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ABSTRACT

Low level light therapy has been widely used in the management of a range of
human diseases. Light irradiation triggers a range of cellular signalling processes in a
variety of cells, promoting wound healing and preventing cell death. The aim of this
study was to investigate the photobiomodulatory effects of low level lasers and light-
emitting diodes (LEDs) on human oral epithelial cells (H400 cells) as well as
neutrophils, as a potential management strategy for periodontitis. Initially light
sources were characterised to obtain dosage (radiant exposure) for light
experiments. In addition, a model system utilising H400 cells was developed and
characterised prior to laser and LEDs irradiation analysis. Biological responses were

determined upon irradiation.

Results demonstrated that irradiation by laser and LEDs enhanced H400 cell growth.
This was described by mitochondrial metabolic activity and cell proliferation marker,
Ki-67. This supports the ability of low-level light to trigger cell growth for further
healing inflammation in periodontal disease. Furthermore, ROS production by human
neutrophils was attenuated following LEDs irradiation and this suggests this light
therapy may decrease level of neutrophil ROS in inflamed tissue and improve wound

healing.

Data suggested potential therapeutic benefits for enhancing healing in the gingival
epithelium, which propose the possibility of the use of light therapy, a non-invasive

tool in periodontal disease management.
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CHAPTER 1: INTRODUCTION



1.1 Introduction

The use of low-power light as a therapeutic modality is termed low-level light therapy
(LLLT), photobiomodulation or phototherapy. LLLT has a wide range of healthcare
applications (Kishen & Asundi 2007) and over the last 50 years it has been used for
the management of a wide variety of medical and dental conditions including
management of inflammation, promotion of wound healing and for pain relief
(Barolet 2008, Parker 2007). The application of LLLT provides a safe, non-invasive,
rapid and inexpensive method for delivering a therapeutic benefit (Kishen & Asundi
2007). Currently, LLLT devices are produced for treating a range of medical and
dental diseases and utilise both laser and light-emitting diodes (LEDs) to deliver light

therapy to target tissues.

LLLT utilises red and near-infrared (NIR) light (Figure 1.1). It is termed “low level”
light therapy because the light applied utilises relatively low irradiances as compared
with other forms of laser therapy used for ablation, cutting and tissue coagulation. As
the low power densities used do not produce tissue heating, LLLT has also been
termed “cold-laser” or “soft-laser” therapy. LLLT is therefore distinct in being non-
ablative and non-thermal (Avci et al., 2013, Gupta & Hamblin 2013, Greathouse et

al., 1985, Fork 1971).

A large number of both in vivo and in vitro studies have reported beneficial
therapeutic outcomes following LLLT delivery (Parker 2007). However the potential
of LLLT for oral therapy has received relatively little attention in comparison with its

use in other clinical fields such as Medicine and Surgery (Kishen & Asundi 2007).



Notably, therapeutic benefits of LLLT have been shown in the treatment of inflamed
oral tissues (Chor et al., 2004), skin ulceration (Lagan et al., 2000), dermatitis (Morita
et al., 1993), wound healing (Conlan et al., 1996), chronic joint inflammatory disorder
such as osteoarthritis and rheumatoid arthritis (Bjordal et al., 2003), tinnitus
(Salahaldin et al., 2012) as well as in promoting nerve regeneration (Mohammed et

al., 2007) indicating the broad potential for this treatment modality.

The literature on light therapy is characterised by variable results which occur as a
result of poor study design and due to an inadequate understanding of light delivery
characteristics which lead to wide variations in light dose delivery at a cellular level
(Hadis et al., 2016). The key parameters which need to be considered for light
delivery include wavelength (A), irradiance (mW/cm?), exposure time (s) and radiant
exposure, or fluence (the product of irradiance and time, J/cm?) which need to be

optimised to ensure optimal therapeutic dose delivery (1.1.2.2).
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Figure 1.1: The electromagnetic spectrum showing visible light (blue, green and red)
and invisible light (near-infrared) (www.resonantfm.com).



1.1.1 Historical perspective

Light therapy has been used to treat a wide range of diseases over many centuries.
The first recorded report of the use of light therapy was in 1400 BC, where sunlight
was used to treat skin diseases in combination with plant extracts. A number of other
diseases have utilised sunlight for disease treatment in a wide range of countries
including ancient Egypt, China, Rome and Greece (Roelandts 2002, Gupta &
Hamblin 2013). The effective use of sunlight therapy was believed to occur due to the
presence of red light and the sun’s heat as the ultraviolet (UV) component of sunlight

was not discovered until 1801 (Roelandts 2002).

