would be
required to confirm this theory, but the current results indicate that, for the most
part, frequency appears to have little effect on inactivation.

Li (Li et al., 2010) carried out similar experiments investigating pulsed UV-A
LEDs and their inactivation effects on microbial biofilms. The experiments were
carried out using biofilms of both C. albicans and E. coli, and the frequency range was
from 0.1 Hz to 1 kHz and demonstrated that the inactivation rate significantly
increased (p<0.01) with frequency up to 100 Hz - however the 1 kHz demonstrated
a reversal in the trend. Results with C. albicans showed microbial inactivation of
approximately 99.25% for the 100 Hz pulsed exposure, with the continuous exposure
yielding approximately 94% inactivation. Similarly, E. coli biofilms showed bacterial
inactivation of approximately 97% for the 100 Hz pulsed exposure, with the
continuous exposure only achieving approximately a 90% inactivation. The present
study however demonstrates a range of bacterial population reductions from
approximately 77% to 99.8% across the 10*10* Hz frequency range, hinting at a
possible lag in inactivation kinetics at the highest frequency. It demonstrates a similar
trend, showing 91% reduction at 100 Hz, increasing to 98% reduction at 500Hz,
increasing to the maximum of 99.8% reduction at 1 kHz, then reducing after 1 kHz
to 97% reduction at 5 kHz and finally 77% reduction at 10 kHz. The same trend
appears however the frequencies at which the maximum inactivation occurs is

different. Additionally, statistical analysis showed no significant differences between
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the final bacterial populations in the present study due to high levels of variability
whereas the study by Li (Li et al., 2010) demonstrated significant differences between
the remaining populations. Again, the experiments are not directly comparable, given
the difference in the frequency ranges used and the differing antimicrobial
mechanism between 405 nm and UV light. The study by Li (Li et al, 2010) however
does suggest that frequency can have an effect, and although the statistic suggest
that there is no significant difference - the number appears to suggest that there
could be an effect and the study by Li (Li et al., 2010) appears to concur.

The study by Wengraitis (Wengraitis et al., 2012), which used UV-C LEDs,
compared different duty cycles and frequencies and their effect on inactivation of E.
coli. The authors found that varying frequencies in the range from 0.5 Hz to 100 Hz
had a much less distinct effect on inactivation than that of the duty cycle. There was
only a significant difference found between the 1 Hz and the 100 Hz experiments,
with the 1 Hz demonstrating improved sensitivity when compare with the 100 Hz
experiment. All other frequencies showed no significant difference. The trend
appears to be a decrease in Sensitivity (author defines sensitivity as log kills per
mJcm? of irradiance) with an increase in frequency which is the opposite of the
finding demonstrated by Li et al. - however, the statistical analysis only demonstrated
one significant difference between the 1 Hz and 100 Hz exposure with the rest
showing no significant difference, not unlike the present study, which in fact
demonstrates no statistically significant difference between start and end.

The experimental results from Wengraitis (Wengraitis et al., 2012) are not
directly comparable the present study or the study undertaken by Li (Li et al., 2010),
not only because of the difference in wavelength of radiation used, but the difference
in the frequency ranges used, organisms used and culture of said organisms. S.
Wengraitis et al. (Wengraitis et al., 2012) experimented with frequencies from 0.1-100
Hz and Li et al. (Li et al, 2010) used 0.1-1000 Hz, with varying degrees of resolution.
The frequencies in the present study were higher overall, spanning from 100 Hz - 10

kHz, and this range was chosen bearing in mind possible practical antimicrobial
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applications. One of the main benefits of the use of 405-nm light for disinfection is
that it can be used safely in the presence of humans and thus it would be desirable
to design a system with comfort in mind, i.e. to not have a perceivable pulsing 405
nm light as would be apparent with the lower frequencies, but to have higher

frequency pulsing which appeared continuous to the human eye.

5.2.3 INVESTIGATING THE EFFECTS OF VARYING EXPOSURE LENGTH AND DUTY

CYCLE

As mentioned in Section 5.2.4.3, The design of these experiments was based
on the experimental protocols used in the studies by both Li (Li et al, 2010) and
Wengraitis (Wengraitis et al., 2012), which varied the microbial exposure times.

There is a consideration that over a longer exposure time, the damaging
radicals produced by the photoexcitation process could have more time to interact
with, and cause oxidation of, the exposed cells, thus over an extended period of time
this could increase the overall inactivation achieved. It is for this reason that the
general protocol for the experiments in this chapter was to ensure that all exposure
times were kept constant to ensure fair comparison, however, this experiment was
specifically set up in order to investigate this techmical consideration. The
experimental protocol was fixed to investigate the effect of applying the same dose,
at the same peak irradiance with differing duty cycles and exposures times similar to
that Li (Ii et al, 2010) and Wengraitis (Wengraitis et al., 2012), in an effort to
demonstrate any differences exposure time could have. As stated in Section 5.2.4.3,
for these experiments, samples were taken at the start and end exposure points only.

Results are shown below in Tables 5.6 & 5.7.
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Table 5.6: Experimental results of the 20-80 minute exposure length experiments
investigating the effects of the varying the length of exposure and duty cycle on the
antimicrobial efficacy, with peak irradiance and dose kept constant at 30 mWcm? and
36 Jcm?, respectively. Each population represents an average of 6 samples, n=6. Each of
the four duty Cycles demonstrated a significant difference (P<0.05) between start and end
population as denoted by *.

Duty Starting Post-exposure Exposure
Percentage
Cycle Population +Std Population +Std Time
Reduction (%)
(%) Dev (CFUml") Dev (CFUml") (min)
25 2075 + 321 1128* + 785 45.6 80
50 1830 + 348 801* + 785 56.2 40
75 1880 + 366 1126* + 859 40.1 27
100 2232 +£178 412* + 157 81.5 20

Table 5.7: The experimental results of the 30-120 minute exposure length experiments
investigating the effects of the varying the length of exposure and duty cycle on the
antimicrobial efficacy, with peak irradiance and dose kept constant at 30 mWcm? and
54 Jcm?, respectively. Each population represents an average of 6 samples, n=6. Each of
the four duty Cycles demonstrated a significant difference (P<0.05) between start and end
population as denoted by *.

Duty Starting Post-exposure Exposure
Percentage
Cycle Population +Std Population +Std Time
Reduction (%)
(%) Dev (CFUml") Dev (CFUmI") (min)
25 1710 + 142 305* + 346 82.2 120
50 1897 + 141 125* + 194 93.4 60
75 1872 + 269 45* + 70 97.6 40
100 2232 +178 117+ 129 94.8 30

In both the 20-80 minute experiments and the 30-120 minute experiments -
results detailed in Table 5.6 & 5.7, all of the post-exposure populations showed a
significant reduction (p<0.05) in bacterial population when compared to the starting
populations. There was a range of percentage reduction in bacterial population across

the two sets of experiments ranging from 40.1% up to 97.6%.
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In the 20-80 minute exposure experiment there is a large difference in the
inactivation achieved with the 100% duty cycle, or continuous, for 20 minutes - this
exposure achieved the maximum reduction in bacterial population of 81.5%. The
other three pulsed duty cycles, 25%/50%,/75%, all demonstrated inactivation levels
much lower, with 75% duty demonstrating 40.1% reduction, less than half the
percentage reduction of the continuous. The variation of results in these experiments
was large leading to sizable standard deviations and thus the statistical analysis
suggested no significant difference (p>0.05) between any of the post-exposure
bacterial populations despite the differences in the averages between the continuous
and the 3 pulsed experiments in terms of percentage reduction. These results appear
to suggest that the pulsed exposures over a longer period are less effective in terms
of antimicrobial efficacy than the continuous exposure over a shorter period. There
are, however, sizable standard deviations on the pulsed exposure results so it is still
unclear whether the conclusion that pulsing is less effective is entirely true - the
statistical analysis seemed to suggest not. The non-exposed samples showed no
significant difference (p>0.05) from the starting population.

This result contributed to the decision to repeat the experiment with longer
exposure times in order to increase the bacterial inactivation achieved, and attempt
to improve the consistency of results.

The 30-120 minute exposures all demonstrated a significant reduction in
bacterial population from starting population to post-exposure population. In terms
of percentage reduction, they also seem much more consistent with a smaller range
of 15.4% - ranging from 82.2% up to 97.6% - much less than the 41.4% range in the 20-
80 minute exposures. Additionally, the standard deviations in the 30-120 minute
exposures are numerically smaller than that observed in the 20-80 minute exposures
- so the results appear to be more consistent overall in terms of range on percentage
reduction and variability. It is unclear why this is the case - perhaps that the dose
being delivered in the case of the former experiments was inactivating to a shoulder

point causing high levels of variation whereas the latter experiment applied a higher
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dose bringing the populations down much closer to zero providing more consistent
results across the board.

The highest reduction is observed with the 75% duty cycle for 40 minutes that
demonstrates a 97.6% reduction in bacterial population. A close second is the
continuous 100% duty cycle exposure for 30 minutes which demonstrates a 94.8%
reduction followed by the 50% duty cycle and then the 25% duty cycle. Again, these
results when analysed statistically show no significant difference (p>0.05) between
any of the post-exposure bacterial populations. The non-exposed samples showed no
significant difference (p>0.05) from the starting population.

These results seem to suggest that pulsing over a longer duration has little
effect on the antimicrobial efficacy of the 405 nm light - suggesting that the dose is
a more important factor than the duty cycle or exposure time. This being said - the
results could vary with different levels of irradiance and much longer exposure times
but these two experiments seem to suggest that the inactivation achieved is more
dose dependent than time dependent. It would however to be interesting to apply a
dose over very different exposure times - for instance 10 second and 30 minutes -
and compare the results.

The main objective of these experiments was to evaluate any differences in
the post exposure populations between the different exposure times/duty cycles.
When compared, the post-exposure bacterial populations in both cases demonstrated
no statistically significant difference (p>0.05) between any of the exposures, with the
25% duty cycle experiment being 4 times longer than the 100% duty cycle experiment.
The results showed no significant difference in post exposure bacterial populations,
suggesting no beneficial or detrimental effects in applying the same dose over
different exposure times and duty cycles and indicate that dose ultimately appears
to relate more closely with the amount of inactivation than exposure time.

The study by Li (Li et al., 2010), investigated the effect different duty cycles
for continuous and pulsed light, including exposure time variation to maintain a

consistent dose. The results of the experiments demonstrated an improvement in
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performance with pulsed UV-A when compared with continuous. For both C. albicans
and E. coli, the antimicrobial efficacy increased directly with the duty cycle, with a
75% duty cycle showing the best inactivation. The experiment with C. albicans
demonstrates an inactivation rate of 91.53% with the continuous exposure, but all of
the pulsed exposures (25%/50%,/75%) demonstrate an inactivation rate in excess of
99%. E. coli showed a similar improvement although not at the same level of
inactivation with pulsed demonstrating excess of 90% inactivation and continuous
lower than that. The exposure times were below five minutes so not comparable to
the current study (Section 5.2.3) - due to the fact that UV-A is much more bactericidal
than 405 nm light. The study by Li et al. (Li et al., 2010), demonstrated clear advantage
using pulsed UV-A over continuous with a higher inactivation rate achieved and
suggests that with an increase in duty cycle the inactivation rate will also increase -
which seem counter-initiative given that the 100% duty cycle is the lower level of
inactivation rate.

The results do not agree with that of the finding in the experimental section
however there are a sizable difference in the experiments - exposure time,
wavelength of light, bacteria used - which could majorly impact the results.

A study by Wengraitis (Wengraitis et al., 2012) also varied exposure time and
dose, although it was noted in the study that the dose was altered because the
exposure time would have been too long for the lower duty cycle. Due to this, the
author used a measure called sensitivity, which is a measure of inactivation with
respect to unit of dose. The results demonstrate, not necessarily more kill with the
low duty cycles but more kill per unit of dose applied. These results therefore appear
to contradict the results obtained in this study (Section 5.2.3), which suggest that
inactivation is more dose dependent than based on exposure time of duty cycle. Again
- the experiments are not directly comparable using different methods, bacteria,
wavelength of light; however, they are more comparable to the next set of

experiments, results discussed in Section 5.3.4.
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5.2.4 INVESTIGATING PULSED-DELIVERED DOSE AND RESULTING BACTERIAL
INACTIVATION

These experiments were performed in an effort to establish whether the
bacterial inactivation was dose dependent under different pulsing conditions. There
are studies (Murdoch et al., 2012; Endarko et al, 2012; Enwemeka et al., 2008), that
suggest the antimicrobial properties of 405 nm light appear to be dose dependent.
No study thus far has looked at dose dependency under pulsed conditions, and this
was the focus of the current experiment. This experiment kept all parameters, except
the duty cycle, constant, which in turn directly impacted the dose applied to the
bacterial sample. The hypothesis was that, assuming the antimicrobial effects of 405
nm light are not fully dose dependent, the duty cycle and dose are not directly
proportional to the bacterial inactivation achieved and thus more efficient bacterial
inactivation could be achieved through the application of pulsed 405 nm light
opposed to continuous. The results are shown below in Table 5.8.

All four of the exposures demonstrate a significant reduction (p<0.05)
between the starting populations and post-exposure populations. The percentage
reductions range from 48.9% up to 98.9% and percentage reductions increase with
the duty cycle from 25% up to 100% - and thus the dose, as expected. The continuous,
or 100% duty cycle, demonstrated at 98.6% reduction in bacterial population and so
for the 25% duty cycle, with 25% of the dose, the expectation would be 25% of the
inactivation achieved if the reaction was dose dependent. The 25% duty cycle
experiment however demonstrated a 48.9% reduction - just under 50% of the
inactivation achieved by the continuous exposure but for 25% of the dose delivered.
Similarly, the 50% duty cycle demonstrated a 70.8% reduction in bacterial population
which is just over 70% of the inactivation achieved by the continuous exposure - and
again for 50% of dose delivered. Furthermore the 75% duty cycle exposure
demonstrated an 87.4% reduction in bacterial population, just over 88% of the

inactivation achieved by the continuous exposure - for 75% of the dose delivered. The
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results appear to contradict that of the earlier work in Section 5.2.1 and 5.2.3 - which
suggest there is an element of dose dependency to the 405 nm light inactivation. All
unexposed sample showed no significant difference (p>0.05) when compared with
the starting populations with all post exposure populations showing a significant
difference (p<0.05) when compared with the starting populations.

An interesting addition had time allowed would have been to look at this
experiment but instead of changing the duty cycle - apply the same dose across the
range of duty cycles and do this for a number of doses to get a bigger picture of what
might be happening.

Comparing the post-exposure bacterial populations statistically, results
suggest a significant difference between the 25% duty cycle and the 100% duty cycle
exposures (p=0.00432) and between the 25% duty cycle and the 75% duty cycle
exposures (p=0.02885). However, there is no significant difference (p>0.05) between
the 25%, 50% and 75% or between the 50%, 75% and 100% duty cycles.

In each of the pulsed cases the dose was directly related to the duty cycle, and
the pulsed exposures, although demonstrated lower overall bacterial inactivation,
demonstrated more inactivation per unit of dose delivered than the continuous
exposure - with the inactivation per unit dose increasing with a decrease in duty
cycle. This inactivation per unit dose is referred to in this study as optical efficiency
- and the average optical efficiency of the 25% duty cycle exposure shows an increase
of over 80% when compared with that of the 100% duty cycle exposure. Likewise, the

other two pulsed exposure demonstrate an increase in optical efficiency.
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Table 5.8: The experimental results showing the relation of a pulsed dose of 405 nm irradiation and the bacterial inactivation achieved. The
power consumption is also provided, allowing a comparison of Optical Efficiency and Electrical Energy Consumption. Each experiment was
carried out in triplicate with each starting population shown being an average of 3 values (n=3) with the standard deviation. “Average Optical
Efficiency is the bacterial inactivation per unit of optical energy per cm? applied. *Average Electrical Energy Efficiency is the bacterial
inactivation per unit of electrical energy expended. *Indicate post-exposure bacterial populations which were significantly different to the post-
exposure population at 25% Duty Cycle (p<0.05).

Electrical Energy

Starting Post-Exposure Optical Efficiency” cd 4
g?ctll: Population +  Population + Std ~ Percentage Dose (CFUmLI' /Jen?) Co ’i’/;el;g); ion Ef] flCIW}Q’i
()y ) ’ Std Dev Dev Reduction (%)  (Jem?) (k])p (CFUmL'kJ")

K (CFUml") (CFUml") Range Average Range Average
25 2272 +435 1161 + 278 48.9 17.4 36.21-76.44 55.7 87.9 7.17-15.13 11.0
50 2246 + 197 655+ 879 70.8 34.8 4.60-63.74 41.9 112.8 1.42-19.66 12.9
75 2172 + 152 273% + 396 87.4 52.2 13.41-46.32 36.1 132.8 5.27-18.21 14.2
100 2167+ 178 24% + 34 98.9 69.6 29.02-33.04 30.4 174.0 11.60-13.22 12.2

129



In terms of electrical power, the term electrical energy efficiency is used -
which is bacterial reduction per unit of electrical energy. The continuous exposure
used 174 KkJ of electrical energy (measured using a wall plug power meter) and whilst
the 25% duty cycle used 87.9 KkJ which is approximately 51% of the electrical energy
to achieve approximately 49% of the inactivation. In terms of electrical energy
efficiency there is not much difference between the 25% duty cycle exposure and the
continuous exposure - the pulsed exposure is marginally less efficient. The 50% duty
cycle shows a slightly better electrical energy efficiency using 65% of the electrical
energy used by the continuous and achieving an average of 70.8% of the inactivation.
Finally, the 75% duty performed the best in terms of electrical energy efficiency. It
used 132.8 kJ, approximately 76% of the electrical energy used by the continuous
source, to achieve 87.4% of the continuous exposure. This is possibly due to the idea
of a base power consumption. The circuit running at a 25% duty cycle will not simply
use 25% of the electrical energy - there will be an amount of energy used regardless
of the duty cycle and so 75% duty cycle makes the most of this delivering the highest
dose (using the most energy) of the pulsed exposures and consequently achieving the
highest bacterial inactivation of the pulsed exposures. Put another way, it combines
the higher optical efficiencies when pulsing with the higher dose exploiting the most
out of the base electrical energy.

The electrical readings do demonstrate that electrical energy efficiency can be
improved by pulsing the LEDs however the higher duty cycle appears to provide the
highest electrical energy efficiency.

Figures 5.10 (a) and (b) shows the change of fractional survival of bacterial

populations with electrical energy and dose respectively.

130



o
@

=
o -
=R y = 38.837¢0-046x
EH R? = 0.9623
£ 06
27
S A 05 [ )
S £
8 3
L 04
Ly
= 03
- u
a =
— 02
=
2 °
T 01 e
& 0 [ e
g b e
0 ----- ’
80 100 120 140 160 180
(a) Electrical Energy Consumption (kJ)
0.9
(w]
S y = 2.6063¢0-071x
o+
= 0.8 R%=0.8908
S 07
0-‘ ~
T
2 06
+
S S 05 o
m
a— [%2]
o S~
= g' 0.4
S A
23
5 LIGJ 0.3 ®
(o
S 02
S :
L T e e e et i s v
£ ...............
o b T e ®
0 10 20 30 40 50 60 70 80
(b) Applied Dose (Jcm2)

Figure 5.10: Graphs showing the fractional surviving bacterial population (results
from Table 5.8) of S. aureus after exposure to 405 nm light and how it changes
with (a) Electrical Energy and (b) Applied Dose of Optical Energy. The Solid lines are
for visual guidance. The Broken lines demonstrate first order exponential trend
lines - with the equations given on the graph - to obtain the inactivation rate
constants for both electrical energy and applied dose.
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Looking at Figure 5.10(a) and the equation is can be seen that from the trend
line - there is an inactivation rate constant of 0.046 kJ' of electrical energy. Looking
at the applied optical dose graph in Figure 5.10(b) - the trend line demonstrates an
inactivation rate of 0.071 cm?J" of applied dose. Comparing the inactivation rate of
applied dose to that of S. aureus aerosols exposed to UV-C - the difference in the
required dose becomes clearer. A study by Kim (Kim & Kang, 2018), demonstrated an
approximate 6-log,, PFU/ml (Plaque Forming Units) reduction of S. aureus with an
inactivation rate constant of 2.64 cm’mJ’. As can be seen this when converted to
equivalent units - the inactivation rate constant for 405 nm light is 71 cm’m]’
compared with the 2.64 cm’m]J’ for UV-C. It is clear that UVC is more efficient at
inactivation than 405 nm light. It should be noted that these rates are specific to
these studies and these would vary between different experimental setups.
Differences would be observed dependent on the medium of the organism e.g.
suspension, seeded agar plate or aerosols, as well as the microbial organism used
among other experimental parameters. However, the inactivation rate constants allow
for comparison of UV and 405 nm light studies and should across the studies
demonstrate the increased germicidal properties of UV when compared with 405 nm
light.

Results demonstrated conclusive evidence showing that the antimicrobial
efficacy of 405 nm light is not entirely dose dependent in all applications - and that
pulsed application can lead to more efficient bacterial inactivation in terms of optical
and electrical energy efficiencies. It may be the case that an element of optimization
will be required between the optical efficiency and electrical energy efficiency to
provide the most efficient means of inactivation give that the lowest duty cycle
provides the highest optical efficiency but lowest electrical energy efficiency.

Initial experiments, in Section 5.2.1, altering peak irradiance and duty cycle
simultaneously, showed no improvement in the antimicrobial efficacy, but this
appears to contradict the final set of results shown in Table 5.8. These results may

have been masked in initial experiments by the simultaneous change in peak
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irradiance with duty cycle in order to keep the overall dose constant. Similarly, the
experiments in Section 5.2.3 demonstrated no improvement in efficiency but this may
also have been masked by the different exposure times.