In the second half of the 19™ century, the interest in sunlight therapy markedly
increased with a range of studies using sunlight to derive clinical benefit, examples
include Downes and Blunt (1877) reporting that anthrax bacilli could be killed by
sunlight. In addition, Palm from Edinburgh, in 1890, proposed that the sunlight could
treat patients with rickets. Alongside this researchers became more aware of the
effectiveness of UV rays present in sunlight and this lead to the use of filtered
sunlight and development of artificial light sources (Roelandts 2002). Other
applications of light therapy were later reported in 1893 by Niels Ryberg Finsen, a
Danish physician and scientist who applied filtered sunlight for the treatment of lupus
vulgaris (Roelandts 2005). Subsequently Finsen founded the Medical Light Institute
in Copenhagen (later the Finsen Institute) in 1896 and continued to utilise natural
sunlight filtered through glass lenses. A year later, he developed an artificial light
source using a carbon arc lamp combined with quartz filters to treat patients with skin

tuberculosis. His work in dermatology using light therapy resulted in him receiving the



1903 Nobel Prize for “Physiology of Medicine”. His work also demonstrated that red-
light exposure reduced the incidence of smallpox pustules (Gupta & Hamblin 2013).
Finsen is often called the ‘Father of Modern Phototherapy’ because he was the first
clinician to utilise artificial light sources to treat a number of skin diseases (Roelandts

2005).

Following the development of first laser by Theodore H. Maiman in 1960 (Gaspar
2009; Carroll et al.,, 2014) Professor Endre Mester, from Semmelweis Medical
University in Budapest, Hungary began research into lasers as a therapeutic modality
in 1965 (Hamblin & Demidova 2006). One of his first experiments aimed to determine
whether the use of lasers could induce malignancy. In this initial experiment he used
a ruby red laser (694nm) to irradiate mice. He shaved hair from two groups of mice;
one as control (no laser exposure) and another group was treated using the ruby
laser. To his surprise, the application of the low-powered laser did not induce tumour
formation, but did enhance hair regrowth in the irradiated compared with non-
irradiated mice (Gaspar 2009, Gupta & Hamblin 2013, Carroll et al., 2014). This
finding was the first demonstration of light to produce “photobiostimulation”. Mester is
subsequently regarded as the ‘Father of Photobiomodulation’ as he was the first to
describe the bio-stimulatory effects of laser light (Gaspar 2009). His research went on
to utilise LLLT to manage patients with non-healing skin ulcers (Gaspar 2009, Gupta

& Hamblin 2013).

The other main light source utilised in LLLT are LEDs (light emitting diodes) and

initial studies by the National Aeronautics and Space Administration (NASA)



demonstrated that specific wavelengths enhanced plant growth. Further work aimed
to promote wound healing in astronauts and Navy Seals and research with LEDs
showed that light could also promote wound healing and had potential to treat
various medical conditions (Barolet 2008) e.g accelerating skin wound healing
(Weiss et al., 2005), increasing cells viability in Parkinson’s disease (Liang et al.,

2008) and positive respond on treating keratosis pilaris rubra (KPR) (Barolet 2008).

Following on from these early findings, LLLT using lasers and LEDs now benefit
thousands of people worldwide who have a range of medical conditions (Gaspar

2009, Kishen & Asundi 2007, Barolet 2008).

1.1.2 Laser and LED

Most of the early research on LLLT utilised lasers, specifically HeNe (helium-neon)
with a wavelength of 632.8nm. More recently LEDs have become popular for light
delivery due to their flexibility in device design and relatively inexpensive. However
one key difference is that laser devices produce coherent light whereas LEDs
produce non-coherent light. It is proposed by some authors that coherence may play
an important role in the effects produced by LLLT, however the literature also cites
evidence that non-coherent light demonstrated enhanced clinical benefit when
compared to coherent light treatment. It has been suggested that this finding may be
due to the relatively broad spectrum of non-coherent light emitted by LEDs in
comparison narrow spectrum produced by lasers. It is proposed that the wider range
of wavelengths produced by LEDs may simultaneously excite multiple chromophores

and stimulate multiple biochemical reactions which may not occur during coherent



laser irradiation. Likewise, irradiation using monochromatic coherent laser may not
match the peak activation wavelength of the target chromophore, whereas LEDs
producing a wider wavelength spectrum increase the chance of eliciting a positive
chromophore response (Dall Agnol et al., 2009; Karu 2003). So there is considerable
confusion in the literature as to possible therapeutic differences between lasers and

LEDs so this debate still needs to be fully resolved (Chung et al., 2012).

1.1.2.1 Cellular mechanism of LLLT

The biological mechanism that underpins the cellular response to LLLT remains to be
fully elucidated, however the most commonly proposed mechanism involves light
absorption by the mitochondrial respiratory chain component cytochrome C oxidase
(CCO). This photonic interaction causes release of bound nitric oxide (NO) from CCO
allowing rebinding of oxygen and progression of respiration with downstream
generation of adenosine triphosphate (ATP) and reactive oxygen species (ROS).
This molecular response results in activation of a number of cell signalling pathways
(Karu 2008, Karu 1989) and downstream protein synthesis resulting in enhanced
cell proliferation / migration, and modulation of levels of cytokines, growth factors and
inflammatory mediators as well as increased tissue oxygenation (Karu and Kolyakov

2005) (see Section 1.1.2.1).

LLLT was reported to promote wound healing by increasing cell proliferation
(Hawkins & Abrahamse 2006). Karu (1999) indicated that biochemical reactions as
well as whole cell metabolic activity can be stimulated by certain wavelengths of light.

Proteins in mitochondria are likely to be the major molecules absorbing visible red



light and near infra-red (NIR) light used in LLLT; however the biological effects of
LLLT are not yet fully understood (Walsh 1997). Notably within tissues, LLLT has
also been shown to induce vasodilation resulting in increased blood flow allowing
increased oxygen and immune cell trafficking to injured tissues which contributes to

the wound healing (Walsh 1997).

Several authors have suggested that the mechanisms underpinning this form of
biostimulation and induction of proliferation are derived from light absorption by key
proteins (Gao & Xing 2009, Karu et al., 2005). Karu proposed the mechanism of
action is due to light absorption by a photoacceptor (chromophore), in particular CCO
(cytochrome C oxidase) which plays an important role in the mitochondrial oxidative
respiration cascade (Karu 2010), resulting in modulation of biochemical reactions
(through signal transduction mechanisms) and cell proliferation (Gao & Xing 2009,
Karu 1999). LLLT exposure of mitochondria (Greco et al., 1989) reportedly results in
release of NO from CCO which then allows oxygen to rebind and resume respiratory

chain activity.

Two possible mechanisms which are linked are shown in Figure 1.2 and are
described below.

1) Binding of NO to CCO results in down-regulation of cellular respiration, light is
proposed to displace NO and allow binding of oxygen thereby promoting respiration
and increased production of ATP (Karu 1999, Chung et al., 2012).

2) A relatively new and alternate mechanism has been proposed for how the light

improves NO bioavailability whereby CCO may act as a nitrite reductase enzyme (a



one electron reduction of nitrite gives NO) when the partial pressure of oxygen is low.

The reaction which may subsequently take place is described by Equation 1.1.

Equation 1.1

NO, + 2H* + e (CCO) — NO + H,0

In the electron transport chain, oxygen as the final electron accepter is converted to
water. Oxygen metabolism produces reactive oxygen species (ROS) as a natural by-
product and is actively involved in cell signalling, cell cycle progression, enzyme
activation and protein synthesis. It is understood that LLLT stimulates oxygen
metabolism thus increasing ROS production which trigger a range of transcription
factors including NF-kB resulting in downstream gene expression changes and
cytokine/growth factor production implicated in cellular proliferation and migration

(Chung et al., 2012).
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Figure 1.2: Diagram showing the possible mechanism of nitric oxide (NO) release
from cytochrome c¢ oxidase (CCO). Mechanism 1 indicates that CCO may act as a
nitrite reductase enzyme and mechanism 2 shows the possible photodissociation of
NO from CCO. Activation of both pathways may lead to the cellular and tissue
responses associated with LLLT (Chung et al., 2012).
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1.1.2.2 LLLT radiometric parameters

As previously indicated, irradiation and dose parameters are key factors in successful
application of LLLT. Incorrect parameter application and dose delivery may lead to
less effective or even negative biological outcomes. Thus LLLT parameters need to
be carefully defined to ensure accurate dose delivery can be achieved. There are
two key components of this : (i) Irradiation parameters; which are wavelength, power,
beam area, irradiance, pulse structure and coherence (Table 1.1) and (ii) Dose
parameters; which are energy, radiant exposure, irradiation time and treatment
interval (see Table 1.2) (Jenkins & Carroll 2011, Gupta & Hamblin 2013, Carroll et al.,

2014, Hadis et al., 2016).