The results of these dose dependency experiments agree with those of
Wengraitis (Wengraitis et al, 2012), who also found an increase in both energy
efficiency (synonymous with electrical energy efficiency in this study) and sensitivity
(synonymous with optical efficiency). The two lower duty cycle exposures in the study
by Wengraitis (Wengraitis et al, 2012), of 10% and 25%, albeit with UV-C LED and not
405-nm light, showed higher efficiency in terms of electrical energy and optical
energy. The lowest duty cycle showed the most efficient operation in terms of both
efficiencies. The lowest duty cycle in this study (Section 5.2.4) was 25% and in terms
of optical efficiency this was the most efficient, which agrees with the results found
by Wengraitis (Wengraitis et al., 2012), however the 75% duty cycle was found to be
most efficient in terms of electrical energy efficiency which doesn’t agree with the
results found by Wengraitis (Wengraitis et al., 2012). Again, due to slight differences
in experimental methodology and the wavelength of light the results are not directly
comparable but both studies do agree that improved efficiency is evident through
pulsed delivery of light.

Additionally, a study by Li (Li et al., 2010) did conclude that pulsed exposures,
albeit using UV-A LEDs, resulted in more effective inactivation. These two studies
(Wengraitis et al., 2012; Li et al, 2010) in tandem with this present study conclude
that pulsed delivery of radiation, whether visible light or UV light, can demonstrate
significant improvements in inactivation efficiencies.

As for the reason, neither the study by Li nor Wengraitis (Li et al, 2010;
Wengraitis et al,, 2012) has explicitly proposed a clear hypothesis as to why the
pulsed light demonstrates higher efficiency. Both paper use different wavelengths of
light so although both mechanisms attack cell DNA - UV-A generates ROS resulting
in single-strand DNA breaks whilst UV-C causes direct DNA damage (Li et al., 2010) -

the reasons for pulsing being more effective in each case could be different. 405 nm
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light however is thought to produce ROS through the excitation of porphyrin
molecules within the cells. The ROS then likely causes oxidative damage to all
components within the cell including the cell wall itself, as discussed in more detail
in the literature review (Section 3.5.3). One possible explanation for the results in this
study, showing more efficient pulsed 405 nm inactivation, is that there could be a
delay in the inactivation mechanism, i.e. a period of time for enough radicals to be
produced to cause enough cellar damage to render it inactivated. Assuming that there
are multiple porphyrins capable of photon absorption per bacterial cell, there could
be a point at which more photons being absorbed by the porphyrins in the bacterial
cell would have little effect on the inactivation mechanism already in progress.
Pulsing light with ‘on/off’ periods of exposure could be more efficient if this was the
case, with optimal efficiency being achieved if the pulse width could be matched with
the inactivation time constant. This would give the bacterial cells time to be
inactivated and possibly allow for the photons to then reach other active bacterial
cells that were perhaps shielded previously.

This idea also contributes to the thought that dose might not be the only factor
in the inactivation efficacy and could explain why lower duty cycles show more
efficient inactivation, in terms of both optical efficiencies and energy consumption.
The ‘off’ period gives the absorption of light and generation of radicals time to occur
and cause damage to the cells, and thus less photons are absorbed unnecessarily, i.e.
without contributing to the inactivation process already in effect.

At the outset of the study, it was hypothesized that there may have been
improved antimicrobial performance caused by the higher-irradiance pulses of light.
A study carried out by Endarko (Endarko, 2011) using an array of 99 high powered
405 nm LEDs showed that, for the most part, the inactivation appears to be dose
dependent. At the highest dose of 154.1 Jcm?®, however, a significant difference
between the varying irradiances was observed with the lower irradiance of 8.6 mWcm
® yielding less bacterial inactivation. In physical terms, higher irradiance does not

affect the energy of the individual photons of light, but means that there will be more
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photons per unit time reaching the sample. It seems intuitive that there will come a
point at which the bacterial sample is saturated and cannot absorb any additional
photons and thus the cumulative energy effect is lost; in other words, an increase in
irradiance will have no additional inactivation effect. This would suggest that
although there may be a range of irradiances through which the inactivation will be
relatively dose dependent, inactivation may not always be fully dose dependent and
the relationship between irradiance, dose and inactivation achieved will more than

likely be a non-linear relationship.

5.3 CONCLUSIONS

This study has indicated that pulsing of 405-nm LED-light, whilst maintaining
the same dose over the same period of time (i.e. altering the duty cycle and peak
irradiance simultaneously), has no advantages over continuous 405-nm LED-light
exposure in terms of antimicrobial efficacy, with all experiments demonstrating an
approximate 2 log,, reduction over 2 hour exposures. In addition, the frequency of
the pulsed 405-nm LED-light at a constant duty cycle of 50% appears to have little
effect on the antimicrobial efficacy, with the exception of 10 kHz, which appeared to
yield a difference in inactivation kinetics, but statistically showed the same level of
inactivation at the end of the 60-minute exposure as other frequencies. Additionally,
the extended exposure time appeared to have no effect, when the same dose is
delivered across differing exposure times.

However, it appears that over the same exposure period with the same peak
irradiance - the bacterial inactivation is not entirely dose-dependent and higher levels
of efficiency - both in terms of power and bacterial inactivation - can be achieved by
varying the duty cycle. The experiments demonstrated peak optical efficiency
(bacterial inactivation per unit optical irradiance) at a 25% duty cycle - the lowest
duty cycle - demonstrating almost an 80% increase in efficiency when compared with
the continuous. Additionally, higher electrical energy efficiency (bacterial inactivation

per unit electrical energy) was achieved at the highest pulsed duty cycle - 75%.
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If these efficiency improvements are scaled up to a larger project - it could
boast significant savings in electrical energy. More importantly - if pulsed 405 nm
light can be used instead of continuous - with a significant enough level of
inactivation - then the apparent level of 405 nm light could be reduced. This means
that, pulsed at a 50% duty cycle, the 405 nm light would appear dimmer than a
continuous 405 nm light output and could thus be blended into a white light more
easily or could be more easily masked. A key issue with 405 nm light at present is
that it is not aesthetically pleasant to work under; so, given the idea that the proposed
use is for continuous disinfection over long periods of time - user acceptability will
be a key issue.

Practically speaking, if these results can be scaled up, and the higher
efficiencies can be achieved - with significant enough levels of inactivation under a
pulsed light - then this could possibly provide a viable method of operation for
405 nm lighting to provide a more efficient commercial system with a higher level

user acceptability.
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CHAPTER 6
DEVELOPMENT OF A PULSED, BLENDED
ANTIMICROBIAL WHITE LIGHT SOURCE:

PART |: PROTOTYPE DESIGN, BUILD & TESTING

6.0 OVERVIEW

This chapter will focus on the potential for pulsed 405 nm light to be used for
the development of a pulsed blended white light for continuous environmental
decontamination.

As discussed in Section 2.5, previous work by the ROLEST research group has
involved the development of prototype systems which have utilized a combination of
continuous 405 nm and white light (Bache et al., 2012; Maclean et al., 2010; Maclean
et al, 2013.); however, the optical output of these systems had limitations and
required improvements to the blending in order to improve the aesthetic acceptability
for continuous use within occupied environments (Maclean et al., 2014). This chapter
builds on the findings from the previous Chapters to investigate the design, build and
testing of a small-scale blended white light prototype, which utilises pulsed width
modulation in order to produce an improved optical blend whilst retaining good

antimicrobial capabilities.

6.1 INTRODUCTION

As discussed, 405 nm light has proven to be effective for inactivating bacteria.
UV light is still superior in terms of antimicrobial efficacy; however, it has several
disadvantages when it comes to practical application. As discussed in Section 2.4.2,
UV light is damaging to human tissue and so cannot be used in occupied rooms, with
a secondary issue being that of reduced penetration. Light in the region of 405 nm
addresses both of these issues. It can be used at doses that are not harmful to
mammalian cells whilst being lethal to bacterial cells (Ramakrishnan et al, 2016), and

the study by Ash (Ash et al, 2017) concludes that an increasing wavelength
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demonstrates higher levels of penetration - implying 405 nm light photons will
penetrate more than shorter wavelength UV photons. These properties have led to
405 nm light being developed for continuous environmental decontamination
applications, as commercialized by Kenall Lighting as mentioned in Section 2.5.
Additionally, an American-based company Hubbell Lighting (IL, USA) has licensed the
technology for application areas including the food processing industry (Hubbell
Lighting Components, 2020).

In terms of its application for continuous decontamination, appropriate
blending of the light is important. Despite the antimicrobial effects being achieved
using violet light in the region of 405 nm, light of this output alone could not be used
for continuous decontamination as it would not be aesthetically acceptable in
occupied environments. Violet light has a very low colour rendering index (CRI) - a
light quality described more in depth in Section 6.4.2.1 - so if it is not appropriately
blended with supplementary wavelengths of light, it can be uncomfortable to work
under, and hard to conduct some clinical procedures such as finding patients veins
and observing complexions that involve colour perception (Maclean et al., 2014). Due
to these reasons, for use as an environmental decontamination strategy in occupied
environments, the violet light must either be used in a room already well illuminated
with white lighting, or - as is the case with the existing prototypes such as the Kenall
Indigo Clean systems - systems must have additional optical wavelength content (e.g.
additional white lights or additional coloured LEDs) in order to produce a more
balanced light output.

The work in this chapter investigates the potential to develop a blended
antimicrobial white light using pulsed 405 nm LEDs with supplementary-pulsed red,

green and yellow LEDs.

6.2 THE FUNDAMENTALS OF WHITE LIGHT

Light, or visible light, is a type of electromagnetic radiation with wavelength in

the range of around 400-760 nm, which can be detected by the human eye (Sliney,
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2016). The electromagnetic spectrum is illustrated in Figure 6.1, with the visible light

region highlighted in the centre.
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Figure 6.1: Illustration of the electromagnetic spectrum, detailing the type of radiation and
the corresponding wavelength. Note: the visible light spectrum has been widened for
illustrative purposes and so does not adhere to the scale.

Wavelengths above and below the visible light region are types of radiation
which humans cannot detect without the use of scientific equipment. Visible light
spans the range of colours from red at the low frequency, longer wavelength end of
the spectrum to violet at the high frequency, shorter wavelength end of the spectrum.
Each wavelength in between has a corresponding colour associated. As in colour
mixing - a mixture of different wavelength can give produce different colours. Most
importantly however, a mixture of the colours across the full spectrum produces white
light - which is a mixture of all colours (Zwinkels, 2015).

With this in mind - different compositions of wavelength will produce slightly
different shades of white. Daylight is the most common association with white light
and it contains a large spread of wavelength content from across the full spectrum
from UV through to almost infrared (Hernandez-Andrés et al., 2001). Artificial or man-
made white light however does not have the same appearance as day or sunlight -
because they tend to have significantly less of a spread of wavelength content across
the spectrum. An example white light LED spectrum is shown in Figure 6.2. As can be
seen, in this particular LED, there is a peak in the violet portion of the spectrum,
around 450 nm, and then a larger broader spread across the green-yellow-red portion
of the spectrum with peak irradiance about 600 nm. This particular LED is classed as

a cool light however it is on the low end of the temperature scale at 4000K. A warmer
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white would have a smaller violet peak relative to the wavelength spread over the 500-
700nm range. Conversely, the cooler the white - the higher the violet peak would be
relative to the 500-700nm spread. The peaks and shapes vary with the LED. White
LEDs are generally made in in two ways:
=  Wavelength Conversion - White LEDs based on blue, violet or UV LEDs with a
convertor (Phosphors, semiconductors, dyes) used to convert the light to
longer wavelengths producing a mix of colours resembling white light. This
can be done in a number of forms using a single blue, violet or UV LED with a
number of different convertors creating a number of colours; or with blue,
violet or UV LED and a red LED again with a single convertor or a number of
convertors to create an array of colours. (Schubert, 2006).
=  Colour Mixing Method - White LEDs contain multiple colours within the same
LED module and so the blend of the colours can produce white light - e.g. blue

and yellow; blue, green and red; or blue, cyan, green and red (Schubert, 2006).
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Figure 6.2: Spectrum of a typical cool white light (4000K) LED (Lumileds. Luxeon LXH7-

PW40).

The wavelengths of light produced will then dictate the shade or type of white light
produced. Depending on the means of producing white light and wavelengths

produced - the shade of white achieved will be different.
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The different shades of white LED output can be quantified by a term known as
Colour Temperature. The colour temperature scale is shown in Figure 6.3.
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Figure 6.3: Illustration of the Colour Temperature Scale; the difference between so-called

warm and cold whites; and which term corresponds to which colour temperature. Image

Adapted from: https://illuminationsusa.com/cool-white-vs-warm-white-in-your-outdoor-
lighting/

The spectrum starts at 2000K, which is a warm or warm white - the terms
differ depending on which company or body is discussing them. If this is taken in
reference to the spectrum in Figure 6.2, the warm and warm white (2000-3500K) will
have more of the red and orange content compared to the violet - relatively speaking.
As the colour temperature moves up, the violet or blue content increases in proportion
as we move towards a cool white at about 4000-4500K, and finally daylight which is
upwards of 6500K which has much more of blue tinge and thus more of the shorter
blue/violet wavelength content relative to the longer wavelengths colours (Choudhury,
2014).

Each of the white lights has a different application, with the warmer lights
suiting a bedroom, living room environment; the cooler whites for the kitchen or office
- places where good lighting and visibility is required; and finally, daylight for more
clinical or industrial environments.

The key point is that the white light is a mixture of wavelengths across the
visible light spectrum and the relative irradiances of the wavelengths will define the
shade of white that is achieved.

In this particular study the 405 nm light is the key component of the light - for
the antimicrobial properties - so the challenge is to add supplementary wavelength
content to produce a blend of white light with the control of the relative irradiances

of these supplementary colours being done through pulsing.
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6.3 INITIAL SYSTEM DESIGN OF THE BLENDED WHITE LIGHT

PROTOTYPE

6.3.1 INTRODUCTION OF THE CONCEPT

As mentioned, a major consideration when using 405 nm light for
environmental disinfection is that 405 nm light alone can be uncomfortable to work
under due to its violet colour and poor colour rendering index (CRI) - described in
Section 6.4.2.1. Practically, the issue with 405 nm light is the narrow wavelength band;
so supplementary wavelengths are required to produce a blend of white light more
aesthetically pleasing.

The previous chapter’s results demonstrated that pulsed operation of 405 nm
light emitting diodes (LEDs) can provide more efficient disinfection, both in terms of
electrical energy consumption and inactivation achieved per unit of optical energy
expended. Results showed that with 405 nm light pulsed at a 50% duty cycle, a 70.8%
reduction in bacterial population was demonstrated, which is just over 70% of the
inactivation achieved by the continuous exposure - for 50% of dose delivered. The
pulsed 50% dose means the 405 nm light will appear less intense, which in theory
should make it easier to supplement with other colours and mask in a blended white
light. It is therefore of interest to investigate the potential for a range of pulsed
LEDs, of differing wavelength, to be blended together to produce a white light, with
the LEDs being controlled by pulsed width modulation (PWM). The specific
application being addressed in this study is that of continuous environmental
decontamination and so aesthetics is an important point to address. The end goal
would be the development of a light source which emits sufficient 405 nm light to
inactivate problematic pathogens without posing risk to humans; whilst also
containing supplementary wavelengths of light producing an aesthetically acceptable
blended white light suitable for continuous environmental disinfection in occupied

environments.
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6.3.2 DESIGN OF THE BLENDED WHITE LIGHT PROTOTYPE

As mentioned, one of the main issues with using 405 nm light in occupied
environments is that 405 nm light alone provides a poor CRI under which to work,
and also results in a phosphorescence-like glow from white objects. Ideally, in a
system that would provide additional room lighting, the amount of 405 nm light
should be reduced to a point where the antimicrobial effects are still at a practical
level, and it should be balanced by other wavelengths of light to aid colour blending
and improve the visual aesthetics.

Previous studies have been carried out with 405 nm lighting designs
incorporating varieties of cool and warm white LEDs in combination with the 405 nm
light arrays (Anderson et al, 2013; Maclean et al, 2010; Bache et al., 2012), however
there are difficulties when trying to balance very intense 405 nm light with white light
which already contains a significant blue/violet content. In an effort to combat this,
the 405 nm light will be pulsed at a 50% duty cycle thus reducing its perceived
brightness and theoretically making it easier to mask with other colours whilst
maintaining antimicrobial effects.

The core idea of the system design in the present study was to use pulsed
405 nm LEDs alongside pulsed red, yellow and green LEDs in order to create a blended
antimicrobial white light source. Pulsing was used to control the average irradiance of
each of the individual colours, allowing for control over the overall blend of the
405 nm, red, yellow and green light, without having to change physical components

or the number of each specific LED.

6.3.2.1 LEDs used in the design and build of the Prototype

Initial thoughts were to utilise the 3 primary colours red, green and blue (or in
this case 405 nm): however, with LEDs in general having relatively narrow emission
spectra it was decided that a fourth colour, yellow, would also be included in an effort
to increase the spread of wavelengths that could be covered by the proposed blended

source. The LEDs chosen are detailed in Table 6.1.
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Table 6.1: Details of the LEDs selected for use in the initial design of the blended white

light prototype.
Wavelength (nm) Number
Peak FWHM Used
Red 617 20 Lumileds LXM2-PH01-0070 2
Yellow 593 20 Kingbright KADS-8072SY28Z74S 2
Green 530 30 Lumileds LXML-PM01-0090 2
Violet 405 12 Nichia NCSU276AT-U405 4

With the antimicrobial 405 nm light content being the most important it was
decided that four 405 nm LEDs would be used, and two of each of the other three
colours in the first instance. The LEDs were all surface mount components and thus
had to be mounted onto small breakout PCBs for a number of reasons:

¢ making them a more manageable size to work with and to adhere in place
on the heat sink;

e providing a contact for thermal conduction to a bigger heat sink, and;

e allowing for the easy connection of the source of driving power, with each
of the boards having a positive and negative wire connected to the

corresponding surface mount pads on the LEDs.

6.3.2.2 Power Supply for the Components of the Prototype

Each of the LEDs selected were chosen to run at roughly the same voltage,
between 2.5-4.5V, and have varying current draws roughly from 200-1000 mA. It
became clear upon inspection that a single lab power source would begin to struggle
to power 10 LEDs some of which were drawing up to 600mA, and to use multiple
power sources set at different levels for each branch of LEDs became quite
cumbersome and inconvenient, so an alternative means of powering the LEDs was
found. The idea was to use a single constant voltage source which would be able to

provide enough current to power all the LEDs. An AC-DC power converter (Traco Power
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TXM 075-105) was used, which converted mains 230 V down to a constant voltage
level of 5 V, providing a maximum of 12 A current which was sufficient to power the
LEDs. This came as a complete module and was connected to a standard UK wall plug
to the 3 clips at the input (earth, live and neutral), and then the positive and negative
wires to the output, which provided the power for the circuitry. This single constant
voltage source, although solved and simplified the power issues, meant that resistance
had to be altered in each circuit for the different coloured LEDs to provide the different

levels of current required.

6.3.2.3 Microcontroller & Programming

One of the major differences in the prototype design was the introduction of
a microcontroller for LED control opposed to the pulse generator used in Chapters 4
& 5. All prior experiments, described in Chapters 4 and 5, used a function generator
to provide the TTL signal to control the duty cycle of the pulsing, however with the
introduction of 3 additional colours of LED, which would all be pulsed at different
duty cycles, 4 pulse generators would have been required opposed to a single
microcontroller - so it was decided that a microcontroller would be used.

The microcontroller used was a Texas Instruments MSP430G2553, a 20-pin
Plastic Dual Inline Package (PDIP), which could be (i) used with the MSP430 LaunchPad
development board for programming; (ii) used on a breadboard for prototyping; and
(iii) soldered to a circuit board for finalisation. It was a low power microcontroller
operating between 1.8-3.6 V, which is where the first consideration had to be
addressed. As discussed, the power source for the task was set to be a constant 5 V
source and so a voltage regulator had to be used to reduce the voltage for the
microcontroller. A regulator was sourced (ST electronics LD1117AV33) that would
regulate 5 V down to 3.3 V for the microcontroller, and work with through hole
package, TO-220.

When working with the microcontroller initially, and when programming, it
was placed into the TI MSP430 LaunchPad development board, so when connected to

the PC via USB, the board provided power to the relevant pins on the microcontroller
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for it to function. However, when the microcontroller was moved to the breadboard
for initial prototype of the circuitry, some of the pins had to be connected to the
voltage source and to ground. Shown in Figure 6.4 is the pin out schematic for the
MSP430 microcontroller used and the pins that must be connected to voltage and

ground for operation independent of the TI MSP430 LaunchPad development board.
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Figure 6.4: MSP430G2x53 microcontroller schematic showing the connections to voltage
and ground required for operation independent of the TI MSP430 LaunchPad Development
Board.

Pins 2-5 were set as the output pins and were set to output digital logic, either
high or low: high being dependent on the input power which in this case was 3.3 V
meaning that a high output for the microcontroller was around 3.3 V; and a low output
was approximately zero. The microcontroller programming is detailed in Section
6.3.2.6, following details of the physical circuit design considerations, which were

addressed.

6.3.2.4 Pulsing Circuit Design for the Prototype

The next step was to adapt the circuitry from the previous experiments in
Chapter 4 - first described in Section 4.3.1, Figure 4.11. The concept was to use the
same pulsing circuit however for this purpose it would need to be adapted for pulsing
10 LEDs at 4 different duty cycles at the same time. To do this, the circuit used in the
previous experiments, shown below in Figure 6.5, was altered slightly and replicated
for the four different LED colours and the multiple LEDs to be driven on each of the

branches. The method for alteration and design is detailed below.
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Figure 6.5: Circuit diagram of the initial pulsing circuit used for the proof of concept
experiments in Chapter 4 & 5.