Notably, some studies published in the literature have not shown any significant
correlation between LLLT and biological cell responses (Pogrel et al., 1997). This is
often due to inadequate determination of irradiation and dose parameters or lack of
clarity with regard to light delivery and the types of cells being exposed (Posten et al.,
2005, Gao & Xing 2009, Hallman et al., 1988, Pogrel et al., 1997, Jenkins & Carroll

2011).
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Table 1.1: Summary of parameters involved in defining LLLT irradiation (Huang et

al., 2009, Carroll et al., 2014).

Parameter Unit

Description

Wavelength nm

Laser and LED devices utilised in LLLT
emit in the spectrum range of 600-1000nm
(red to NIR).

Power (Flux) wW

Power range 1ImW to 10W.

Beam area cm Beam area is required for calculating
irradiance.

Irradiance W/cm? Often called Intensity or Power Density

(Intensity) and it calculated as Irradiance = Power

(W)/Area (cm?).
Typical irradiance is between 5mwW/cm? to
5W/cm?.

Pulse structure  peak power (W)
Pulse frequency (Hz)
Pulse width (s)
Duty cycle (%)

If the beam is pulsed then the power
should be the average power and
calculated as follows:
Average Power (W) = Peak Power (W)
X pulse width (s) x pulse frequency (Hz)

Coherence Coherence length
depends on spectral
bandwidth

Coherent light produces laser speckle.
Non-coherent light produces broader
spectrum of wavelength.
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Table 1.2: Summary of parameters involved in defining LLLT dose delivery (Huang
et al., 2009, Carroll et al., 2014).

Parameter Unit Description

Energy (Joules) J Calculated as: Power (W) x time (s) =
Energy (J).

Radiant exposure  J/cm? Calculated as: Power (W) x time
(s)/beam area = Radiant exposure
(Jlem?).

Irradiation time s Irradiation time is to define the “dose” of

LLLT after the other four parameters of
the “medicine”.

Treatment interval Hours, days or weeks Evidence suggested that this is an
important parameter.
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1.1.3 LLLT versus photodynamic therapy (PDT)

The application of LLLT is different from photodynamic therapy (PDT). LLLT achieves
its effect by direct interaction at a cellular level to reduce inflammation and promote
healing. In contrast PDT uses light to activate an intermediary photosensitizer which
generates active molecules that kill cells, e.g. bacteria or cancer cells. PDT utilises
light with an appropriate wavelength which activates the photosensitising agent in
target tissues to exert its killing effects. Arguably PDTs’ most widely used application
therapeutically is to kill pathogenic bacterial species that cause disease (Gursoy et
al., 2013). During exposure to light the photosensitizer undergoes transition from a
low-energy-level (ground state) to a higher-energy (triplet state) with the higher-
energy sensitizer reacting with biomolecules to produce free radicals and radical
ions, or with molecular oxygen to generate singlet oxygen. The production of these
cytotoxic species leads to oxidation of bacterial cellular components such as the cell
membrane and it induces DNA damage, resulting in cell death (Gursoy et al., 2013,

Denis & Hamblin 2013).

LLLT is not as widely applied as PDT in the treatment of oral disease. While PDT can
be used adjunctively for periodontitis, scaling and root planning are still considered
the treatment of choice for the dentist to manage this chronic inflammatory disease.
However, there is considerable potential for the use of LLLT in managing this and

other oral diseases (Shivakumar et al., 2012, Konopka & Goslinski 2007).
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1.1.4 LLLT in treating disease

More than 2000 studies have been conducted and published where LLLT has been
used for managing a range of diseases. Notably as previously mentioned LLLT has
been used to treat inflamed oral tissues (Chor et al., 2004), ulceration (Lagan et al.,
2000), dermatitis (Morita et al., 1993), wound healing (Posten et al., 2005), chronic
inflammatory disease (Bjordal et al., 2003), diseases of the ear (Salahaldin et al.,
2012) as well as in promoting nerve regeneration (Mohammed et al., 2007) (see
Table 1.3). However this thesis will focus on the specific oral application of LLLT and

this will be explored in greater detail in the following text.

1.1.5 LLLT in oral disease management

Many positive clinical studies using LLLT have been reported over the last 40 years
(Kishen & Asundi 2007, Barolet 2008). An advantage of LLLT is that it is non-invasive
compared with other treatment approaches, however the application of LLLT in
clinical dentistry has attracted limited research in comparison with other areas of

medicine (Kishen & Asundi 2007).
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Table 1.3: Selected examples of the application of LLLT for disease management.