The 100 Q resistor directly following the source in Figure 6.5 was removed as
each LED array would be paired with a specific LED. Additionally, the 1 Q shunt
resistor was removed as the measurement of the current was no longer required. The
TTL input was to be provided now by a microcontroller, as discussed in Section 6.3.2.3,
and so the resistor between the TTL input and the base of the transistor
(STMicroelectronics BD239C) was reduced to a 330 Q resistance as the voltage output
of the microcontroller was lower than the output of the function generator used
previously. The circuitry associated with the use of the microcontroller is detailed
earlier in Section 6.3.2.3.

Each colour had a single transistor controlling the switching of multiple LEDs
in that branch and each colour of LED had differing limiting resistors in order to
control the current through each of the LEDs. The limiting resistor values were initially
calculated using the I-V values quoted on the data sheets and displayed in Table 6.2.
Using the values of rated current and voltage, the values of the accompanying limiting

resistors were calculated as described below:

For example, the data sheet for the 405 nm LED quotes maximum current at Ly
=700 mA, and a typical forward voltage of Vim = 3.55 V. In the branch, the LED
and resistor are in series so the current is the same through both and the voltage

is split; thus, with a source voltage of 5 V:
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VREISITOR = VSOURCE - VLED =5- 355 =145V

Forward current remains the same:

IMAX = IRESISTOR

Thus, using Ohm’s Law, the resistor value can be calculated:

R = Vigsisror /IRESISITOR = 1-45/ 0.7=2.07 Q

Resistors are generally available in specific set values so the closest available
resistor was 2.7 Q resistor. The other consideration was the power being drawn
through the resistor and so the power through the resistor was calculated, as shown
below:

Presstor = (Leesistor)f X R = (0.7F x 2.7 = 1.323 W

These calculations are based on the values from the data sheet, which are
numerically indicative but not 100% accurate in practice - they do however give an
idea of the magnitude of number. It was decided that higher power resistors would
have to be sourced as anything over 1 W could cause overheating issues with standard
sized resistors.

These calculations were carried out for each of the other 3 colours of LED with
the results shown in Table 6.2. These values were a rough guide as a starting point to
build the circuit with an element of protection, and so the LED resistor combinations
were tested for each colour and the voltage and current assessed. As expected, the
resistor values were a good initial estimate but had to be altered as some LEDs were
drawing too much or too little current for the application. The assumptions made
based on the initial calculations were that: the LEDs would be drawing the maximum
current, which they were not - however this assumption was made in an attempt to
make sure the resistor would be able to handle the maximum current draw; and
secondly that the LEDs were operating at 25 ‘C - the LED would eventually be mounted

on a heatsink but would not be actively cooled and so it was likely that the LEDs would
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be operating at a higher temperature than 25 °C, but still within the rated operating

temperature range (between approx. 10 °C and 100 °C).

Table 6.2: Initial values calculated for the resistors to accompany each colour of LED in the
prototype circuitry. It also displays the associated power requirements for the operation of
each LED in the prototype setup.

Set Resistance
Colour Vi (V) I (mA)  Viessiror (V) R (Q) P(w)
Value (Q)

Red 2.1 700 2.9 4.14 4.7 2.303
Yellow 2.5 350 2.5 7.14 8 4.7 +3.3) 0.98
Green 2.9 1000 2.1 2.1 2.7 2.7
405 nm 3.55 700 1.45 2.07 2.7 1.323

Each LED was linked in series with the resistor and powered by the 5 V power
source and the current and voltage was measured in each case. Visually, the red LED
appeared quite dull and the current input was much lower than expected so the
resistor value had to be reduced. The other 3 colours of LEDs showed reverse behavior
with quite high currents and felt noticeably hotter to the touch. For this reason, each
of the resistances were increased. The final set of resistance values that were chosen

are shown in Table 6.3.
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Table 6.3: A comparison, for each colour of LED, of the calculated resistance values; the
initial set values tested; and the finalised resistance values after testing.

Initial Calculated Initial Set Resistance Final chosen
Colour
Resistance () Value (Q) Resistance Value (Q2)
Red 4.14 4.7 2.7
Yellow 7.14 8 (4.7 +3.3) 8.9 (5.6 + 3.3)
Green 2.1 2.7 4.7
405 nm 2.07 2.7 5.6

With the resistor values now validated, the full circuit could be designed with
four branches containing each of the colours and the specified values of resistors and

the transistor to control the pulsing. The full circuit diagram is shown in Figure 6.6.

150



2200 uF

I

5V
1
VOLTAGE SOURCE
R1 R2 R3 R4 R6 R7 R14 R15
5.60§ 5.60§ 5.60§ 5.60§ 4.7Q§ 4.7Q§ 270§ 2.7Q§

Green

R8
TTL signal TTL signal TTL signal
330 Q 330 Q

Figure 6.6: Full circuit diagram of the pulsing blended white light source prototype.
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6.3.2.5 Component Placement and Arrangement of the Prototype

A single 405 nm LED is not capable of producing enough light for the current
application of environmental decontamination; therefore, the initial system being
developed was built using a number of individual sources (specified in Table 6.1):

e 4x405 nm LEDs,

e 2 x Red LEDs,

e 2 x Yellow LEDs, and

e 2 x Green LEDs
As each of the LED arrays varied in size depending on the PCB it was mounted on
(footprints varying from approximately 1 cm? - 5 cm?, as can be seen in Figure 6.7(a)),
the arrangement of these LEDs had to be considered.

Firstly, to ensure adequate heat diversion, the LEDs were arranged and
mounted on a heat sink. For this, the LEDs were mounted, with thermal adhesive on a
square aluminium plate (220 mm x 220 mm), which had a central hole (& 50 mm)
for the wire from the LEDs to be fed through as shown in Figure 6.7(a). Secondly, the
arrays needed to be positioned as closely together as possible to try to create a
blended point source, although in this case it was difficult due to the footprints of the
PCBs. The LEDs were placed and adhered, and the adhesive was left for 24-hr to make
sure everything we firmly held in place.

230mm

230mm

(a) (b) (c)

Figure 6.7: Pictures and drawings of the components of the prototype. (a) A close up view
of the aluminium heat sink on which the LEDs are mounted (colour spots indicate the
different colours of LED). Illustrations of dimensions and photos of the PVC housing unit
for the blended white light prototype (b) Side view & (c) Top view. This aluminium plate in
(a) is inserted into the PVC housing pictured in (b) & (c).
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The plate was then mounted inside a polyvinyl chloride (PVC) housing unit
shaped like a small ceiling tile. just slightly bigger that the heat sink plate (a depth of
100 mm and a single 200 mm diameter circular aperture) allowing the plate to slot
in. All the dimensions are shown in Figure 6.7(b) & (c).

After the unit was designed and built and the LEDs all adhered in place, the
heat sink, with LEDs attached, was initially placed into the housing unit straight to the
bottom so that the LED were in line with the aperture, as can be seen in Figure 6.8(b).
The unit itself was set up on a pair of adjustable jacks allowing for the height of the

light unit to be adjusted throughout the experiments (shown in Figure 6.8(a)).

(b)

Figure 6.8: Pictures of the fully assembled blended white light prototype. (a) Picture of the
fully constructed prototype set up on a pair of jacks allowing for adjustable heights. (b)
Underside picture showing the LEDs in line with the bottom of the housing unit and in the
centre of the 200 mm aperture.

The extra depth of the housing enabled the aluminum plate to be mounted
higher, away from the aperture so that lenses or diffusers could be included to aid
with the blending of the colours. However, due to this being a small-scale proof-of-
concept system, the optical output irradiance turned out to be too low to include a

diffuser for improved blending and so was not included in the design at this stage.
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6.3.2.6 Programming the Microcontroller

As mentioned, the microcontroller used was the Texas Instruments
MSP430G2553 programmed in C++ (Using Code Composer Studio, CCSv8.3.1). The
purpose of the microcontroller is to output four digital (high/low) PWM at the same
time at the same frequency. The first step was to get a single pin to output a signal
and then from there build up.

In microcontroller programming, there are built in timers that can be used
however it was decided that a simpler method would be used. The solution used was

involved waiting for a period of time through the use of a while loop as shown below:

While(x<20)

{ x++; }

The loop is conditional, based on the value of a variable x; While x is less than
20, the code in the brackets is carried out, which in this case is ‘x++, which means add
1 to the current value of x. Logically, if the variable x is initially declared to be zero,
then after 20 iterations of the while loop, x will no longer be less than 20, so the
statement is no longer true and the program now exits the while loop. This is a very
short delay and this loop will take the same amount of time to be carried out every
time so it can effectively be used as a timer.

The other conditional statement used the ‘if statement’, see the example below.

If (y==10) { *command }

Much like the while loop, the if statement is based on a variable, y in this case.
If the variable y is equal to 10, then the code in the brackets will be run; otherwise if

the statement is false and y does not equal 10, then the program will carry on past

this statement.
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These two elements make up the basis of the coding for the microcontroller
using ‘while’ loops for waiting periods, incrementing variables each time which in turn
multiply the waiting periods and using ‘if’ statements to decide when to set the pin
outputs to HIGH or LOW, thus creating a periodic PWM signal.

Although there were more sophisticated way to code the microcontroller to
complete this task, it was decided that the initial iteration of coding developed met
the standard needed for the task, and so at this stage in the development, there would
be no significant benefit in investing more time in the coding given it met all
operational requires. Ideas on improvements however are included in the future work

discussion.

6.4 CONSTRUCTION AND OPTICAL TUNING OF THE BLENDED WHITE

LIGHT PROTOTYPE

6.4.1 OPTICAL TUNING OF THE PROTOTYPE

Given the results of the previous chapter, which demonstrated that 405 nm light
pulsed at a 50% duty cycle, achieved over 70% of the inactivation demonstrated by a
continuous exposure, for 50% of the dose delivered; it was decided that each of the 4
colours would be pulsed at a 50% duty cycle in the first instance. In addition, a
commercially available cool white spectrum was taken from a white LED (Lumileds,
Luxeon LXH7-PW40) so that the spectra capture from the blended source prototype
could be compared in order to tune the output of the blended white light prototype.

The optical output spectrum of the prototype was captured using the HR4000
spectrometer (Ocean optics, HR4000 spectrometer) and Ocean Optics software (Ocean
Optic SpectraSuite), with the optical fibre clamped in place to capture the reflected
light. The reason that reflected light was measured opposed to the direct source, was
to ensure an accurate reading of the full light output. As mentioned earlier, the LEDs
themselves were not able to be positioned close together due to the number of LEDs

used, the size of the boards on which they were mounted, and the wiring which had
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to be incorporated into the design. Therefore, pointing the optical fibre directly at the
light source would not give an accurate read out of the proportional levels of each
wavelength of light. For measurement, the surface under the light source was covered
with white paper so that all light would be reflected equally, and the central point

under the light was where the optical fibre was pointed. This is shown in Figure 6.9.

Light Source

e

Central Point

Figure 6.9: Demonstration of the setup used to measure the output spectra from the
prototype light source showing the optical fibre from the spectrometer clamped in place
pointed at the central point under the prototype.

The output spectrum of the white LED (Lumileds, Luxeon LXH7-PW40) was
captured in the same manner, and then the magnitude of the irradiance was
proportionally reduced using MATLAB (R2013b) to a magnitude similar to that of the
prototype spectrum so that a useful comparison could be made of the shape of the
spectra. A comparison of the spectra for the blended white prototype and the
commercially-available white LED is shown in Figure 6.10.

The 3 spectra in Figure 6.10 are quite different in terms of peaks and spread of
wavelengths. The prototype and white LED source spectra show more similarities with
a single violet peak (albeit at different wavelengths) and a spread across the 500-700

nm range. The fluorescent tube however demonstrates 2 violet peaks, a blue peak at
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500 nm and then 2 large peaks at about 550 nm and 615 nm amid a selection of other
peaks in the 500-700 nm range. All these different peaks are caused by the phosphor
coating which convert the UV produced by the gas excitation into visible light peaks

(Karlen et al., 2012).
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Figure 6.10: Spectral output of the prototype [405 nm, red, yellow, green @ 50% duty
cycle], compared to the output of a standard cool white LED (Lumileds, Luxeon LXH7-
PW40) and standard room lighting (fluorescent lamp).

In addition to taking a spectrum of each of the stages during the optical tuning
process, photos were taken of an array of objects under the light source to visually
document the differences in the colour rendering abilities. Items, with a range of
different colours (including skin tone), were placed under the light and photographed
using a smartphone camera (Samsung Galaxy S8). Photographs of these items, shown
in Figure 6.11, were taken when illuminated using

(i) the prototype [all colours at 50% duty cycle] (spectrum in Figure 6.10);

(ii) the white LED (spectrum shown in Figure 6.10); and

(iii) standard room lighting (spectrum shown in Figure 6.10).

As can be seen in Figure 6.11, there is an observable difference between Figure

6.11 (a), (b) & (c). Due to the large 405 nm and 625nm peaks and the imperfect blend
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and spacing of the coloured LEDs, Figure 6.11(a) appears to have very mixed
purple/red hue - however the colours of the objects can be easily distinguished as
there is a good spread of wavelength content.

Figure 6.11(b) is quite a crisp image - certainly a well-blended light source,
however, does lack a warmth - particularly in the red and yellow colours, where they
appear much darker and less vibrant when compared with that of Figure 6.11(a) and
(b). Finally, as expected, the fluorescent tube (Figure 6.11(c)) appears to provide the
best quality of light, rendering all colours well and providing a very comfortable light
under which to work.

The output of the blended white light has to then be tuned. This was carried
out using this spectral comparison between the prototype and the white LED (Figure
6.10), and some visual observation i.e. observing how well true colours of an object
were visual perceived under the blended white light output. For example the
yellow/orange 590 nm peak of the source was much less than the equivalent
wavelength content of the white LED source as can be seen in Figure 6.10. Additionally,
the red content - specifically the 625 nm peak - was higher than the equivalent
wavelength content of the white LED source. To tune the output, the irradiance of the
LED producing the yellow/orange 590nm peak was increased in an attempt to match
the white spectrum and conversely the irradiance of the LED producing the red 625nm
peak was reduced to match the white light spectrum. The spectrum was then analysed
after each change in irradiance to check the new peak levels of irradiance for each LED
colour to compare with the white spectrum and to visually observe the difference in

the light blend and how objects appeared under it.
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(o)

Figure 6.11: Various objects representing different colours under the illumination of (a) the
prototype with all LEDs (405 nm, red, yellow, green) set at 50% duty cycle; (b) the white
LED; and (c) standard room lighting. Images demonstrate the colour quality/colour
rendering ability of the light sources

The first alteration to be made to the output was to the level of red light (600-
650 nm). As can be seen from Figure 6.12, the red peak (approx. 625 nm) of the
prototype when operating at 50% duty cycle is higher than that of the white LED
spectrum so the duty cycle of the red LEDs was reduced from 50% and altered until
the red peak matched that of the white LED comparison spectrum: the duty cycle for
this was 33%. The spectrum of the prototype with the altered red is shown below in

Figure 6.12, along with the colour comparison pictures in Figure 6.13.

159



6000 " 1 L 1 " 1 " 1 " 1 " 1 " 1 " 1
Red 33% Duty Cycle
— All Colours - 50% Duty Cycle

- 5000 - - - - -White LED Source
)
=
5
< 4000
©
=
=
° 3000
(0]
[S)
c
©
T 2000
o

1000

0 =

T T T T T T T T T T T T T T T T
350 400 450 500 550 600 650 700 750 800
S L ee—
Wavelength (nm)

Figure 6.12: Spectral output of the prototype [red @ 33%; 405 nm, yellow, green @ 50%
duty cycle], compared to the original output [all LEDs @50% duty cycle], and a standard
cool white LED (Lumileds. Luxeon LXH7-PW40).

Figure 6.13: Various objects representing different colours under the illumination of the
prototype [red LEDs @ 33%; 405 nm, yellow, green LEDs @ 50% duty cycle], demonstrating
the colour quality/colour rendering ability of the prototype light source.

The green content (500-525 nm) produced was at a similar level to that of the
white LED spectrum level, as can be seen in Figure 6.12, however after the 525 nm
peak the content irradiance decreases whilst the white LED source content continues
to increase. It was decided to boost the irradiance of the green LED slightly to try and
find a balance with enough green content across the 500-550 nm range. The increase
meant there was more of the 525-550 nm content with this upper tail reaching into

the yellow region (575 - 610 nm) of wavelengths to fill out the gap between the green
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(525 nm) and yellow (590 nm) peaks. As such, the duty cycle of the green LEDs was
increased to 70%. The new spectrum of the prototype [red LEDs @ 33%; green LEDs @
70%; 405 nm, yellow LEDs @ 50%] is shown in comparison with the original setting
[all colours at 50% duty cycle], and the white LED in Figure 6.14, along with the colour

comparison pictures in Figure 6.15.
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Figure 6.14: Spectral output of the prototype [red LEDs @ 33%; green LEDs @ 70%; 405 nm,
yellow LEDs @ 50% duty cycle], compared to the original output [all LEDs @50% duty
cycle], and a standard cool white LED (Lumileds, Luxeon LXH7-PW40).

Figure 6.15: Various objects representing different colours under the illumination of the
prototype [red LEDs @ 33%; green LEDs @ 70%; 405 nm, yellow LEDs @ 50% duty cycle],
demonstrating the colour quality/colour rendering ability of the prototype light source.
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The final colour to be tuned was the yellow (575 - 610 nm) which was a
suspected problem, as from the spectrum alone, it can be observed that in order for
the yellow peak wavelength (590 nm) to reach that of the white LED spectrum level it
would have to undergo somewhere in the region of a 2.5 fold increase. The yellow LED
at maximum output, run continuously, or 100% duty cycle, would only be a 2-fold
increase. In addition, running at 100% in the current setup with the selected resistors
could cause heating problems. After some alteration of the yellow it was decided that
the maximum that should be pulsed would be 80%, as the yellow content required
would not be reached even at 100% therefore there would be no point in possibly
damaging the prototype to still fall short in terms of yellow content. Figure 6.16 and
Figure 6.17 show the final tuned spectrum of the prototype with the increased yellow
content [red LEDs @ 33%; green LEDs @ 70%; yellow LEDs @ 80%; 405 nm LEDs @ 50%

duty cycle], and the colour comparison pictures, respectively.
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Figure 6.16: Spectral output of the prototype [red LEDs @ 33%; green LEDs @ 70%; yellow
LEDs @ 80%; 405 nm LEDs @ 50% duty cycle], compared to the original output [all LEDs
@50% duty cycle], and a standard cool white LED (Lumileds, Luxeon LXH7-PW40).
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Figure 6.17: Various objects representing different colours under the illumination of the

prototype [red LEDs @ 33%; green LEDs @ 70%; yellow LEDs @ 80%; 405 nm LEDs @ 50%

duty cycle], demonstrating the colour quality/colour rendering ability of the prototype
light source.

The final blend appeared to render colour well, having enough content in each
part of the spectrum to produce a reasonably accurate representation of the true
colours of the objects under the light. It can be seen however that the light output was
not uniform across the area due to the spacing of the LEDs. This issue with spacing of
the LEDs also produced coloured shadows as can be seen in all the pictures. Again this
is an issue which could be solve by mounting the LEDs much closer together, ideally
on the same PCB in a mixed array to create as close as possible to a single point source,
which was unfortunately unfeasible in this developmental stage.

To provide a clearer idea of the improvement achieved through blending, the
pictures have been arranged together in order for an easier comparison (Figure 6.18).
Although the final blend still has a hue of violet, the blend appears to be getting closer
to a white, edging more on the cool-white side, most likely due to the content of violet

and blue in the spectrum.
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Duty Cycles:

Red - 50%
Yellow - 50%
Green - 50%
405 nm - 50%

Duty Cycles:

Red - 33%
Yellow - 50%
Green - 50%
405 nm - 50%

Duty Cycles:

Red - 33%
Yellow - 50%
Green - 70%
405 nm - 50%

Duty Cycles:

Red - 33%
Yellow - 80%
Green - 70%
405 nm - 50%

White LED used for
spectral
comparison

Standard room
lighting

Figure 6.18: Comparison of various objects under the blended white light prototype at the
4 main iterations during the tuning process in addition to under standard room lighting
and the white LED used for the spectral comparison.
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Across the main 4 iterations of the optical tuning process - all colours are
rendered well enough to be distinguishable unlike monochromatic light. As the
iterations progress, the purple/red hue fades as the green and yellow content are
increased and the red content decreased. The rendering of the skin tone of the figure
appears to get worse - achieving more of a green hue as the tuning progressed. This
was however due to the depth of the head - meaning that it was much closer to the
green LED that was directly above it. In this case, although the skin tone appeared to
be getting worse - this was due to the spacing between the LEDs - the spectral blend
was actually getting closer to the example white LED spectrum - as demonstrated in
the spectral comparisons.

In terms of the three other objects under the final optical blend, the colours
appear better rendered with less of the purple/red hue, apparent in the initial blend,
with the red, yellow and green colours standing out more than the initial blend. The
spectral content of the blend appears to be enough to render these colours on par
with the cool white LED - with the exception of the green hue on the figure due to the
LED spacing. Neither the blended white light output or the cool white LED appear to

render and be as comfortable as the standard room light.

6.4.2 OPTICAL ANALYSIS OF THE PROTOTYPE TUNING

6.4.2.1 Theory and Methods of Light Colour Analysis

All optical analysis was carried out using software called, NIST CQS version 7.4,
created by Yoshi Ohno and Wendy Davis. It was kindly provided by Professor Robert
Martin, Professor of Nanoscience in the Physics Department at the University of
Strathclyde, Glasgow. This software analyses optical spectra and provides details on
the quality of the colour of the light, providing values for measurements including:

e colour rendering index (CRI);
e colour quality scale (CQS);

e correlated colour temperature (CCT).
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There are various ways of quantifying light, the most standard being power in
Watts, however in this application where the colour and the quality of the blend of
colour is of interest, a different quantity is required. One such measure is the
Correlated Colour Temperature (CCT). This relationship between temperature and
perceived colour is derived from Planck’s black-body radiator. Upon reaching a range
of temperatures, the radiator emits visible wavelengths of light related to the
temperature of the radiator. With an increasing temperature - the perceived glow of
the radiator moves through red, orange, yellowish-white, white and ultimately a bluish
white. The CCT value of a source is the temperature at which the perceived black-body
radiator colour is closest to the white light source being measured. Hence - this is
really only applicable for blends of light resembling white light and defines the
appearance of white light sources (Schubert, 2006). It is measured in units of Kelvin,
with commercially available white sources generally ranging from 2700K up to 8000K
(Choudhury, 2014): with 2700-3000K quantifying a ‘warm’ white light source and
4000K+ quantifying a ‘cool’ white light. These bands and classifications are subject to
change depending on what you read; however, these are broadly accurate with warm
white having most red/orange content and cool white having more blue content than
the warm whites (Choudhury, 2014).

A further measure of light output and the most widely used means of
quantifying the rendering performance of light sources is known as the Colour
Rendering Index (CRI) (Guo and Houser, 2004). CRI is an analysis based on 14
different colours, although only 8 are used for the overall CRI value. The ability of the
light source to reproduce each of the colours, known as Ri, is measured and quantified
and the difference between the colour measured and the ideal colour is
mathematically calculated and scored out of 100 (Guo and Houser, 2004). An example
screenshot if the output from the software used in this section is shown in Figure

6.19, where the 14 colours are shown.

166



100 Special CRI

90
80

70
60
50
40
30
20
10

TCs10 TCs13 WHITE

31 86 6.8 56

oG oG

0.0

Figure 6.19: Screenshot from the NIST CQS software, illustrating the 14 colours that are
analysed in the measure of colour rendering index (CRI). The R1-R14 labels on the Special
CRI graph correspond to the TSC01-TSC14 colour boxes and likewise the Ra label
corresponds to the White colour box.

Each colour is measured and then compared against a reference taken with an
ideal light source for comparison. In Figure 6.19, the upper square for each colour
shows the reference and the lower square shows the colour measured under the light
source being tested. Each is given a score out of 100 as a measure of how close to the
reference colour it is, and these are plotted in the ‘Special CRI’ graph to the right of
Figure 6.109.

From R1 up to R8, an average is taken and this average constitutes the CRI value
of the light source. The other values of R9 up to R14 are used for specific colour
comparisons. CRI however is not a perfect measure of rendering ability with several
issues, one being that the CRI average is an average of only these 8 representative
colours (the real colour spectrum has a significant number of colours and shades),
and secondly, the colours are pastels, with low chromatic saturation, opposed to
saturated colours, which do not adequately span a range of standard object colours
(Ohno, 2006; Davis and Ohno, 2009). CRI has been used since around the 1940s and
despite the aforementioned issues, there is yet to be an overwhelming agreement on
a replacement for this measure, so it is still commonly used.

One of the alternatives developed by the National Institute of Standards and

Technology (NIST) is a concept called Colour Quality Scale (CQS), analysed in the NIST
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CQS software which was used. CQS tackles both of the issues raised previously about
CRI. It is based on the same methods as CRI but uses 15 highly saturated colours as a
comparison thus addressing issues with the number of colours and the pastel colours
used for CRI (Davis and Ohno, 2010). Shown in Figure 6.20 is a screenshot from the

NIST CQS software showing the 15 colours used as reference.
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Figure 6.20: Screenshot from the NIST CQS software, illustrating the 15 colours that are
analysed in the measure of colour quality scale (CQS). The Q1-Q15 labels on the Special
CRI graph correspond to the VS1-VS15 colour boxes.

Calculations for CQS, as well as CRI, use the CIELAB colour space - a colour
space specified by the International Commission on Illumination (CIE) in 1976 (CIE,
2007). As opposed to just taking an average of the performance of each colour as in
CRI, which can hide certain colour shifts; COS combines the colour with a Root-Mean
Square (RMS) in an attempt to combat this issue. Again, as with CRI, CQS at the end

gives a final value between 0-100. (Davis and Ohno, 2009; Davis and Ohno, 2010)

6.4.2.2 Analysis of Prototype Spectra

The analysis was carried out at all stages of the tuning process, with the main
focus being on the initial output spectrum (all colours set at 50% duty cycle) and then
the final tuned spectrum (red @ 33%; yellow @ 80%; green @ 70%; 405 nm @ 50% duty
cycles). In analysis of the spectra using the NIST CQS software, a graph and

accompanying bar graph are produced for both CRI and CQS. In each case the bar
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graph displays the individual CRI and CQS values (R1-R14 and Q1-Q15 respectively).
Additionally, the R and Q values are plotted in the CIELAB colour space along with
reference points - which are the ideal individual values of CRI and CQS as illuminated
from a source with overall CRI and CQS of 100. The reference points, shown in blue
demonstrate what, under an ideal light source with an overall CRI and CQS of 100, the
test-colour samples should be. The test points shown in red demonstrate the rendered
sample colours under the test light source, allowing for comparison of how close the
test-colour samples under the test light source and ideal light source are. This is done
for the 14 colours used for CRI and the 15 different colours used for CQS. The
accompanying bar graphs give a specific CRI or CQS value between 1 and 100 for each
of the colour samples - so the closer the test and reference points of the colour space
plot, the bigger the specific CRI or CQS value will be. The CIELAB colour space
represents 3 dimensions - L, which is lightness and the axis a* an b* which
chromaticity coordinates. The a* axis runs from +a which is more red to -a which is
more green and the b* axis runs from +b which is yellow and -b which is more blue.
This can be seen on the CIELAB colour space on which the reference and ideal colour
point are plotted e.g. Figure 6.22.

Initially, the CRI of the initial prototype spectrum (all LEDs at 50% duty cycle)
was considered. Shown in Figure 6.21 is the CIELAB plot showing the test versus
reference sample colours for CRI, and Figure 6.22 shows the individual CRI values for
the colour samples for the same spectrum.

It can be seen that the test colours in Figure 6.21 are relatively close to the
reference colours with the exception of a few indicating a good CRI and quality of
light. Figure 6.22 shows the individual breakdown of the CRI values with only the first
8 being averaged to give the CRI Ra value, which for this prototype was 67 out of a
maximum score of 100, which is a good starting point.

The CQS value of was found to be 82, again with maximum 100, so the CQS
actually rated the prototype output higher than CRI. Shown in Figure 6.23is the graph
showing the test versus reference colour samples for CQS, along with the individual

values for each colour in Figure 6.24.
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Figure 6.21: Comparison of the 14 CRI colour samples rendered under the blended white
light prototype (all LEDs at 50% duty cycle) with the reference samples rendered under an
ideal source i.e. a source with a CRI of 100. NIST CQS program used for analysis.

100

80 = -

Special CRI

0 |
—ANM<ITINON0O (O
adadadagadadadgagad (a'd

R10
R11

oN M
—
(adad

R14

Figure 6.22: Bar Graph showing the 14 individual scores of CRI for each sample colour and
the overall CRI value (Ra) - average of the first 8 R; values - rendered under the blended
white light prototype with all LED duty cycles at 50%. Graph demonstrates how the test

light source renders colors with reference to the ideal light source, which would have
special CRI values of 100 across the chart. NIST CQS program used for analysis.
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Figure 6.23: Comparison of the 15 CQS colour samples rendered under the blended white
light prototype (all LEDs at 50% duty cycle) compared with the reference samples rendered
under an ideal source. NIST CQS program used for analysis.
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Figure 6.24: Bar graph showing the 15 individual scores of CQS for each of the colour
samples with the average CQS value, Q, - rendered under the blended white light
prototype with all LED duty cycles at 50%. Graph demonstrates how the test light source
renders colors with reference to the ideal light source, which would have Ry; values of
100 across the chart. NIST CQS program used for analysis.
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As can be seen, most the colours match up well with a few samples scoring
very highly - all values however are about 70+, with the average, Q,, being over 82.

The next step was to analyse the blend of the final output spectrum (duty
cycles: red-33%; yellow-80%; green-70%; 405 nm-50%), and compare the results. A side
by side comparison of the CRI colour plot and graphs of the initial blend and the final
tuned are shown blend in Figure 6.25 & Figure 6.26, respectively.

It can be clearly seen that there is a big improvement, between the test and
reference colour samples. The majority of the test points plotted on the colour space
in Figure 6.25(b) are more closely aligned with the ideal reference points. Furthermore,
this is corroborated by the overall higher individual CRI values demonstrated on the
graph shown in Figure 6.26(b) when compared with Figure 6.26(a). The overall CRI
value of the final blend is 82 so an increase of 15 in the overall CRI is observed between
the initial and final blend, which demonstrated the successful development of a better
blend of light through the PWM control.

The CQS showed much less of a numerical increase, increasing by only 1 from
82 with the initial blend to 83 for the final blend. Shown in Figure 6.27 (a) & (b)
respectively, is a comparison of the two CIELAB CQS colour plots of the initial blend
of the prototype and the final blend.

The results showed a closer match with the test and reference colour samples
of the plot shown in Figure 6.27 with the final blend than the initial and only a few
improvements on the individual CQS scores shown in Figure 6.28. However when
comparing both CRI and CQS there is a definite improvement in the quality of the light
output making for a success in terms of the optical tuning process that was

undertaken.
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Figure 6.25: Comparison of the CIELAB CRI colour sample plots demonstrating the colour rendering ability of the light sources. (a) Initial blend of light
with all colours at 50% duty cycle (b) Final tuned blend with red, yellow, green and 405 nm LEDs at duty cycles of 33%, 80%, 70% and 50% respectively.
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Figure 6.26: Comparison of the 15 Individual CRI values for each of the colour samples used for CRI analysis. (a) Initial blend of light with all colours at
50% duty cycle (b) Final tuned blend with red, yellow, green and 405 nm LEDs at duty cycles of 33%, 80%, 70% and 50% respectively.
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Figure 6.27: Comparison of the CIELAB CQS colour sample plots demonstrating the colour rendering ability of the light sources. (a) Initial blend of light
with all colours at 50% duty cycle (b) Final tuned blend with red, yellow, green and 405 nm LEDs at duty cycles of 33%, 80%, 70% and 50% respectively.
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Figure 6.28: Comparison of the Individual CQS values for each of the colour samples used for CQS analysis. (a) Initial blend of light with all colours at
50% duty cycle (b) Final tuned blend with red, yellow, green and 405 nm LEDs at duty cycles of 33%, 80%, 70% and 50% respectively.
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Analysis was also undertaken of the values of CRI, CQS and CCT for the
intermediate stages of the tuning process in comparison to the initial and final
blends. The values are shown in Table 6.4.

Table 6.4: Summary of the CRI, CQS & CCT for the four main stages in the optical tuning
process of the blended prototype.

Duty Cycle Settings CRI CcQS CCT (K)

Initial:
67 82 4867
all LEDs = 50%

Altered Red Content:

74 83 6008
405 nm, yellow, green = 50%; red = 33%.
Altered Red & Green Content:

81 83 5937
405 nm, yellow = 50%; red = 33%; green = 70%
Final - Altered Red, Green & Yellow Content:
405 nm = 50%; red = 33%; green = 70%; yellow = 82 83 5805

80%

The results in Table 6.4 show that the CRI improves incrementally thoughout
the tuning process, however the CQS improves only between the first and second
stages of tuning. The CCT increases from the intial CCT value, indicating that the
blend is moving to a cooler blend of white light which is not nessecarily a problem
unless it goes too far in that direction. The blend would come down to the application
in the end - so it should be tailored to where the light is to be deployed. With warmer
whites used for a more relaxed evironment and for clinical applications more of a
cool white, perhaps about 4000K, since there will be a mix of patients residing for
long periods but also staff working - so a balance between the two would be required.

Overall, on the basis of pulsing as the key concept, this chapter has involved
a prototype system being designed, constructed, tested and optically tuned to achieve
a better blend of white light. On the whole, the objective has been successfully

achieved. The system operated as designed and the optical tuning demonstrated an
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improvement in the quality of the blended of white light using PWM to control the
LEDs output, acheving a substantial increase in the CRI value and an increase in the
CQS value of the prototype. Chapter 7 will involve further development of this
prototype, and comparison of these will be discussed in Section 7.2 at the end of the

next chapter. The next stage is to test the antimicrobial effects of the new prototype.

6.4.3 MICROBIOLOGICAL TESTING OF THE OPTICALLY TUNED BLENDED WHITE

LIGHT PROTOTYPE

6.4.3.1 Experimental Methodology

With the prototype constructed, operational and tuned for the best achievable
blend of wavelengths, the next step was to evaluate the antimicrobial effects. Bacteria
were prepared as described in Section 3.1.3.2, and for all experiments, 100 jul
10° CFUml" bacterial suspensions were pipetted and spread onto 50 mm diameter
nutrient agar plates (Oxoid Ltd., UK). This sample volume provided a population
density of approximately 250-350 CFU/plate, and was selected as a good
representation of the typical levels of environmental contamination that can be
collected from surfaces by contact plate sampling (Maclean et al, 2010). Seeded
plates (n=3) were positioned at a distance of 10 cm below the pulsed LED system (as

shown in Figure 6.29) and exposed for increasing durations of time.

Figure 6.29: Picture demonstrating the placement and arrangement of the 3 agar plates,
seeded with bacteria, under the light prototype being subject to the mixed blend of 405
nm and supplementary colours.
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The irradiance measurements were taken 10cm under the light source, and the
placement of the plates was selected such that the centre of each plate was
illuminated with an average irradiance of approx. 1.5 mWcm?* 405 nm light (peak
irradiance 3 mWcm?® pulsed at 50% duty cycle). Control samples were prepared which
were exposed to standard laboratory lighting for the same durations. Post-exposure,
all sample plates were incubated at 37 °C for 24 hours, and surviving populations
were then enumerated, with results reported as CFU/plate. For statistical analysis, a
one-way ANOVA was carried on the mean populations, with post-hoc Tukey tests
where required (Origin Pro 2019b).

Using the final blended prototype (red-33%; yellow-80%; green-70%; 405 nm-
50% duty cycles), three different light output settings were selected for exposure of
bacterial samples. The microcontroller coding was altered in each case to switch
different colours on and off, however all other parameters were kept the same

(frequency, duty cycle and irradiance). The 3 different light outputs were:

1. All LEDs (red, yellow, green and 405 nm) ON: referred to as RYG-405 mix
2. The 405 nm LEDs ON, with red, yellow and green LEDs switched OFF: referred
to as 405 alone

3. Red, yellow and green LEDs ON and 405 nm LEDs OFF: referred to as RYG mix

For these experiments, two species of bacteria were used: Staphylococcus
aureus, a Gram-positive cocci; and Pseudomonas aeruginosa, a Gram-negative rod.
Bacterial sample plates were exposed to each of the 3 different light outputs, for 15,
30, 45 and 60 minutes. Experiments were carried out in triplicate, with 3 sample
plates exposed each time for each time point.

The optical emission spectrum of the RYG-405 nm mix is illustrated in Figure
6.30(a). The RYG mix spectrum is the same but without the 405 nm peak, so no violet

content, as Illustrated in Figure 6.30(b): whilst the 405 nm alone spectrum is just the
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violet spread around the 405 nm peak with no other wavelength content as illustrated

in Figure 6.30(c).
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Figure 6.30: Spectra of the light output spectrum for each of the 3 setting for microbial
testing. (a) RYG-405 mix (b) RYG mix (c) 405 alone.

The irradiance of the 405 alone was measured at the start and end of each
exposure using the radiant optical power meter and, as stated, was measured at the
centre of each plate to be an average of approximately 1.5 mWcm? (which is a peak
of approximately 3 mWcm? due to it being pulsed at a 50% duty cycle). Based on the
peak irradiance, this meant the plates were treated with doses of 1.35 Jem? (15 min),
2.7 Jem? (30 min), 4.05 Jem? (45 min) and 5.4 Jem? (60 min). The irradiance of the
other 2 settings could not be accurately measured with the radiant optical power
meter as it is not accurate for broadband light measurements. However, it was used
to give an arbitrary reading of the irradiance at the beginning and end to make sure
there was no change throughout the exposure and to make sure each exposure was

subject to the same irradiance.

6.4.3.2 Experimental Results

The results of S. aureus and P. aeruginosa exposure to the RYG-405 mix are
shown in Figure 6.31. All doses refer to the dose of 405 nm light content - not any of
the other wavelengths of light.

In Figure 6.31(a), the results for the S. aureus exposure to the RYG-405 mix are
shown, and it can be observed that over the 60-minute exposure time (5.4 Jcm®) under

the blended light source, the bacterial population underwent a relatively linear
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reduction of approximately a 1.6-log,, across the 4 time points. The reduction of
bacterial population was statistically significant when compared with the non-
exposed populations from the 15-minute time point (P=0.006) right through to the
60-minute time point (p=4.26x10°). A sizable observable reduction of 57% is
demonstrated between the 15-minute (1.35 Jcm?) and the 30-minute time point (2.7
Jcm®). The total percentage reduction in surviving bacterial population after the 60-
minute exposure is approximately 97%. The non-exposed population remained
consistently between 300-400 CFU/plate.

Figure 6.31(b) displays the results of the P. aeruginosa exposure to the blended
light, RYG-405 mix. Similar to the S. aureus exposure, the exposed bacterial
populations demonstrate a significant reduction (p~0.000) over the 60-minute
exposure (5.4 Jcm? from approximately 370 CFU/plate down to less than
approximately 2 CFU/plate (2.2-log,, /99.4% reduction). The population does not
appear to drop until the 30-minute time point (2.7 Jcm?®) where it drops in the region
of 22% and statistical analysis confirmed a significant difference (p=0.03) between
the exposed and non-exposed samples at 30-minutes exposure. The largest drop in
population occurs between the 30- and 45-minute time points (2.7 Jem? and 4.05 Jcm
® respectively), and by 60-minutes (5.4 Jcm?®) the surviving population is reduced to
single-digit CFU/plate values. The non-exposed samples showed minimal variation
over the course of the exposure - again remaining between 300-400 CFU/plate. This
successfully demonstrates that the prototype works as a concept, in that the light
quality has been improved and the blended unit can still inactivate bacteria

successfully.
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Figure 6.31: Inactivation of (a) S. aureus and (b) P. aeruginosa under the blended
prototype set up to output RYG-405 mix. Exposures were carried out at 15-minute
intervals with an average 405 nm light irradiance of approximately 1.5 mWcm? (peak
irradiance being 3 mWcm?). Data points represent the mean values (n=3+ SD) of surviving
population. Lines are for visual guidance. * represents a significant difference compared
with the equivalent control value (p<0.05).

In order to determine whether the supplementary colours provided any
contribution to the antimicrobial efficacy, the next phase of investigation was to

repeat the experiment using 405 alone, and establish any possible difference in
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performance. The results from the 405 alone exposures for S. aureus and P.
aeruginosa are shown in Figure 6.32.

When the plates seeded with S. aureus were exposed to the 405 alone setting,
shown in Figure 6.32(a), it can be observed that over the 60-minute exposure time,
the bacterial population shows a significant reduction (p=3.72x107), demonstrating a
reduction of 99.6% / 2.4-log,, reduction over the 60-minute exposure (5.4 Jcm?). The
bacterial population significantly drops by 22% after 15 minutes exposure (p=0.01).
A mean drop of 45% was observed by 30 minutes (p=0.190) with a dose of 2.7 Jcm?,
although there was a high degree of variation between the triplicate samples
(highlighted by the error bars). By the 45-minute time point (4.05 Jcm®) the majority
of the population had been inactivated (98.9% / 1.94-log,, reduction. The non-
exposed samples remained consistent over the 60-minute exposure period.

Figure 6.32(b) shows the results of the P. aeruginosa exposure to the 405 alone
and similar to the results from the exposure to the RYG-405 mix, an overall downward
trend over the 60-minute exposure time is observed. Over the full 60-minute exposure
(5.4 Jem?) thereis a 1.77-1og,, / 98.3% reduction (p~0.000) in the surviving population
of the exposed samples compared to the non-exposed samples. Exposures of 15 and
30-minutes (1.35 Jcm? and 2.7 Jcm? respectively) showed no significant difference
between the exposed and non-exposed populations (p=0.98 and p=0.13, respectively),
however by 45-minutes exposure (4.05 Jcm?®) a 0.7-log,, / 80.5% reduction in
population was achieved (p=1.145x107%).

When comparing the first two exposures from the RYG-405 mix and the 405
alone, both the S. aureus and the P. aeruginosa demonstrate similar trends and
almost identical levels of inactivation over the 60-minute exposure. Shown in Figure
6.33 are the inactivation curves of S. aureus and P. aeruginosa comparing the RYG-
405 mix exposure to the 405 alone respectively for each organism. The data has been
plotted as percentage surviving population to facilitate direct comparisons between
the two experiments, and as can be seen from the graphs, the inactivation kinetics

using the 2 settings follow very similar trends for each organism.
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Figure 6.32: Inactivation of (a) S. aureus and (b) P. aeruginosa under the prototype set up
to output 405 alone. Exposures were carried out at 15-minute intervals with an average
405 nm light irradiance of approximately 1.5 mWcm?(peak irradiance being 3 mWcm?).
Data points represent the mean values (n=3+ SD) of surviving population. Lines are for

visual guidance. * represents a significant difference compared with the equivalent
control value (p<0.05).
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Figure 6.33: Comparison of the inactivation curves after exposure to RYG-405 mix and
405 alone. (a) Inactivation of S.aureus (b) Inactivation of P. aeruginosa. Data points
represent the mean values (n=3+ SD) of surviving population as a percentage of the

average starting population. Lines are for visual guidance.

Finally, the bacterial contamination was exposed to the RYG mix: to evaluate
the effects of the light source with only the supplementary colours, and no 405 nm
light. Results for S. aureus and P. aeruginosa are shown in Figure 6.34.

For both organisms, exposure to RYG-mix (Figure 6.34(a), 6.34(b)) caused no
observable effects over the 60-minute period. Contamination levels remained
consistent, and in both cases, statistical analysis showed there to be no significant
difference (p>0.05) between any of the exposed and non-exposed sample populations
at any given time point. These results demonstrate that the supplementary light has
no significant effect, positive or negative, on the antimicrobial effects of the light
source, and thus all inactivation is achieved through the photodynamic action of the

405 nm light.
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Figure 6.34: Inactivation of (a) S. aureus and (b) P. aeruginosa under the prototype set up
to output RYG mix. Exposures were carried out at 15-minute intervals. Data points
represent the mean values (n=3) of Surviving population + SD, standard deviation. Lines
are for visual guidance.
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6.5 DISCUSSION

The prototype unit designed and built in this chapter shows promise for the
concept. It demonstrated: the use of 405 nm light supplemented with other
wavelengths to increase the quality of the light output - in terms of colour quality;
the success in using PWM as a means to control the blend of wavelengths output from
the unit; and finally, successful inactivation of two common hospital pathogens (S.
aureus & P. aeruginosa). Along with the success however, various issues and

questions regarding the concept arose and were highlighted during the process.

6.5.1 THERMAL DESIGN ISSUES

One of the big issues in working with LEDs in general is temperature. LEDs
and LED arrays are sensitive to temperature, and with an increasing temperature the
LED output irradiance drops (Schubert, 2006). Even in the initial stages of designing
the surrounding circuitry for the LEDs, temperature came into play. When deciding
upon which resistors to use in conjunction with the LEDs, the calculations were
carried out initially, and then in practice the resistors had to be changed due to
varying current draws and temperature. As temperature increases so does the I-V
characteristic of the LED. This can cause increases in the current drawn by the LED
and thus produce more heat, in turn causing more current to be drawn, leading to
thermal runaway and component failure, if a constant current is not maintained. This
design did not use a constant current driver - it was designed on a single constant
voltage source with the current controlled by the LED characteristic and a resistor in
each of the branches. The constant current driver wasn’'t employed because each LED,
or array of LEDs, ran at a different current and so 4 drivers would have been required
- additionally it wasn’t known what current each LED would run at in practice so the
constant voltage source was used instead. The use of constant current LED drivers
however would be a sensible way to refine the design once all LEDs have been selected
and proven to work. A constant current source or several could be incorporated into

the design to avoid any issues with thermal runaway or overdraw of current.
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The main source of heat in the system comes from the LEDs themselves as
they produce heat along with light; so, the temperature has to be monitored and taken
into account during the design process in order to control the operation and output
of the LEDs. Small things like wear on electrical components could also affect the
power drawn by the LED and so in a refined and future version of the prototype, a
means of tuning the blend remotely via an interface could be a useful addition to the
unit. The tuning function could also possibly be automated - creating a self-tuned
blended LED. If the LED outputs were monitored by in-built photodiodes, then the
microcontroller could alter the levels of each colour with reference to programmed
preset levels. In any circumstance, it would be a useful addition to have control of

the blend and light output of the unit after installation.

6.5.2 AESTHETICS AND ACCEPTABILITY OF LIGHT QUALITY AND BLENDING

Another issue relates to the aesthetics of the light - both in terms of the
design and the light output produced. Addressing the former - there were issues
which arose affecting how the unit looked. Ideally, the LEDs would be positioned very
closely together and then the aperture covered with frosted glass or diffuser so that
the light unit functions as a single non-point source of white light. In reality however,
this was not achievable. The LEDs in the prototype build were mounted on individual
PCBs to avoid any thermal build up during operation, which meant that the LEDs
couldn’t be arranged close together. Furthermore, because the LEDs did not output
high irradiances of light, the aluminium panel was kept at its lowest position, closest
to the aperture, so the output irradiance was sufficient for microbial inactivation. The
inclusion of a diffuser or frosted glass panel for blending would require the LEDs to
be moved further back from the aperture and further reduce the irradiance. Also, in
terms of the diffuser or frosted glass, the distance between the diffuser and LEDs
would have to be substantial enough to defocus the LED arrays to achieve a blended
white non-point source light; so, the diffuser or frosted glass panel was excluded in

this case due to the relatively low irradiances of the LEDs.
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This meant that, from the underside of the current design, all the LEDs
appeared as point sources of each colour, and as the unit is proposed to be mounted
in the ceiling this is what would be readily seen. Ideally, the LED arrays would be
mounted on a single PCB as close together as possible with a regular repeating pattern
of colours - maybe groups of 4 colours at regular intervals depending of the thermal
characteristics of the setup. Having the LEDs closer together may require some active
cooling via a fan, or for example Peltier module as used in chapter 5 but would make
blending much easier. With more of a modular approach to the LED placement i.e. an
arrangement of 4 different colour LEDs together with a small footprint - a module,
which could then be replicated to cover larger areas - the frosted glass or diffuser
could then be incorporated to produce, visually, a much more blended white light.

As mentioned - there were issues with the light output as well as the design
of the light unit. Due to the size of the LED PCBs, they could not be placed closely
together - this meant that colour shadows were apparent under the light. Due to the
light sources being relatively spaced out, each colour caused colour shadows
depending on the position of the LEDs and the object, which would be unacceptable
in a commercial design. This is a definite issue, which would have to be addressed in
future iterations or designs. Again, the issue is with the LED sources being so far
apart and the limited blending. This issue along with other issues, and possible
solutions, will be further discussed in Section 7.2.

There was limited work carried out investigating the irradiance mapping due
to the lack of blending and suitable equipment. The power meter, used for irradiance
readings, is not suitable for broad spectrum light readings due to its wavelength
sensitivity. The spectrometer used for capturing emission spectra used an optical
fibre with a very small aperture for light capture which meant that pointing the
optical fibre directly at the light source would give greatly varying readings
depending on the position of the fibre. It is possible that the reflection spectra from
a white piece of paper placed under the light unit could be measured - however there

was no accurate way to align the optical fibre each time to sections of a grid under
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the unit. For future analysis, more suitable optical capture equipment would be useful
to look at the spread of wavelengths in the area under the unit. This would be more
useful when the LEDs are positioned closer together and blended to a better extent
than in the prototype built in this chapter.

Specifically referring to the prototype built - the yellow content was too low
to match the level achieved by the white LED. The content between approximately
550-600 nm is lacking and so in the next design iteration this range of wavelengths
should be filled out more. Ideally, an improvement would be to include an extra
wavelength or several extra wavelengths of LED to ensure a more consistent spread
of wavelengths across the spectrum. There will however be a compromise between
how many colours can be included to better represent white light versus the space,
circuitry, power requirements and cost of the unit.

During the measurements of the light output of the prototype, the spectra
were captured using the spectrometer, normalised and input into the NIST Light
Quality program, which provided analysis on the spectrum. The CCT, CRI and CQS
were output and the CRI and CQS could not be calculated from the 405 nm spectrum
alone because there was not enough of a spectral spread, so an improvement was
demonstrated with the addition of supplementary colour allowing the program to
analyse the spectra properly. The tuning process resulted in an improvement from
67 to 82 in CRI and 82 to 83 in CQS (data summarized in Table 6.4). Whilst this is
useful in quantifying the quality and spread of wavelength content in the light output,
it still gives no measure of how the light blends together. As can be seen from Figure
6.9(b) of the setup, the different coloured LEDs were clearly visible and although the
light content was acceptable for rendering colours, the colour shadows were evident
(Figure 6.19) partially due to a lack of blending. Future work would be to look at a
way to quantify how blended a light source appears visually, opposed to just the
content of the light. This is partially a subjective issue, as is a lot of the subject matter

when it come to an acceptable and comfortable blend of light, so a possible option
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for quantification of the blending and acceptability would be to use an opinion poll

or panel for a spectrum of opinions on the acceptability of the light source.

6.5.3 QUESTION OF SCALABILITY

There is also the question of scalability. With the current prototype, a good
blend was produced and bacterial inactivation achieved, however the question
remains as to whether this could be viably scaled up to provide room lighting with a
useful level of 405 nm light content to disinfect the surrounding environment. A
concern in scaling up, with the requirement for higher irradiance levels of 405 nm
light and other LEDs, along with the control circuitry for pulsed operation, and
appropriate thermal management, is the question as to whether the power
requirements would be too high for the developed unit to be financially viable. Again,
these issues are hard to address on the small-scale system currently developed. The
fact that 405 nm technology has proved to be effective for reducing environmental
bacterial contaminants (Bache et al., 2012; Maclean et al., 2010; Maclean et al., 2013),
and the technology has been successfully commercialised by Kenall Lighting and
Hubbell Lighting, suggests that the concept of using pulsed control to produce a

blended white light prototype could be developed into a viable system.

6.5.4 CONSIDERATION OF SAFETY

As the application of an antimicrobial blended visible light system is towards
decontamination of occupied environments, such as hospital wards, an important
topic to be addressed is the optical safety of the unit. The wavelength ranges and
associated injury that can be caused by optical radiation was detailed in Section 2.6.
The pulsed light in this prototype consists of 405 nm peak light content pulsed at
50% duty cycle and the peak irradiance of the light would be the same magnitude as
an equivalent continuous unit. However, if it was decided to use a higher peak
irradiance to enable the use of reduced duty cycles in a future iteration, the threshold

limit value would have to be investigated so as to avoid the blue light hazard
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associated with blue/violet light. Additionally, the threshold limit value (TLV) for the
supplementary colours would also have to be assessed if the prototype was scaled
up to ensure it was within any photothermal or photochemical injury limits.

Work by Endarko (Endarko, 2011) carried out TLV calculations for the HINS-
light EDS unit investigating what was a safe level of optical radiation to have constant
exposure to. The main concern was to ensure that the levels of 405 nm light emitted
by the EDS were within ICNIPR guidelines (ICNIRP, 1997). The EDS output at 405 nm
was an irradiance of 0.32 mWcm? at a distance of 200 cm from the source, and this
resulted in an effective light radiance value less than the 10 mWcm?sr' TLV, with a
normal healthy eye being subject to the range of 4-8% of the TLV. Similarly, the study
by Endarko (2011) demonstrated that the light levels generated by the EDS also
satisfied safety requirements for the UV, UV-A and retinal thermal hazards.

The prototype constructed in this chapter demonstrates a peak irradiance of
3 mWcm?* at a distance of 10 cm. As demonstrated in Equation 6.1, the irradiance of
radiation follows the inverse square law i.e. with every unit of distance further away
from a point source, the irradiance drops by the unit of distance squared (Voudoukis

and Oikonomidis, 2017).

Iy =z Equation 6.1

Where 1 is the irradiance in mWcm? at a distance x in cm; D is the distance from the source as
a multiple of x; and 1, is the irradiance in mWcm? at the new distance, the product of D and x.
With this being the case, if the prototype generates 3 mWcem? at a distance of 10 cm, then the

irradiance at 200 cm would be

I =i:i= 7.5x 103 mWcecm™2
Y (2002 400
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This substantially lower than the optical output deemed safe for exposure by Endarko
(Endarko, 2011), however upon scale up, safety considerations would again have to
be addressed.

The microbial experiments carried out demonstrated significant (p<0.05)
inactivation with the 405 alone exposure and the RYG-405 mix exposure. The average
405 nm irradiance at the centre of each of the agar exposure plates was 1.5 mWcm?
(or a peak irradiance of 3 mWcm?). This however would be hard to achieve for
instance in a hospital room, specifically if the light was mounted in the ceiling over
2m from the floor. To achieve this irradiance level across all surfaces, the irradiance
would have to be very high and would be particularly high at eye level - likely
exceeding the TLV. It is likely, upon scaling up, the irradiances would be lower than
that used in the experiments in this chapter - similar to previous HINS-EDS unit levels
for example around 0.32 mWcm?* at a distance of 200 c¢m, as documented by Endarko
(Endarko 2011). The inactivation rate would be slower, however clinical studies by
Bache and Maclean (Bache et al, 2012; Maclean et al., 2010; Maclean et al., 2013)
demonstrate successful environmental decontamination at these levels - and they
adhere to all safety guidelines discussed in Section 2.6. A more in-depth comparison
of systems and the inactivation kinetics with the published studies using the HINS-
EDS unit and the prototypes build in this and the subsequent chapter will be
discussed at the end of the next chapter, in Section 7.2.

The prototype would have to be sizably scaled up to partial or full room
decontamination levels before the issues discussed in this section, along with safety

parameters, could be adequately realised and properly investigated.

6.6 CONCLUSION

The goal of designing and building a prototype antimicrobial-pulsed blended
white light unit was achieved. With the results from Chapter 5 demonstrating a higher
efficacy, in terms of inactivation per optical dose delivered, with a pulsed optical dose

delivery, the starting point for the prototype development in this chapter was to build
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the design around the pulsing concept using the 50% duty cycle - so as to achieve the
increased antimicrobial efficacy as demonstrated in Chapter 5. The pulsed 405 nm
light was supplemented with pulsed red, yellow and green content demonstrating an
observable improvement in the light quality in terms of how it rendered colours. The
pulsing was crucial in the optical tuning process. It allowed for the content of each
colour, i.e. the output of each LED, to be controlled using the microcontroller. The
pulse width was changed in order to control the colour content in the prototype and
made the tuning process much simpler.

Additionally - as demonstrated in Chapter 5 - the pulsed 405 nm light can
produce comparable levels of antimicrobial activity as continuous - and so the 405
nm light was pulsed at 50% thus making the 405 nm content visually less intense
whilst still maintaining a higher peak irradiance. An apparent less intense 405 nm is
then easier to blend with other colours to produce the white light objective. The CRI
and CQS values were greatly increased when the supplementary colours were added
- and using PWM to tune the supplementary colour composition, the CRI and CQS
values were further improved.

Furthermore, the light unit was a success in terms of antimicrobial activity.
Whilst demonstrating a higher CRI and CQS - a better quality of light - the light
output from the unit demonstrated significant bacterial inactivation of both S. aureus
and P. aeruginosa. The unit demonstrated over 97% inactivation of both strains of
bacteria, subject to an average 405 nm light irradiance of 1.5 mWcm? (Peak 405 nm
irradiance of 3 mWcm?) over a 60-minute exposure time at a distance of 10 cm from
the unit.

The results demonstrated that the concept of the pulsed blended light unit was
a success - there is however much development still required before pulsed, blended
systems are viable for environmental decontamination. To this end, there are a
number of key issues that should be addressed, both in terms of this prototype and

the general concept, including:
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o for this prototype, the amount of yellow wavelength content needs to be
increased in order to improve the overall optical blend;

e in general, the aesthetics of the unit must be addressed - the LEDs must be
arranged closer together, with a diffuser incorporated to improve blending
and achieve a single source light unit; and;

o finally, is the design or concept scalable? - In terms of size, light output,
power requirements, cost and antimicrobial efficacy.

Some of these aspects will be investigated and expanded upon in the next chapter.

195



CHAPTER 7
DEVELOPMENT OF A PULSED, BLENDED
ANTIMICROBIAL LIGHT WHITE SOURCE:

PART I1: SCALE-UP & OPTIMISATION

7.0 OVERVIEW

This chapter will build on the prototype design developed in Chapter 6. Of the
three point on which to expand in detail at the end of Chapter 6 - two of the issues
will be addressed in this chapter: improving the spectral content of the light, in
particular the yellow content; and investigating how a scaled up version of the design

compares in terms of performance and viability.

7.1 THE REDESIGN OF THE BLENDED WHITE LIGHT UNIT

The light unit designed and built in Chapter 6 successfully demonstrated that,
under pulsed control, antimicrobial 405 nm light can be supplemented with other
wavelengths of light to improve the quality of the overall light output, in terms of
colour quality and rendering ability, with relative wavelength irradiances controlled
via PWM. As mentioned, the work of this chapter investigates the potential to scale
up this prototype, and addresses technical challenges including optimizing the blend

of the optical output and assessing antimicrobial performance.

7.1.1 DESIGN OF THE SCALED-UP PROTOTYPE LIGHT UNIT

From here onwards the prototype light unit developed in Chapter 6 will be
referred to as the Mk I unit and the redesigned prototype in this chapter will be
referred to as the Mk IT unit.

The first issue to be addressed in the Mk II unit was to increase the yellow
component of the output spectrum. Amber Lumileds LUXEON Rebel LEDs (LXML-PL0O1-
0040) were selected for this purpose as they had a peak wavelength in the region of

590 nm + 5.5nm. The resistors used for these new amber LEDs were 3.3 Q and 5.6 Q
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used in series for a total resistance of 8.9 Q, the same as that used with the Kingbright
yellow LEDs in the Mk I unit.

For the scale-up, it was decided that the Mk I unit would be supplemented with
more LEDs (rather than building a separate unit) in order to increase the optical
output. The full electronic setup was replicated, with the number of each LED doubled,
with the exception of the yellows which remained at 2 but were supplemented with
4 x amber LEDs. A full list and details of the LEDs used are in Table 7.1.

Table 7.1: Details of the LEDs selected for use in the scaled-up design of the blended white
light prototype - Mk II unit.

Colour Wavelength (nm)

Peak FWHM

Red 617 28 Lumileds LXM2-PH01-0070 4
Yellow 593 20 Kingbright KADS-8072SY2874S 2
Amber 590 10 Lumileds LXML-PLO1-0040 4
Green 530 30 Lumileds LXML-PM01-0090 4
Violet 405 12 Nichia NCSU276AT-U405 8

The first ring of LEDs, as arranged in the Mk I unit, was supplemented in the
Mk II unit. A second ring of LEDs was adhered around LEDs from the Mk I unit
spreading the different colours as much as possible and attempting to keep the LEDs
as close together as possible - however, due to the sizable footprint of the PCBs on
which the LEDs were mounted, the LEDs were further apart than the ideal scenario.
Ideally, the LEDs would be as small and close together as possible so as the different
LEDs are indiscernible and to create a perceived point source - this is however difficult
to achieve.

The full setup and arrangement of the LEDs for the Mk IT unitis shown in Figure
7.1. As can be seen from the picture, the wiring in particular became quite sizable and
awkward so for any real scale up of the design, the LEDs would need to be mounted
together on a single custom PCB which would allow them to be placed closer together

and avoid the amount of wiring seen in Figure 7.1.
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The Mk I unit circuitry was left as it was, and an almost identical circuit was
fabricated for the new ring of supplementary LEDs (as illustrated in Figure 7.1). The
only difference with the Mk II unit circuitry was that there were 4 parallel branches
instead of two in the yellow/amber section of the circuitry. The Mk II unit circuitry was
controlled by a second identical microcontroller to control the second ring of LEDs.
This meant that the LEDs were most likely not all synchronized in their pulsing but
the duty cycles and irradiances would all be identical so this issue was not a major
problem for the purposes of this study. It was decided that both microcontrollers
would be loaded with exactly the same code - meaning each colour of LED in both

rings would be pulsed at the same duty cycle.

Figure 7.1: Picture of the arrangement of the LEDs after the integration of the second set of
LEDs for the redesigned Mk II unit as seen from the underside of the unit through the 200
mm aperture (colour spots indicate the LED colours).

7.1.2 OPTICAL TUNING OF THE MK II UNIT

As with the Mk I unit, the duty cycles had to be altered to find the optimal
blend, as close to white light as possible. It was decided that with the new amber LEDs

and the doubling up of the rest of LEDs with different spacing and positions, that the
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tuning process would be re-evaluated, beginning again with all colours set at a 50%
duty cycle. Shown in Figure 7.2 is the spectral output of the Mk II unit with all colours
set at 50% duty cycle compared with that of the standard white LED (Lumileds, Luxeon
LXH7-PW40). Visual images demonstrating the colours rendered under the Mk II unit

at this setting are shown in Figure 7.3.
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Figure 7.2: The spectral output of the Mk II unit [all colours @ 50% duty cycle] compared
with the spectrum of a standard cool white LED (Lumileds, Luxeon LXH7-PW40).

Figure 7.3: Various objects representing different colours under illumination by the Mk II
unit [all colours @ 50% duty cycle], demonstrating the colour quality or colour rendering
ability of the light source.

As before, there is still a purple hue about the picture. However, the colours

appear to be rendered quite well - with the skin tone looking quite natural. It was
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observed that the red peak was too high - in comparison to the white LED spectrum -

as can be seen in Figure 7.2, so this was incrementally reduced until it matched that

of the white LED spectrum. The duty cycle eventually settled upon was 33%, the same

as that used in the Mk I unit. The spectral comparison and picture showing the new

light output are shown in Figure 7.4 & Figure 7.5, respectively.
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Figure 7.4: Spectral output of the Mk II unit [red LEDs @ 33%; green, yellow/amber, 405 nm

LEDs @ 50% duty cycle], compared to

the initial Mk II unit output [all LEDs @50% duty

cycle], and a standard cool white LED (Lumileds, Luxeon LXH7-PW40).The red LEDs have
been reduced to 33% duty cycle to better match the output of the white LED.

Figure 7.5: Various objects representing different colours under illumination by the Mk II
unit [red LEDs @33%; 405 nm, yellow/amber and green LEDs @ 50% duty cycle],
demonstrating the colour quality or colour rendering ability of the light source.
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It can be seen, that the red peak of the prototype output is a little higher than
that of the white LED spectrum after the duty cycle was reduced. The red LED was
kept a little higher in an effort to maintain an extra portion of yellow wavelength
content on the lower tail of the spectral spread. As can be seen from the comparison
graph in Figure 7.4, as with a reduction in the red level, the yellow also reduces. With
the issue of too little yellow content in the Mk I unit, it was decided that an extra
portion of yellow content would be a justifiable reason to have a slightly higher red
peak.

The next change was the green light, which was at too low a level. The green
was incrementally increased until it matched the level of the white light spectrum. The
duty cycle decided upon was 70% duty cycle. The spectral comparison and picture
showing the new light output are shown in Figure 7.6 & Figure 7.7, respectively.
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Figure 7.6: Spectral output of the Mk II unit [red LEDs @ 33%; green LEDs @ 70%;
yellow/amber, 405 nm LEDs @ 50% duty cycle], compared to the initial Mk IT unit output
[all LEDs @50% duty cycle], and a standard cool white LED (Lumileds, Luxeon LXH7-
PW40).The green LEDs have been increased to 70% duty cycle to match the output of the
white LED.
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Figure 7.7: Various objects representing different colours under illumination by the Mk IT
unit [red LEDs @33%, green LEDs @ 70%; yellow/amber, 405 nm LEDs @ 50% duty cycle],
demonstrating the colour quality or colour rendering ability of the light source.

Unfortunately, at this stage it could be foreseen again that the yellow/amber
content would be lacking. The amber LEDs (Lumiled LXML-PL01-0040) were selected
to match the Lumiled brand of the other coloured LEDs, and it was hoped the
performance, of the other coloured LEDs. With the red peak at approximately 620nm
and the green peak approximately 525nm - the central peak to fill the spectral was
estimated about 570nm. At the time of sourcing the LEDs for the Mk II unit, due to
availability, the amber LEDs - which have a peak of 590nm and a FWHM of 20nm -
were selected. The intention was that the tail on either side of the 590nm peak would
give a 20nm spread at half irradiance, and theoretically fill the spectral gap.

With only the yellow/amber LEDs left to adjust and both at 50% duty cycle, the
peak was about 6000 arbitrary units of irradiance and it had to be increased to almost
12000 arbitrary units of irradiance so to raise it to a level comparable with the white
LED (see Figure 7.6). As discussed before (Section 6.4.1) the maximum duty cycle that
can be used is approximately 80%, in order to keep the temperature down and ensure
safe operation. However, the yellow/amber LEDs were incrementally increased in an
effort to see how close the yellow content could be matched to that of the white LED
spectrum. It was increased to the maximum, at a duty cycle of 80%, and the spectral
comparison and picture showing the new light output are shown in Figure 7.8 & Figure
7.9, respectively.

Unfortunately, the level of yellow content couldn’t be increased enough to

match that of the white LED spectrum: the yellow appears to be a limitation in the
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current system. On Figure 7.8 there is only a small observable increase in the
yellow/amber peak from Figure 7.6. The peaks of the original yellow LEDs (Kingbright
KADS-8072SY2874S) at 593nm and the amber (Lumiled LXML-PL01-0040) at 590nm
were so close that it is hard to discern the new peak from the addition of the 4 new
amber LEDs. The new amber LEDs, much like the original yellow LEDs, performed
worse than expected and as such the yellow content and in general wavelength content
around 570nm mark was insufficient. The yellow LEDs in future iterations would have
to be chosen and tested very carefully in order to ensure optimal output and

wavelength spread.
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Figure 7.8: Spectral output of the Mk II unit [red LEDs @ 33%; green LEDs @70%;
yellow/amber LEDs @ 80%; 405 nm LEDs @ 50% duty cycle], compared to the initial Mk IT
unit output [all LEDs @50% duty cycle], and a standard cool white LED (Lumileds, Luxeon

LXH7-PW40).
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Figure 7.9: Various objects representing different colours under illumination by the Mk II
unit [red LEDs @33%; green LEDs @ 70%; yellow/amber LEDs @ 80%; 405 nm LEDs @ 50%
duty cycle], demonstrating the colour quality or colour rendering ability of the light
source.

Nevertheless, the final blended output of the Mk II unit appeared to be
successful in rendering colours, as can be seen in Figure 7.9, and showed an
improvement from the initial untuned output (all LEDs @50% duty cycle) and indeed

a major aesthetical improvement from the 405 nm light alone (Figure 7.10).
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405 nm light alone

Duty Cycles:

Red - 50%
Yellow/Amber - 50%
Green - 50%
405 nm - 50%

Duty Cycles:

Red - 33%
Yellow/Amber - 50%
Green - 50%
405 nm - 50%

Duty Cycles:

Red - 33%
Yellow/Amber - 50%
Green - 70%
405 nm - 50%

Duty Cycles:

Red - 33%
Yellow/Amber - 80%

Green - 70%
405 nm - 50%

White LED used for
spectral comparison

Standard room
lighting

Figure 7.10: Comparison of various objects under the Mk II unit at the 4 main iterations
during the tuning process (tuning in bold and underlined), and under 405 nm light alone,
standard room lighting and the white LED used for the spectral comparison.
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As in Chapter 6, with the initial blend (all LEDs at a 50% duty cycle), there is a
purple hue about the light output. This however reduced observably as the irradiance
of each colour of LED was tuned, with the final blend demonstrating a bright source
which renders all of the colours remarkably well - despite the issues of LED spacing
in the prototype. Even the skin tone of the figure is better than in the same image of
the final blend of the Mk I unit (Figure 6.18), which had a green hue due to the LED
spacing. The additional LEDs appear to have provided a much more consistent blend
of colours over the full areas - although the figure still demonstrated colour shadows
due to the LED spacing which is not ideal. These observations of course are subjective;
however, I would suggest that the final blend of the Mk IT unit provides a brighter and
better blend of light, rendering the colours more naturally and with more vibrance and

depth than the final blend of the Mk I unit, shown for comparative purposes in Figure

7.11.

Final Blend
MKk I unit:

Red - 33%
Yellow - 80%
Green - 70%
405 nm - 50%

Final Blend
MKk II unit:

Red - 33%
Yellow/Amber - 80%
Green - 70%
405 nm - 50%

Figure 7.11: Comparison of various objects under the final blend of the Mk I unit and Mk II
unit after the optical tuning process.

As can be seen, there is still a hue of violet in both although it has been
significantly reduced from the initial 50% duty cycle blend. This could be improved by
increasing the irradiances of the supplementary colours to balance out the violet
content and with some improved blending - through the use of a diffuser and spacing

the LEDs closer together.
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7.1.3 OPTICAL ANALYSIS OF THE MK II UNIT AFTER OPTICAL TUNING

The optical analysis of the Mk II unit was carried out at the same 4 tuning
settings (as shown in Figure 7.10) but this section will focus on the initial output
spectrum [all colours set at 50% duty cycle] and the final tuned spectrum [red LEDs @
33%; green LEDs @70%; yellow, amber LEDs @ 80%; 405 nm LEDs @ 50% duty cycle]
looking at the overall improvement. Section 6.4.2.2 provides detail of how to interpret
the plots. Initially, the CRI was considered. The CIELAB plot showing the test versus
reference sample colours for CRI and the individual CRI values for the colour samples
for the initial 50% duty cycle output, is shown in Figure 7.12 & Figure 7.13,
respectively.

It can be seen that the test colours in Figure 7.12 are relatively close to the
reference colours with the exception of a few samples in the blue green quadrant,
indicating a good CRI and quality of light. Figure 7.13 shows the individual breakdown
of the CRI values with only the first 8 being averaged to give the CRI Ra value, which
for the Mk II unit [all LEDs @50% duty cycle], was 69. At 69 this Mk I unit CRI was
slightly better than that of the initial CRI of the Mk I unit [all LEDs @50% duty cycle],
which was 67 (as detailed in Table 6.4). As mentioned, the problematic sample colours
in the CIELAB colour plot were in the blue green quadrant, and this is reflected in the
low R11 and R12 which can be seen on Figure 7.13.

The CQS for the Mk IT unit [all LEDs @50% duty cycle] is much lower in this case
than the initial measurement of the Mk I unit [all LEDs @ 50% duty cycle], with the Mk
IT unit demonstrating a CQS value of 73 opposed to the initial CQS value of 82 for the
Mk I unit (as detailed in Table 6.4). However, the prototype was still to be tuned so it
was not problematic that, at that initial setting, the CQS was much lower than Mk I
unit. Shown in Figure 7.14 & Figure 7.15 show the test versus reference colour samples

for CQS along with the individual values for each colour, respectively.
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Figure 7.12: Comparison of the CRI colour samples rendered under the Mk II unit (all LEDs
at 50% duty cycle) with the reference samples rendered under an ideal source i.e. a source
with a CRI of 100. NIST CQS program used for analysis.
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Figure 7.13: Bar graph showing the individual scores of CRI for each sample colour and the
overall CRI value (Ra) - average of the first 8 R, values- rendered under the Mk II unit with
all LED duty cycles at 50%. Graph demonstrates how the Mk II unit renders colors with
reference to the ideal light source, which would have special CRI values of 100 across the
chart. NIST CQS program used for analysis.
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Figure 7.14: Comparison of the CQS colour samples rendered under the Mk II unit (all LEDs

at 50% duty cycle) compared with the reference samples rendered under an ideal source
i.e. a source with a CQS of 100. NIST CQS program used for analysis.
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Figure 7.15: Bar graph showing the individual scores of CQS for each of the colour samples
with the average CQS value, Q, - rendered under the Mk II unit with all LED duty cycles at
50%. Graph demonstrates how the Mk II unit renders colors with reference to the ideal
light source, which would have Ry;:; values of 100 across the chart. NIST CQS program
used for analysis.
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As can be seen in Figure 7.14, the colours matched up well in the lower 2
quadrants of the CIELAB CQS plot however the upper half of the CIELAB CQS plot
demonstrated quite a bit of deviation in the test and reference colours. Again, this still
had to be tuned so the aim was to resolve these deviations in colour samples.

As mentioned, the Mk IT unit LEDs were all initially set at a duty cycle of 50%.
The full prototype was then tuned as described in Section 7.1.2. Optical analysis of the
initial [all LEDs @ 50% duty cycle] and final blended output spectrum [red @ 33%, green
@ 70%; yellow/amber @ 80%; 405 nm @ 50%] was then conducted. A side-by-side
comparison of the CIELAB CRI colour plot and graphs of the initial blend and the final
tuned blend are shown in Figure 7.16 & Figure 7.17, respectively.

The tuning process resulted in a visible improvement: the light output’s test
and reference colour samples matched much more closely on the CIELAB CRI plots in
Figure 7.16. Moreover, the individual CRI values for the final blend, shown in Figure
7.17, are almost all higher than the initial blend of the Mk II unit [all LEDs @ 50% duty
cycle), with the lowest 44 opposed to the lowest of 20 in the initial blend. The overall
CRI value of the final blend is 81, so an increase of 12 in the overall CRI is observed
between the initial and final blend, which demonstrates a resounding success in the
tuning process creating a better blend of light content. The final blend of the Mk II
unit however has a CRI of 81 whilst the final blend of the Mk I unit had a CRI of 82.
This is not much of a difference and it is unclear why this is the case; a possibility is
that underperforming yellow, and now underperforming ambers, have reduced the
content around the 590nm peak relative to the other wavelengths. In any case - an
overall CRI value above 80 falls in the same range as fluorescent lights, as well as
trichromatic and phosphor based white LEDs (Schubert, 2006), so this would be an
accepted CRI if the blending aesthetics issue was solved and a sufficient scale was

achieved.
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Figure 7.16: Comparison of the CIELAB CRI colour sample plots demonstrating the colour rendering ability of the initial and final blended MK II units.
(a) Initial blend of light [all colours at 50% duty cycle] (b) Final tuned blend [red @ 33%, green @ 70%; yellow/amber @ 80%; 405 nm @ 50% duty cycle].
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Figure 7.17: Comparison of the Individual CRI values for each of the colour samples used for CRI analysis of the initial and final blended Mk II units.
(a) Initial blend of light [all colours at 50% duty cycle] (b) Final tuned blend [red @ 33%, green @ 70%; yellow/amber @ 80%; 405 nm @ 50% duty cycle].
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The CQS showed a sizable increase, increasing by 9, from 73 with the initial
blend to 82 for the final blend. Shown in Figure 7.18 (a) & (b) respectively, is a
comparison of the two CIELAB CQS colour plots of the initial blend and the final blend
of the Mk II unit. Similar to the CRI, the CQS value of 83 of the final blend of the Mk I
unit is slightly higher than that of the final blend of the Mk IT unit, which had a CQS of
82. Again, the assumption is that the minor difference is due to the difference in the
relative levels of the 405 nm peak and its accompanying tails on either side compared
with the levels of other wavelength content.

The results showed a closer match with the test and reference colour samples
of the plot, shown in Figure 7.18, with the final blend than the initial; and only a few
improvements on the individual CQS scores, as shown in Figure 7.19. However, when
comparing both CRI and CQS there is a definite improvement in the quality of the light
output from the initial blend to the final blend making for a success in terms of the
optical tuning process that was undertaken.

As with the Mk I prototype, the final part of the optical analysis that was
undertaken was to look at the values of CRI, CQS and CCT for four stages of the tuning

process. These are shown in Table 7.2.

Table 7.2: Summary of the CRI, CQS & CCT at the four main stages in the optical tuning
process of the Mk II unit.

CRI cQs CCT (K)
Initial blend [all LEDs @ 50% duty cycle] 69 73 2372
Altered Red Content [Red @ 33%; Green,

76 80 2977
Yellow/Amber, 405 nm @ 50%]
Altered Red & Green Content [Red @ 33%;

81 81 3458
Green @70%; Yellow/Amber, 405 nm @ 50%]
Final blend - Altered Red, Green & Yellow
Content [Red @ 33%; Green @ 70%; 81 82 3312

Yellow/Amber @ 80%; 405 nm @ 50%]
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Figure 7.18: Comparison of the CIELAB CQS colour sample plots demonstrating the colour quality of the initial and final blended Mk I unit. (a) Initial
blend of light [all colours at 50% duty cycle] (b) Final tuned blend [red @ 33%, green @ 70%; yellow/amber @ 80%; 405 nm @ 50% duty cycle].
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Figure 7.19: Comparison of the Individual CQS values for each of the colour samples used for CQS analysis of the initial and final blended Mk II unit. ()
Initial blend of light [all colours at 50% duty cycle] (b) Final tuned blend [red @ 33%, green @ 70%; yellow/amber @ 80%; 405 nm @ 50% duty cycle].
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It is demonstrated in Table 7.2 that as the CRI improves incrementally
thoughout the process, so does the CQS. The CCT increases indicating that the blend
is moving from a warmer white blend of light to a cooler blend.

Overall, the optical tuning has been demonstrated to be a success, acheving a
substantial increase in the CRI value of the Mk IT unit and an increase in the CQS
value. The next stage in the process was to re-assess the antimicrobial effectiveness
of the system and look at the difference in efficacy with the increase in the number

of LEDs, and consequently the increase in output irradiance.

7.1.4 MICROBIOLOGICAL TESTING OF THE REDESIGNED AND MK II UNIT

The results in Section 6.3.3 confirmed that the antimicrobial effects of the
small-scale prototype were caused by the 405 nm light LEDs only, with the other
colours purely contributing to the blending of the system. Therefore, in order to
validate the antimicrobial efficacy of the scaled-up system, testing focused on
exposures using the 405 nm light alone. As before, two strains of bacteria were used;
S. aureus and P. aeruginosa. The experiments were conducted with the bacterial
sample plates positioned at a distance of 10 c¢m from the light unit (as with the small-
scale Mk I unit), and the seeded plates were subject to an average measured irradiance
of approximately 2.2 mWcm? of 405 nm light (a peak irradiance of 4.4 mWcm®). Based
on the peak irradiance, this meant the plates were treated with doses of 1.98 Jcm®
(15 min), 3.96 Jem? (30 min), 5.94 Jem? (45 min) and 7.92 Jcm? (60 min). The distance
between the light unit and sample plates was then increased to 15cm, where plates
were exposed to the same irradiance as the prototype in Chapter 6: ~1.5 mWcm? of
405 nm light (a peak irradiance of 3 mWcm?, giving a maximum applied dose of
5.4 Jcm?* at 60 minutes). The distance of 15 cm was chosen as it provided the same
irradiance levels as a 10 cm distance with the Mk I unit and it was thought that these
experiments would tie together the scale up results with the Mk I results. Ideally, a

larger distance would have been tested - however this would have required much
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longer exposures at lower irradiances and would have required different
experimental apparatus for suspending the light source at 1 m or perhaps 2 m
above the bacterial samples, so 15 c¢cm was decided upon. Future work however
should almost definitely increase the distance further for future experiments.

The graphs showing the inactivation of S. aureus and P. aeruginosa after

exposure to the Mk II unit at a distance of 10cm are shown in Figure 7.20.
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Figure 7.20: Inactivation of (a) S. aureus and (b) P. aeruginosa on agar surfaces by
exposure to the Mk II unit at a distance of 10 cm, and an average irradiance of 2.2 mWcm
? (peak irradiance 4.4 mWcm?) 405 nm light. Data points represent mean values (n=3+ SD).

Lines are for visual guidance. * represents a significant difference compared with the
equivalent control value (P<0.05).
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For S. aureus (Figure 7.20a), the bacterial population followed a downwards
linear trend, demonstrating a significant 36.7% / 0.2-log,, reduction (p=0.0076) by 15-
minutes (1.98 Jcm®) exposure. A 2.44-1og,, / 99.6% reduction in bacterial population
was achieved by the 60-minute exposure time, dropping to an average of 1 CFU/plate.
In the case of P. aeruginosa (Figure 7.20b), only a 10.8% reduction (p=0.076)
was observed after 15 minutes. By 30 minutes (3.96 Jcm®), the majority of the seeded
contamination had been inactivated, with a significant 97.4% / 1.58-log,, reduction
(p=3.57%x107%). By 60 minutes (7.92 Jcm?), a 2.58-10g,, / 99.7% reduction was observed.
To compare the Mk I and Mk II unit's inactivation efficacy, the bacterial

populations were converted to percentages, and the kinetics shown in Figure 7.21.
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Figure 7.21: Comparison of the inactivation of (a) S. aureus and (b) P. aeruginosa exposed
to the MKk I unit at 1.5 mWcm? (Peak 3 mWcem?;, max dose of 5.4 Jcm?) and the Mk II unit at
2.2 mWcm? (Peak 4.4 mWcm?* max dose of 7.92 Jcm?) 405 nm light, at a height of 10cm.
Data points represent the percentage mean values (n=3+SD) of surviving population
relative to the starting populations. Lines are for visual guidance.

The S. aureus inactivation curves in Figure 7.21(a) demonstrate very similar
kinetics. This suggests that over the 60-minute exposure - the inactivation of the .
aureus was not affected by the 0.7 mWcm? increase in average 405 nm irradiance.

For P. aeruginosa however (Figure 7.21(b)), the Mk II unit appears to achieve
faster inactivation than the Mk I unit, with the majority of the bacteria inactivated by

30 minutes, compared to 45-60 minutes with the Mk I unit.
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The next stage was to increase the distance between the light source and the
bacterial samples to 15 cm, giving an average irradiance of ~1.5 mWcm? (the same as
that of the Mk I unit at a 10cm distance). Figure 7.22 shows the inactivation of S.
aureus and P. aeruginosa after exposure to Mk II unit at a distance of 15cm. S. aureus
(Figure 7.22a) demonstrated a relatively linear reduction over the 60 minute period
(5.4 Jem?®), with a 1.21-log,, / 93.8% reduction in bacterial population. P. aeruginosa
(Figure 7.22b) also demonstrated successful inactivation, albeit at a slightly faster

rate, with a 1.32-log,, / 95.3% reduction after 45 minutes exposure (4.05 Jcm?).
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Figure 7.22: Inactivation of (a) S. aureus and (b) P. aeruginosa on agar surfaces by
exposure to the Mk II unit at a distance of 15 c¢m and an average of 1.5 mWcm? (peak
irradiance 3 mWcm?) 405 nm light. Data points represent mean values (n=3+ SD). Lines
are for visual guidance. * represents a significant difference compared with the control
value (p<0.05).

The Mk IT unit at both 10 cm and 15 cm demonstrated successful inactivation
of both species of bacteria. A further point of interest was to assess whether the

exposures at heights of 10cm and 15cm from the Mk II unit demonstrated any
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statistical difference in the rate of inactivation. Shown in Figure 7.23 are the

comparative inactivation curves at the two height settings.
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Figure 7.23: Inactivation of (a) S. aureus and (b) P. aeruginosa at distances of 10cm and
15cm from the Mk IT unit. Sample plates were subject to 405 nm light at 2.2 mWcm? and
1.5 mWcm? irradiance (peak irradiance being 4.4 mWcm? and 3 mWcm?, respectively).
Data points represent the mean values (n=3+ SD). Lines are for visual guidance. *
represents a significant difference compared with the value at the same time point from
the 15cm exposure (p<0.05).

In the case of S. aureus (Figure 7.23a) the inactivation kinetics are similar,
demonstrating a relatively linear reduction with time. However the trends

demonstrate significant differences at each of the time points (p<0.05), with the
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biggest observable difference being at 30 minutes where the population of the 10 cm
exposure is 54% of that of the 15 cm exposure (p=0.0089). The results suggest that
the 10cm exposure, i.e. the higher irradiance exposure, demonstrates a significantly
quicker inactivation. The peak irradiance of the 10 cm exposure is almost 50% higher
than the peak irradiance of the 15 cm exposure - from 3 mWcm? up to 4.4 mWcm™
Similar results are shown for P. aeruginosa (Figure 7.23b), with significantly enhanced
inactivation at the 30-minute point (p=9.08x107): 97.4% reduction at 10cm compared
to 75.8% at 15cm distance. Overall, the results demonstrate that the higher irradiance

exposure, the faster inactivation of the organisms.

7.2 DISCUSSION

The scaled up Mk IT unit, like the Mk I unit, demonstrated successful inactivation
of both S. aureus and P. aeruginosa on agar plates. Both units supplemented the
pulsed 405 nm light with other colours, produced by pulsed LEDs, to produce a better
quality of light. The subsequent discussion sections will:

e Compare the Mk I and Mk IT units
e Relate the Mk IT unit performance with other EDS studies

¢ Discuss design and performance issues of the pulsed prototype.

7.2.1 COMPARISON OF THE MK I AND MK II UNITS

Both iterations of the prototype met the main objectives of the project - to
create an antimicrobial blended light source controlled by pulsed width modulation
(PWM). Another important element for consideration when developing a light source
is the irradiance profile, or irradiance spread, on surfaces below the light source.
Shown in Figure 7.24 and Figure 7.25 are the irradiance profiles of the 405 nm light
output of the Mk I unit and Mk II unit, respectively, at a height of 10 cm.

Unfortunately, due to the optical measurement equipment (Power meter and
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photodiode, Section 3.2.1) not allowing accurate measurement of broadband light

sources, these profiles focus on the 405 nm light output rather than the full blended

spectrum, but are being presented here to support general discussion.

suepel) Wusov
S

©

(LUONW) &
e
®

o
>

2

(a)

(mWem2)

1.590
1.484
1.378
1272
1.166
1.060
0.9540
0.8480
0.7420
0.6360

0.5300

(b)

Figure 7.24: Irradiance profile of 405 nm light under the Mk I unit at a distance of 10cm,
(a) Side on surface plot (b) Aerial view of surface plot.
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Figure 7.25: Irradiance profile of 405 nm light under the Mk II unit at a distance of 10cm,
(a) Side on surface plot (b) Aerial view of surface plot.

Both irradiance profiles demonstrate a relatively normal distribution. As can be

seen, the Mk IT unit with double the number of LEDs, has about 30% higher peak than

the Mk I unit - however it can be seen more clearly from the aerial views in Figure
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7.24(b) and Figure 7.25(b) that the Mk II unit irradiance profile has a higher spread
demonstrating a higher irradiance over a larger area.

An additional comparison of interest is the inactivation kinetics achieved with
the Mk I unit at 10 cm and the Mk II unit at 15 cm - which both exposed samples to
an irradiance of 1.5 mWcm? (peak irradiance of 3 mWcm?). Shown in Figure 7.26 is
the inactivation curves of S. aureus using the two units. The results demonstrate
relatively similar kinetics, although the inactivation rate at 30 minute using the Mk I
unit was better. Generally, both units demonstrated >90% inactivation by 60 minute
exposure, with the Mk I unit performing marginally better demonstrating a 97.5%

reduction compared to the MKk II unit’s 93.8% reduction.
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Figure 7.26: Comparison of the Inactivation of S. aureus under (a) the Mk I unit at 10 cm
and (b) the MKk II unit at 15 cm - both of which had an irradiance of 1.5 mWcm?, or a peak
irradiance of 3 mWcm?.

In the case of P. aeruginosa (Figure 7.27)both units again demonstrated fairly
similar inactivation kinetics, with again the biggest difference being at the 30 minute
period, however in this case it was the Mk II unit which had the greater reduction. In
terms of inactivation achieved for the same dose delivered at 60 minutes - both units
demonstrated an inactivation of over 99%, with the Mk I unit technically performing
marginally better demonstrating a 99.4% reduction compared to the Mk II unit’s 99.1%

reduction.
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Figure 7.27: Comparison of the Inactivation of P. aeruginosa under (a) the Mk I unit at 10
cm and (b) the Mk II unit at 15 cm - both of which had an irradiance of 1.5 mWcm?, or a
peak irradiance of 3 mWcm?.

In both cases - although the Mk II performed marginally better, the margins
were very small and suggest very little difference between the two prototypes. This
was to be expected given the small difference in irradiance from an average of
1.5 mWcm? to 2.2 mWcm®. For both strains of bacteria, the inactivation kinetics
demonstrated similar trends but with slight differences, as would be expected with
different experimental setups. In terms of the inactivation - the levels of irradiance
were the same and as such the population reductions over the 60-minute exposure
time were also similar. Unfortunately, due to the variation in the starting populations
of each of the tests, statistical analysis could not to be carried out. Referring back to
the differences observed at the 30 minute point in both Figure 7.26 and Figure 7.27,
the differences observed at this mid-point are not unusual, and inactivation kinetics
in other publications have demonstrated similar variability in replicates that are on
this downward slope. The reason for this is due to the mechanism of action. Typical
405 nm light inactivation curves tend to show a degree of plateau/slow inactivation
at the start, due to the fact that there needs to be the build-up of sufficient ROS (and
subsequent cell damage) before lethal damage, and downwards trends in the

population are observed. Once this downward trend begins, this is the point in the
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kinetics where the greatest deviation in results can be observed (Maclean et al., 2009;
Endarko et al., 2012).

Overall, the experiment has successfully demonstrated that the Mk II unit was
capable of producing the same levels of irradiance at a greater distance and achieving
comparable levels of bacterial inactivation a greater distance, so with respect to this,

the scale up to the Mk II unit was successful.

7.2.2 COMPARISON OF RESULTS TO OTHER EDS STUDIES

As discussed in Section 2.4, research at The Robertson Trust Laboratory for
Sterilisation Technologies (ROLEST) developed the 405 nm light Environmental
Decontamination System (EDS), and there have been a number of model prototypes
which have been developed and tested as part of the research programme. The work
of this present study differs in that the prototypes being developed have used PWM
to control the optical output and blending. It is therefore of interest to compare the
efficacy of the pulsed prototypes with those of the previous research studies, the
main ones being by Endarko (2011) and Bache (2013). For analysis, the results from
the Mk II unit exposures at 10 cm for inactivation of S. aureus in this study will be
compared with similar experiments by Bache (using S. aureus and P. aeruginosa) and
Endarko (using S. aureus) - albeit, these studies used larger scale EDS prototypes, and
greater exposure distances.

In the study by Bache (Bache, 2013) S. aureus was subject to a 405 nm irradiance
of 0.5 mWcm? at a distance of 156 cm from the HINS-light EDS. The organism was
subject to various exposure lengths from 1 to 7 hours with starting populations of
between 120-200 CFU/plate. Sizable tailing of the inactivation occurred after 6-hour
so this point will be used for comparison. After 6-hours exposure, a dose of 10.8 Jcm’
* was delivered resulting in a 90% reduction in the S. aureus populations. The
inactivation demonstrated a relatively steady reduction over the 6-hour period.

The study by Endarko (Endarko, 2011) exposed S. aureus to 405 nm irradiation,

this time at an irradiance of 0.17 mWcm™ at a distance of 120 cm from the HINS-light
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EDS up to 9 hours, with starting populations of between 175-200 CFU/plate. Sizable
tailing of the inactivation occurred after the 6-hour time point so this point is used
for comparison. Over the 9-hour exposure there was a 90% reduction in the S. aureus
populations was seen after 6-hours, with a dose of 3.67 Jcm? delivered. Like the study
by Bache (Bache, 2013), the kinetics demonstrate a steady decline over the exposure
duration.

The results of the Mk II unit as well as the two studies detailed above are

summarised in Table 7.3.

Table 7.3: Table comparing the results of this study using the MKk II pulsed unit for
inactivation of S. aureus, to those of previous studies by Endarko (2011) and Bache (2013)
which used continuous prototype EDS units.

Exposure Average Dose Distance from Population
Author
time Irradiance  Delivered Source reduction
of Study
(hrs) (mWem?) (Jcm?) (cm) (% CFU/plate)
Bache 6 0.5 10.8 156 90
Endarko 6 0.17 3.67 120 90
Gillespie 1 2.2 7.92 10 99.6
(4.4 peak) ) )

It is difficult to compare the studies given the significant variables between the
present work and that by Endarko and Bache, however it is of interest to look at any
trends that can be identified. Both Endarko’s and Bache’s inactivation was subject to
sizable tailing of the inactivation after 6-hours of exposure so these point will be
compared. The irradiance in Endarko’s work is about 40% of Bache’s, and the dose is
about 34% of that used in Bache’s work - however both demonstrate about a 90%
reduction in S. aureus populations. The Mk II unit used a much shorter exposure at a
much higher average irradiance of 2.2 mWcm? (Peak - 4.4 mWcem?® @ 50% duty cycle)
however the dose is in between the other two studies yet yields a higher inactivation

of 99.6% compared with both. It could be argued that a lower irradiance is more
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efficient in terms of inactivation per unit of optical energy comparing Endarko’s dose
to Bache’s dose. Each study achieves 90% reduction over the same exposure time but
with Endarko’s irradiance and dose approximately one third of Bache’s - it appears
that lower irradiance is more efficient when it comes to bacterial inactivation. The Mk
II'results however use a higher irradiance over a much shorter time (1 hour compared
to 6 hours) delivering an overall lower dose than Bache - achieving a higher
inactivation level suggesting a higher irradiance is more efficient. It is also of interest
to note that a 90% inactivation with the Mk II unit comparable to that of Bach and
Endarko is more likely achieved at 45 minutes exposures so at a reduced dose closer
to 6 Jcm® In this case, Endarko with the lowest irradiance and dose achieves the
most efficient inactivation with the Mk II unit higher irradiance, shorter exposure
coming in second. A comparison of results suggest that lower irradiance could
provide more efficient bacterial inactivation - however, over the 60 minutes the
shorter higher intensity exposure achieved a much higher level of inactivation so the
answer to the question of better efficiency at higher or lower irradiance levels remains
unclear.

There are always many variations between studies however what can be
inferred is that the inactivation is not entirely dictated by the dose delivered. The
length of exposure and level of irradiance clearly have an impact too.

Bache also carried out a similar exposure with P. aeruginosa (250-300
CFU/plate) using the HINS-light EDS again with a 0.5 mWcm? irradiance at a distance
of 156 cm for up to 7 hours. Within 4 hrs, the population had reduced by 90% - with
a delivered dose of 7.2 Jcm®. Comparing this with the Mk II unit, again the exposure
time was much shorter at 1 hr; the irradiance was higher at 2.2 mWcm?; however the
doses were comparable this time with the Mk II unit dose delivered being 7.92 Jcm®.
The inactivation achieved however by the Mk II unit was 99.7% compared with Bache’s
90% for the same dose. Comparing these two studies again demonstrate more
efficient inactivation at a higher irradiance although perhaps to a lesser extent given

the doses are much closer this time. Either way, it again supports the theory that the
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inactivation is not entirely dictated by the dose delivered, but irradiance levels and
exposure time have an impact.

All three studies demonstrate successful inactivation across a range of
relatively low irradiances and with varying exposure times. The results further
strengthen the idea that a system based on this technology would undoubtedly
reduce environmental decontamination and could assist with the problem of HAIs

plaguing the health system.

7.2.3 DESIGN AND PERFORMANCE ISSUES

The scale up to the pulsed control Mk II unit was a demonstrable success and in terms

of achievements, the unit:

¢ generated levels of 405 nm light high enough to demonstrate inactivation
of both S. aureus and P. aeruginosa.

e generated a higher irradiance of 405 nm light, with an average of 2.2
mWcm? at the plate positions compared to 1.5 mWcm?® with the Mk I unit.

¢ demonstrated comparable levels of inactivation to the Mk I unit, with >90%
reduction for S. aureus and >99% reduction for P. aeruginosa at an
increased distance of 15 cm (compared to 10 cm).

e generated a similar blend of light content, with CRI and CQS values of 81

and 82, respectively, compared with the values of 82 and 83 for Mk I.

7.2.3.1 Underperformance of the Yellow/Amber LEDs

There was, and still remain, some issues with the design and the first to be
addressed is that of the spectral gap in the 550-600 nm region - i.e. the yellow/amber
issue. When inspecting the final tune output spectrum of the Mk II unit (Figure 7.8)
there is a clear dip between the 550-600 nm region. Work in this chapter attempted

to rectify this issue of the low yellow content during the scale-up, however, although
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improved slightly, was not solved. The 4 new yellow/amber LEDs were introduced in
an effort to combat the lack of content in the 550-600 nm region since the yellows
underperformed in the Mk I unit. For this reason, 4 new amber LEDs (590 nm peak)
were added during the development of the Mk IT unit with only 2 extra red and green
LEDs to supplement the Mk I unit’s LEDs. Upon inspection, a slightly lower wavelength
closer to 570 nm might have been a better choice to fill out the spectral gap. However,
at the time it was decided that the company Lumileds produced the red and green
LEDs, which were performing well, so the decision was made to stick with that brand
and when it came to availability the amber 590 nm peak LEDs were chosen. It should
be noted - that had they produced a high enough irradiance or if more LEDs had been
added, they would most likely have sufficiently filled the spectral gap. Given the
spectral spread of the amber LEDs - there would have been wavelength content on
either side of the 590 nm peak would fill out gap; and this could have been improved
if required by increasing the green (525 nm peak) with the upper tail providing
content up to about 570 nm. In the future design process - the output of each LED
would have to investigated closely and the relative peak irradiances tested along with
the FWHM to determine whether the spread and irradiances required can be achieved

before building the different colour LEDs into a system.

7.2.3.2 Possible Addition of Additional Supplementary Wavelengths

A further idea of interest would be to design a system with a larger spread of
different coloured LEDs so as to provide the ability to produce a wider spread of
wavelengths and provide more control over the blend of light created. There are a
variety of complications that come with using multiple coloured LEDs to produce
white. There are trichromatic and tetrachromatic LEDs available but there is a
difficulty when designing them. The three big issues are (i) uniform spatial light
mixing and distribution, (ii) maintaining a white colour point, and (i) thermal
management (Muthu et al., 2002). The idea of more colour would certainly increase

the complexity of the system however this would be a way to increase the CRI of the
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Mk IT unit and create a light source with an overall higher level of customisation and
function. There would however need to be consideration as to how many different
colours of LED would be included. Ideally, the system would have the capacity to
produce every wavelength of light, to provide the ultimate blend of light and the
ultimate level of control over the blend - this however is completely unfeasible. There
is a compromise to be found between the number of different coloured LEDs and the

added functionality or benefits it brings to the system.

7.2.3.3 Consideration of LED Spacing & Placement

The scale up in terms of size, involved doubling the number of Red, Green and
405 nm LEDs and 4 additional amber LEDs were added. As in the Mk I unitin Chapter
6, the LEDs were all mounted on individual PCBs and so again the problem remained
that the LEDs could not be mounted as close together as would be ideal. The Mk II
unit had more than double the number of LEDs than the Mk I unit and so the LEDs
were spread out much more than was ideal. This meant that although the number of
LEDs was more than doubled, the output irradiance was not, due to the physical
spacing apart of the LEDs. As discussed in Chapter 6, the LED spacing and
arrangement would need to be addressed in the next scaled up prototype. A means
of doing this would be to design, for instance, a PCB as a replicable module. A custom
designed PCB would facilitate the surface-mounting of LEDs much closer together in
an array - in the simplest iteration, just one of each colour. This PCB would be much
closer to a point source emitting the full range of wavelengths and these modules
could then be replicated and even if the modules were spaced out, it would certainly
improve the colour shadow problems.

Moving the LEDs closer together could however raise different issues too. As
light sources, LEDs are very compact, efficient and can produce high irradiances of
light output - however with these high irradiances come high temperatures. High
temperature fluctuations can cause a decrease in the band gap of the semiconductor

and lead to wavelength shift (Muthu et al., 2002). Additionally, with a temperature
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increase comes a decrease in the optical output of the LEDs (Schubert, 2006). This on
top of the spread of performance of different LEDs and the effects of age (which can
reduce output by up to 50%) (Muthu et al., 2002) means that trying to keep the three
or four LED outputs at the same wavelength and irradiance with uniform light
distribution is a very challenging task and in general would require some kind of
feedback control. Trichromatic and tetrachromatic LEDs however have the ability of
producing light with high output irradiance and CRI values up to 89 and 95
respectively so although they come with challenges, they can produce very high
quality light (Lei et al., 2007).

An extension of this idea of trying to create a point source would be the
inclusion of some blending element whilst not having the LEDs too close as to cause
thermal issues. This would either be some type of lens-diffuser setup, frosted glass,
or some physical element such that the individual colours of LEDs are masked and
the translucence of the blending element makes the module of 4 individual colours
appear as a single white point source. The acceptability of a blend of light can be a
subjective quantity - different people can have differing perceptions of what their
ideal light output looks like - however with CRI and CQS, the light quality can be
quantified and compared with other light source competitors. With LED technology
offering a more customizable source in terms of wavelength content, there is a large
body of research currently looking at the effects of different type of warm and cool
whites, as well as the effects of certain wavelengths on human health and behaviour
(Correa, 2016). The issues of colour, quality and brightness of light can have
significant effects on aspects such as alertness; cognitive performance; how well
people can relax; sleep patterns, and other bodily function (Cajochen, 2007; Gabel et
al., 2015; Blume et al., 2019). Future work would have to include focus groups to
gauge the acceptability and the preferences of individuals and groups of different

composition of light output.
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7.2.3.4 Comparison to Alternative Light Sources

On the topic of light quality, the CRI and CQS demonstrated an improvement
over the tuning process but fell just shy of the final Mk I unit values, by just 1 in each
case. The CRI value of both the Mk I and Mk IT units, 82 and 82 respectively, are
comparable to that of LED light bulbs on the market (Philips, 2019). The halogen and
fluorescent tube lighting provide CRI values from as low as about 50 right up to 100
(Guo and Houser, 2004), so in terms of CRI values for standard lighting, the
prototypes are acceptable, the problem lies in the actual blending of the prototypes
albeit there should always be a push for better CRI. In Table 7.4 are some example

CRI value ranges for different light sources.

Table 7.4: Table of typical CRI value ranges for common light sources. (Adapted from
Schubert, 2006)

Light Source Colour Rending Index (CRI)
Sunlight 100
Tungsten (W) filament incandescent light 100
Fluorescent light 60-95
Trichromatic white LED 60-95
Phosphor based LED 55-95

Mercury (Hg) vapour light coated with
50
phosphor

When compared to theses other sources, the CRI value above 80 achieved by
the Mk I and Mk II pulsed prototypes would be an acceptable standard of CRI - with
some commercial fluorescent lights and LEDs producing similar if not lower values
of CRI. This then means the blending, aesthetics and scale up would be the main

focus when taking the prototype forward.
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7.2.3.5 Considerations for Scale Up & Discussion of Commercialised

405 nm light Decontamination Systems

In respect of future work regarding the Mk II prototype, the colour blend for
aesthetics could be improved, and work towards eradicating the colour shadows
would be key areas of focus. Although in this study the decision was made to use 3
colours spaced throughout the spectrum to supplement the 405 nm light -this is not
the only way to achieve a blended light. An interesting alternative to supplementary
coloured LEDs is to supplement with white LEDs. This would require less blending
than that of 4 different colours, however it would be important to get the correct
balance of 405 nm light to white, in order for the overall light output to be an
acceptable shade of white. The continuous HINS-light EDS prototypes used in
previous studies (Bache et al., 2012; Maclean et al., 2010; Maclean et al., 2013) used
white LEDs to supplement the 405 nm LEDs. These lighting units investigated the use
of cool, neutral and warm white LEDs to achieve the best balance possible, and the
resulting units produced an acceptable blended output when used in combination
with existing lighting, as was the case in those studies. For use of the system as the
primary light source in a room, further adjustments to the blend were required in
order to produce a comfortable output (as was involved in the development of the
commercial Indigo-Clean product by Kenall). Investigating the potential for pulsed
control of white LEDs in combination with the pulsed 405 nm LEDs would be an
interesting way forward. It would be useful to compare pulsed units built using
supplementary coloured LEDSs, as in this study, and supplementary warm white LEDs
as done in previous iterations of the HINS light system (Endarko, 2011) to investigate
differences in (i) blend and wavelength content; (ii) efficiency in terms of power, size
and cost requirements; and (iii) general design and aesthetics.

Upon further redesign of a scale up, safety considerations would have to be
addressed. In this study general optical safety considerations were outlined in Section

2.6, detailing the types of injury which can be sustained with different wavelengths
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of light, and the idea of Threshold Limit Values (TLV) for different wavelengths of
light. Specific safety analysis of the previous EDS units (Anderson et al, 2013;
Endarko, 2011; Bache, 2013), which produced approx. 0.2 - 0.5 mWcm? at a distance
of 200 cm, confirmed the output of the units to be below the TLV for the different
safety considerations. The prototype developed in this study, which uses pulsed
operation, and any future pulsed control designs, must also fall within these limits.
As discussed in Section 6.5 the irradiance levels being used in this study peak at 4.4
mWcm?, which although higher than 0.5 mWcm?, is only 10 cm from the source, not
200 cm as with the previous continuous control, large scale prototypes. Nonetheless,
moving forward and scaling up the concept further, safety would have to be a
significant consideration to ensure any final design is fit-for-purpose.

As discussed in Section 2.3.2, Kenall Lighting (Kanall.com, 2019), a US lighting
manufacturer, licensed the technology from the University of Strathclyde, and have
launched a commercial lighting product range using 405 nm light. A number of their
products, including the surgical and procedure room light, have the option to switch
between two modes - so called ‘Indigo Disinfection’, or ‘White Disinfection’ mode

shown in Figure 7.28 (a) and (b) respectively.

el Hn.wi

(a) (b)

Figure 7.28: Photographs of the Indigo Clean system, from Kenall, in patient rooms in (a)
Indigo Disinfection mode and (b) White Disinfection mode. Images taken from:
https://kenall.com/Indigo-Clean/Continuous/Procedure-Rooms
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White disinfection is where the white light in the unit is on to balance out the
405 nm light providing a comfortable level of white light when visual acuity is
essential. Indigo disinfection uses a higher level of 405 nm light with the white lights
turned off and is typically used in rooms during unoccupied times (e.g. overnight)
(Kenall.com, 2019). Hubbell Lighting, who have also licensed the technology from the
University, have produced a range of 405 nm based disinfection lighting products,
again with a range of operational modes: continuous disinfection mode which is 405
nm light blended with white; a high irradiance mode for higher level of disinfection;
and alternate mode in which 405 nm light or white can be individually switched on
and used for disinfection or just lighting (Hubbell Lighting Components, 2020).

Both companies have successfully developed products using 405 nm light
with supplementary white light, which demonstrates that viable systems based on
this technology can be built. With this in mind - if the results in Chapter 5 which
demonstrated pulsing can provide more efficient inactivation (in terms of the amount
of optical energy resulting in inactivation) when compared with continuous, if pulsed
control could be implemented in a commercial sized system it could potentially lead
to higher levels of optical and electrical energy efficiency. Additionally, if the Mk II
concept could be further developed it may lead to the potential development of a
multipurpose continuous environmental disinfection light product in which the
colour of the blend of light could be controlled and altered for different times of the

day, applications and environments.

7.3 CONCLUSION

The work of this Chapter, and that of Chapter 6, builds on the results
demonstrated in Chapter 5, which showed that 405 nm light can be pulsed at a lower
duty cycle and thus the average irradiance will be lower and will appear less bright
than the peak irradiance whilst maintaining the same levels of inactivation. Chapters

6 and 7 investigated whether by using pulsed 405 nm light, the level of 405 nm light
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would appear lower whilst maintaining the inactivation achieved with continuous 405
nm light, making it easier to blend with supplementary colours in order to produce a
blended white light. The pulsed prototypes developed in Chapters 6 and 7 have
successfully achieved this and conclude that a pulsed blended white light unit with
antimicrobial properties could be a viable option for continuous environmental
decontamination applications. The results showed that, the addition of
supplementary pulsed red, yellow and green light does not affect, either negatively
or positively, the antimicrobial properties of the pulsed 405 nm light. In addition to
this, the optical output of the Mk I & Mk IT pulsed circuit LED systems was, based on
CRI measurements, comparable to commercially available white light sources. This
means the aesthetics of the lights can be improved by the addition of the
supplementary colours without any interference to the environmental
decontamination objective - however a sizable redesign of the concept would be
required for the scaled up system to be a viable option for commercial environmental

decontamination.
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CHAPTER 8
CONCLUSIONS & FUTURE WORK

8.0 OVERVIEW

This chapter will reaffirm the problem and motivation for this body of research
and summarise the conclusions of each chapter. Suggestions will also be provided
for future areas of investigation which will build upon the outcomes of this study.

The main motivation for this work is the issue of infection control.
Unfortunately, with infection levels on the rise and new problematic pathogens, e.g.
MRSA, resistant to antibiotics and with the ability to remain viable on dry surfaces
for long periods (Boyce, 2007), the need for new technologies to combat this is very
much of interest. 405 nm light has demonstrated significant antimicrobial efficacy
for environmental decontamination (Maclean et al., 2010; Maclean et al., 2013; Bache
et al., 2012) but as discussed in Section 2.4, it is important to ensure that the 405 nm
light is appropriately blended with white light to ensure that the output of the lighting
system is aesthetically acceptable due to its major advantage being the fact that it
can be used safely in occupied environments. Based on this technical consideration,
the main objectives of this study were to investigate whether pulsed 405 nm provided
any advantages over continuous 405 nm light in terms of antimicrobial efficacy
and/or energy efficiency, and whether a viable mixed antimicrobial white light
prototype (containing pulsed 405 nm light) could be designed and created for
continuous environmental decontamination.

Overall, this study demonstrated the first evidence of increased efficiency in
terms of electrical & optical energy using pulsed 405nm LEDs when compared with
continuous for antimicrobial applications. The study demonstrated the use of pulsed
405 nm LEDs to facilitate the blending of a blended white light source with
supplementary colours for improved user acceptability. Finally, the study output a

successful prototype of a pulsed blended white antimicrobial light system -
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demonstrating successful bacterial inactivation; an improvement in colour quality
after the tuning process; and providing the basis for a novel pulsed commercial
system which could provide continuous environmental decontamination in

populated clinical accommodation.

8.1 OprTICAL CHARACTERISTICS OF PULSING LEDS

8.1.1 SUMMARY OF KEY FINDINGS

The work of Chapter 4 was designed to gain familiarity with the operational
considerations for pulsing LEDs and investigating the means to control the pulsing
of LEDs. The first and foremost output of this chapter was the pulsing circuit which
was decided upon and then used as a basis for the remainder of experiments in this
study.

The main conclusions from the chapter were to do with the effects of pulsing,
operating bulk temperature (as LED junction temperature is very difficult to measure)
and input current on the LED optical output. Temperature was demonstrated to be a
significant variable when working with LEDs - with high temperatures causing a drop
in optical output as well as the threat of component failure when the temperature
rises. The study looks at how temperature and input current affect the position of
the LED output spectra in terms of wavelength as well as the FWHM, which is a
measure of the width of the spectra, again in terms of wavelength. Across the
temperature range and input current range investigated (within rated values), both
the position and width of the spectra demonstrated some variation across the ranges
- however no drastic variation - at most showing <5% change in values.

Operating temperature however was demonstrated to have detrimental effects
on the peak optical output of the LEDs. When pulsed, there is a cool-down time
between the ‘on’ periods of the LED, which allow the LED to operate at a cooler

temperature. The results showed that, given the same level of input current, the
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continuous current demonstrated a measurably lower peak irradiance at the output
than with any of the pulsed LED runs. These results detailed in Section 4.3.4.2,
demonstrated that with an increasing input current and no temperature control -
effectively a rising temperature - the difference in peak optical output between the
pulsed and continuous driven LEDs became more and more apparent. Specifically,
the lower duty cycles demonstrated the highest peak optical output consistently
across the range of input currents.

The input current is generally related to the temperature and with a higher
input current, the temperature tends to increase and thus LED performance suffers
in terms of efficiency. Combatting this drop in efficiency can be achieved to an extent
by controlling the temperature. The final conclusion is that temperature must be
monitored and controlled during experiments because it can have serious effects on
the irradiance of light output from the LED.

Each LED temperature was measured over a range of input currents to look at
how variable the output was with temperature fluctuations to decide on how much
temperature control was required i.e. passive using just a heat sink or more active
using a Peltier module, heatsink and fan combination. Additionally, the build and
testing of the pulsing circuits provided a useful means of deciding on the pulsing
circuit to use for the subsequent sections of the study allowing the most concise and
appropriate version of the circuitry for the experiments to be chosen. This also
provided a chance to further understand the circuit’s operation so that upon future
builds, any troubleshooting or faults could be dealt with.

A further finding from the testing of the circuits with LEDs was the LED
behaviour under pulsing. A particularly useful finding was the temperature
differences under different levels of pulsing - and again this highlighted for future
experiments that the LEDs had to be rigorously checked in terms of how much the
LED output fluctuated with the temperature before use in experiments to ensure
consistency in the LED performance. Additionally, the work provided and idea of rise

and fall times for the pulse on and off the LEDs and thus an idea of the highest
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frequency which the LEDs could be pulsed at. This allowed some practical experience
in how to measure this and meant the frequency parameters for the frequency sweep

in chapter 5 could be set within an appropriate range.

8.2 PULSED 405 NM LEDS - PROOF OF CONCEPT

8.2.1 SUMMARY OF KEY FINDINGS

The proof-of-concept work of Chapter 5 investigated the use of pulsed 405
nm light and its effects on the antimicrobial efficacy and energy efficiency compared
to continuous 405 nm light. The experiments varied the peak irradiance, duty cycle,
frequency of the pulsing; exposure length and dose delivered; and looked at the
effects on the antimicrobial efficacy and energy efficiency of the 405 nm light in each
case.

Initial experiments were carried out across a range of different irradiances,
varying the duty cycle and peak irradiance, whilst maintaining a constant dose and
exposure time. The experiments showed no significant difference in the antimicrobial
effect between the experiments, suggesting that the method of delivery of the same
dose over the same time appears to have no effects, either beneficially or
detrimentally, on the antimicrobial action. However, with the change in both peak
irradiance and duty cycle at the same time, there is a possibility that effects could be
masked because the nature of the experiment requires altering two variables
simultaneously.

Subsequent experiments looked at whether the frequency of the pulsing had
any effect on the antimicrobial efficacy of the 405 nm light. Experimental data
demonstrated very little change in the antimicrobial properties across a range of
frequencies from 100Hz - 10kHz. At the highest frequency there a slight drop in
antimicrobial efficacy but only when compared with some of the lower frequency

experiments. The evidence from this study though suggests that frequency has very
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little effect on the antimicrobial efficacy of the 405 nm light - however with the scope
in terms of the small number of frequency intervals, the single length of exposure,
the same irradiance levels, the same organisms among many other variables used
throughout the experiments, that is not to say frequency has no effect.

Exposure time was examined, looking at exposures with the same peak
irradiance, varying the duty cycle and exposure time to maintain a constant dose, to
investigate any effects of longer or shorter exposures on the antimicrobial efficacy of
the 405 nm light. The experiments showed apparent differences in terms of average
percentage reduction; however, when the errors were taken in account and the
statistical analysis undertaken, results demonstrated that the length of exposure
from varying from 30 minutes to 120 minutes (with the same dose but varying duty
cycles from 100% to 25% respectively) had no effect either way on the antimicrobial
efficacy of the 405 nm light. This however is not to say that this will hold true over
much longer or shorter periods of exposure. The difference in exposure time between
30 and 120 minutes could be too small to see a difference - however comparing 40
minutes at 90% duty cycle and 360 minutes at 10% duty cycles may demonstrate
different results. Future work should look across a wider range of exposure times
and duty cycles - maintaining the same dose - to investigate any possible changes in
the antimicrobial effect.

The key conclusion taken from the proof on concept work was that the 405
nm light induce inactivation may not be an entirely dose-dependent action. The
experiments kept exposure time and peak irradiance the same whilst altering the
duty cycle, which proportionally altered the applied dose. The experimental evidence
showed that the antimicrobial action is not entirely dose dependent. The 25% duty
cycle exposure, which was 25% of the dose of the continuous exposure demonstrated
almost 50% of the bacterial inactivation achieved by the continuous exposure with 4x
the dose. Additionally, the 50% and 75% duty cycle runs showed no significant

difference (p>0.05) when compared with the continuous exposure with the two
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pulsed exposures, 50% and 75%, demonstrating improved bactericidal efficiency in
terms of dose delivered compared with the continuous exposure.

These results suggest that, in this case, the antimicrobial action is not entirely
dose dependent and the inactivation could be more dependent on the peak irradiance
and length of exposure opposed to a purely dose dependent reaction. This in turn
leads to the further conclusion suggesting that pulsing LEDs could lead to a more
energy efficient means of bacterial inactivation - in addition to an apparent lower

irradiance of 405 nm light producing comparable bacterial inactivation.

8.2.2 FUTURE WORK

There is a wide range of subsequent experiments that could be carried out
building on this proof-of-concept work. Throughout the experiments the duty cycles
used were 25%, 50% and 75%, however it would be interesting to investigate
intermediate duty cycles: and specifically lower duty cycles since the results seemed
to suggest that the optical efficiency was the best at the lowest 25% duty cycle, so it
could be of interest to establish if better efficiencies continue to be obtained at even
lower duty cycles.

Additionally, the maximum irradiance used was 30 mWcm? throughout the
study. This was done with the application of continuous environmental
decontamination in mind, so high irradiance light was thought to be of less interest
under that practical context. However it would be of interest to repeat the
experiments at lower and higher irradiances in an effort to see if the results found at
the irradiances used in this study hold true at higher and lower irradiances. These
experiments could also reveal any effects on the efficiency - for instance, do different
levels of irradiance provide more efficient inactivation in terms of the overall dose
delivered?

An interesting experiment would be to look at comparing very high irradiance

short pulses of 405 nm light, for instance 100 mWcm™ at a 5% duty cycle, with lower
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irradiance longer pulses, e.g. 5.3 mWcm? at a 95% duty cycle - which would result in
the same dose delivered but in very different ways. Frequency might also be altered
such that you have a rapidly repeating high irradiance short pulse compared with a
much lower irradiance longer pulse at a smaller frequency. This could reveal more
about pulsing and how more extreme variations in the delivery of pulsed 405 nm
light affects the inactivation properties of the light.

Furthermore, given the results of more efficient (in terms of energy efficiency)
bacterial inactivation with pulsed light and some of the discussed hypotheses on
what might be happening (Section 5.2), a more in-depth investigation of the effect of
frequency could be of interest. In one of the hypotheses (discussed in Section 5.2.4) -
the idea of a ‘saturation point’ is introduced. The inactivation mechanism of 405 nm
light involves the endogenous porphyrins within pathogens absorbing 405 nm light
and causing excitation of these porphyrin molecules resulting in the production of
radical oxygen species. These radicals cause damage to cellular components and the
cell wall and can lead to cell death. The ‘saturation point’ is the point at which a cell
absorbs a photon, or enough photons, which will result in cell death - however
photons can still be absorbed by this already dying cell with no extra effect. If this is
case, then burst of photons allowing time for the cells undergo the inactivation
process could possibly result in improved antimicrobial efficacy. Thus - if this is the
case there could prove to be an optimal frequency or duty cycle or pulse width for
the most efficiency inactivation in terms of energy efficiency.

Additionally, although the study results demonstrated more efficient kill in
terms of optical and electrical energy consumed per CFU of bacteria inactivated, this
was a single peak irradiance, frequency and exposure time so it would certainly be of
interest to repeat these experiments at higher irradiances; a range of different
frequencies; and varying lengths of exposure time in an effort to investigate whether
the apparent increase in efficiencies are apparent under different conditions.

A final note is that of investigating first order inactivation kinetics more - it

was briefly touched upon and used in the results in Section 5.2.4, however with more
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iterations using a wider array of different parameters, it could prove a very useful

means of comparison and highlighting any key differences in results.

8.3 PULSED ANTIMICROBIAL BLENDED WHITE LIGHT

8.3.1 SUMMARY OF KEY FINDINGS

Chapters 6 and 7 focused on the development of a blended pulsed white
antimicrobial light source containing antimicrobial levels of 405 nm light. Continuing
the theme of pulsing and applying it to the use of 405 nm light for environmental
decontamination was the starting point of Chapters 6 & 7. With a demonstrated
improvement in optical efficiency and electrical efficiency from Chapter 5, the idea
was that pulsing could be used to exploit these improved efficiencies also
incorporating the use of pulsing as a control element.

Building upon the previous HINS-light systems developed within ROLEST, the
concept of combining 3 supplementary colours (red, green and yellow/amber) with
the 405 nm light and using pulse width modulation as a control mechanism was the
key idea for the new system - to create a pulsed blended antimicrobial white light
source.

The pulsing circuits work from Chapter 4 provided the base for the circuit
design in Chapter 5 and likewise drawing from both chapters, the circuitry in
Chapters 6 & 7 had to be redesigned such that each colour of LED could be pulsed at
different duty cycles with the added complexity of multiple LEDs of each colour. The
first major output was the design, build and test of the pulsing circuitry for the
lighting unit - which was subsequently replicated and amended for Chapter 7.

Upon build and testing it became apparent that the wavelength content of the
output from the Mk I unit was much improved compared with 405 nm light alone
however the aesthetics and blending of the different coloured LEDs required

attention and the yellow LEDs underperformed results in a partial spectral gap in the
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overall Mk I unit’s spectrum. The spectrometer (HR4000, Ocean Optics, UK) and
analysis software (NIST CQS version 7.4) was used to investigate the light quality in
terms of CCT, CRI and CQS. The system was tuned with the duty cycles of each colour
changed to control the content of each colour in the overall blend. The quality of light
improved as can be seen from the picture examples and the CRI and CQS values in
Chapter 6 and was a definite improvement over the 405 nm light alone.

The CRI and CQS values of the final tuned Mk I unit were 82 and 83 respectively
which are comparable to white light sources on the market - e.g. fluorescent,
trichromatic LEDs and phosphor based LEDs - which all range from about 60-95 in
terms of CRI (Schubert, 2006). The blending however was an issue which was hard to
address due to a combination of the physical spacing of the LEDs and the low
irradiance output. The LEDs were required to be positioned more closely together to
generate something more akin to a point source and a blending element such as
frosted glass or a diffuser would be required to adequately blend the colour together
- however all the wavelength content was present to create a blend.

The Mk I unit was subsequently scaled up to the Mk II unit and demonstrated
higher irradiances a comparable quality of light in terms of CRI and CQS, as well as
visual inspection. The yellow LED issue was addressed by added more yellow LEDs
relative to the colours however the yellow LEDs persisted in underperforming despite
their increase number resulting in more of a spectral gap around the yellow region
that hoped. The tuning process was successful in improving the quality of the light
as in the Mk I unit - both visually and in terms of CRI and CQS demonstrating an
increase from 69 and 73 to 81 and 82 respectively. It remained that the predominant
issue with both prototypes was that of blending - not of light quality.

The blending issues was further compounded by the addition of more LEDs
albeit placed as close together as possible. It was realised that to address this problem
in a more effective manner, the PCBs upon which the LEDs were mounted would
require a complete redesign to a smaller size or possibly mount multiple on the one

PCB. Either way, the placement and design of the LED PCBs would require a more
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rigorous plan in terms of physical arrangement bearing in mind the issues which
arose in the development of the Mk I and Mk II units in this study.

The Mk II unit however did provide a higher output irradiance as planned,
however again with the LED physical spreading it was not double that of the Mk I unit.
It did however demonstrate the same levels of 405 nm light at 1.5x the distance
demonstrating a successful scale up in term of irradiance.

In terms of the antimicrobial efficacy, the Mk I unit designed and built,
practically speaking, worked and the pulsed 405 nm light supplemented with other
colours demonstrated over 90% reductions of both S. aureus and P. aeruginosa
populations. It was also demonstrated that the supplementary colours had no effect
either positively or negatively on the antimicrobial action of the Mk I unit as intended.

The Mk II unit as discussed provided the same levels of irradiance at 1.5x the
distance of the Mk I'unit - and as such at the original height of 10 cm had a higher
irradiance and demonstrated a quicker inactivation in both S. aureus and P.
aeruginosa. This was a demonstrated success in the scale up. Furthermore, the Mk II
unit demonstrated a comparable level of inactivation of S. aureus and P. aeruginosa
at the 15cm distance when compared with the Mk I unit at 10cm again demonstrating
a successful scale in this respect.

Overall, between the two iterations of the prototype, the concept was shown to
have promise demonstrating a successful inactivation of pathogens and a comparable
quality of light in terms of CRI to that of some white light sources. The blending
remained the issue. However, further development and testing of the prototype could

lead to a viable system for lighting and environmental decontamination.

8.3.2 FUTURE WORK

The scale up would be a clear element upon which to build for future work.
Although the work in this study suggests a good basis from which to start and the
technology has been demonstrated to be viable by commercial companies, Kenall

Lighting and Hubbell Lighting. The system designed in this study must be further
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scaled up to light levels in which ceiling mounted lights, for instance would produce
enough 405 nm light to result in a significant of disinfection. Practically speaking,
power requirements will be a key consideration in the viability of any blended white
prototype. Therefore, in theory, if the LEDs are pulsed on and off, then the electrical
energy consumption should be lower than that of a continuous blended light system.
Future work could investigate the optimal duty cycle and pulsed operation for most
efficient bacterial inactivation in terms of electrical energy and investigate whether it
would be viable to run the system continuously considering the potential energy draw
it would consume.

An additional consideration is the spread of wavelengths of light across the
spectrum. The white LED spectrum has a contiguous spread from green through to
red, which is theoretically what is required to blend white light. Ideally, more LEDs
across of a variety of wavelengths would have been used to create a fuller spectrum
closer to a white blend but this isn’t practical, so it was decided on four LEDs spread
across the spectrum - given that some tetrachromatic LEDs can produce CRI values
of up to 95 (Lei et al., 2007). Again, further study into the acceptability of what spread
of wavelengths would provide adequate quality of light is required. This area in terms
of the perfect blend of white is a current hot topic particularly with the emergence of
LEDs and the customisation option that accompany it, so it is of interest to note that
there is no industry standard on the perfect blend as it is such a subjective concept.

A major aspect of future development is the blending work. The LEDs in this
study were too spaced apart due to the size of the PCBs, heating issues among other
design issues. Future work would look at getting the LEDs colours as close together
as possible more akin to a single point light source. Possibly look at a modular design
as discussed in Section 7.2.3 with small replicable module of 4 or 5 LEDs placed on
custom PCBs, in order to achieve something closer to a point source from which all
wavelength content comes from. Subsequent research would then look at the use of

diffusers or frosted glass to mask the individual coloured LEDs when looking up at
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the light, so as to create what would appear as a large white source opposed to many

different coloured individual LEDs.

8.4 OVERALL STUDY CONCLUSION

From the outset, the overall aim of this study was to investigate the use of
pulsed 405 nm light for environmental decontamination. The study investigated the
different approaches to pulsing in terms of circuitry and reaffirmed LED behaviour
under pulsed operating conditions.

Upon investigation of pulsed 405 nm LEDs specifically, a wide variety of
parameters were investigated, including peak irradiance, pulsing frequency, duty
cycles and exposure time, and how they effected the antimicrobial action of the 405
nm light in terms of optical energy, electrical energy used, antimicrobial efficacy and
whether the 405 nm light acted in dose dependent manner. One of the key finding
from these experiments was the increase in optical efficiency (defined as the amount
of inactivation in CFUmI" per unit of optical energy in Jecm?), the improved electrical
efficiency (defined as the amount of inactivation in CFUml' per unit of electrical
energy in J) when using pulsed 405 nm light. Whilst changing the duty cycle, and
proportionally the dose, higher optical and electrical efficiencies were found with the
optical efficiency demonstrating an inverse relationship with the duty cycles - with
the maximum optical efficiency found at the lowest 25% duty cycle. Electrical
efficiency did not demonstrate a clear trend however did offer an increase level of
efficiency at 2 of the 3 pulsing regimes when compared with continuous 405 nm
exposures. This provided a novel output from the study, and future work could
expanded this to investigate this anomaly in terms of both how the trends appear
and the cause of the increased efficiency.

Building on these improved optical and electrical efficiencies, pulsed 405 nm
light was incorporated into the concept of the HINS-light EDS developed by ROLEST.

The key objective was to develop a blended white light which would blend 3
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supplementary wavelengths with 405 nm light maintaining the antimicrobial action.
The core concept of pulsing was used a method to control the blend of the 4 colours
and, using measures of colour quality such as CRI and CQS, the output of the system
could be tuned to provide a better quality of output whilst still maintaining a useful
antimicrobial level of 405 nm light.

Overall, the prototype developed in this study demonstrates a good colour
quality, which in terms of CRI can be compared with white sources on the market,
whilst still providing antimicrobial action from the 405 nm light content. The study
demonstrates an encouraging foundation for the concept of a pulsed, blended
antimicrobial white light source, and with further research and development this
could provide the basis for a tunable lighting technology for continuous

environmental decontamination.
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