Application Effect of LLLT Reference
Venous ulceration Decrease in wound surface Lagan et al., 2000
area
Dermatitis Reduced skin lesions Morita et al., 1993
Tinnitus Improved symptoms Salahaldin et al., 2012
Chronic joint disorder Reduced inflammation, pain and Bjordal et al., 2003
improved function
Degenerative peripheral Improved nerve regeneration Mohammed et al., 2007

nerve diseases
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Low-level light based device application in dentistry has been used for treatment for
diagnosis and therapy e.g., denture stomatitis (Maver-Biscanin et al., 2004), healing
regeneration (Naka & Yokose 2012, Kishen & Asundi 2007). It is known that light
stimulates and triggers healing processes in wound tissues (Kishen & Asundi 2007)
and in dentistry LLLT has been reported for several therapeutic applications including
reduction of post-extraction oedema, dentin hypersensitivity (Gerschman et al., 1994,
Lizarelli et al., 2007), oral mucositis (Cauwels & Martens 2011), oral stomatitis (Chor
et al., 2004) and candidiasis (Mima et al., 2010). Considerable interest has been
generated in exploring the application of LLLT as it allows simple non-invasive
delivery, does not produce significant heat, sound or vibration and has no known

detrimental effects on cells or tissues (Huang et al., 2009, AlIGhamdi et al., 2012).

A range of lasers suitable for LLLT application are commercially available including
ruby (694 nm), helium neon (HeNe; 632.8 nm), argon (Ar; 488 and 514 nm), krypton
(521, 530, 568 and 647 nm), gallium aluminium arsenide (GaAlAs; 820 and 830 nm)
and gallium arsenide (GaAs; 904 nm) (Posten et al., 2005). While the scope of dental
research for application of LLLT has been limited there are examples of long term
therapeutic use with the countries of Japan and Russia having 10 and 30 years’

experience respectively (Walsh 1997).

Positive effects of LLLT have been demonstrated in at cellular level with LLLT
demonstrating enhanced cell proliferation in human dental pulp stem cells (hDPSC)
(Eduardo et al., 2008, Holder et al., 2012) and human endothelial cells (Schindl et al.,

2003, AlGhamdi et al., 2012, Hawkins & Abrahamse 2006). The published literature
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also reports that LLLT has efficacy in reducing gingival inflammation (Bezerra 2015)
and promoting tissue repair (Lins et al., 2010). Combined, these cellular effects
support the premise that LLLT has the potential for significant clinical efficacy in

managing chronic oral inflammatory disease such as periodontitis.

1.2 Periodontal disease

Periodontal diseases result in damage to the periodontal tissues that support the
teeth including gingivae, cementum, alveolar bone and the periodontal ligament (see
Figure 1.3). Periodontal disease develops as a result of plaque interaction with the
host immune/inflammatory response (Clerehugh et al., 2009). Localised inflammation
of the gingival tissues is known as gingivitis, this is a ubiquitous condition found in
over 95% of the population and is associated with no loss of periodontal attachment
(bone, periodontal ligament, or gingivae) and is completely reversible if the plaque
biofilm is removed (Clerehugh et al., 2009). In contrast periodontitis is caused by an
aberrant host immune/inflammatory response to the plaque biofim and is
characterised by a non-resolving chronic inflammatory lesion which in contrast to

gingivitis, results in irreversible local tissue damage (Pihlstrom et al., 2005).
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Table 1.4: Examples of the application of LLLT relevant to the dental research field
(in vivo and vitro) (Carroll et al., 2014).

Application

Effect of LLLT

Reference

Soft tissue healing

Induced proliferation of human

gingival fibroblasts

Kreisler et al., 2002

Oral mucositis

Reduced severity and pain

Cauwels & Martens
2011

Dentin hypersensitivity

Reduced thermal sensitivity

Lizarelli et al., 2007

Oral stomatitis

Reduced pain and severity

Chor et al., 2004

Chronic gingivitis

Reduced inflammation

Igic et al., 2012

Periodontitis

Less inflammation & improved

clinical outcomes

Makhlouf et al., 2012

Implants

Promoted bone formation

Naka & Yokose 2012

Dental pulp cell

responses

Increased mitochondrial activity

in dental pulp cell

Holder et al., 2012
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Periodontitis is characterised by infiltration of immune cells such as
polymorphonuclear (PMN) leukocytes, monocytes, lymphocytes, plasma and mast
cells as well as local increases in cytokines. Cytokines comprise of signalling
molecules such as chemokines, interferons, interleukins and tumour necrosis factors
(Silva et al., 2007, Milward 2010). Dysregulation of cytokine production has been
implicated in the pathogenesis of several oral inflammatory diseases, including

periodontitis (Konstan & Berger 1997) (see Section 1.2.5.2, 1.2.5.3 and 1.2.5.4).

1.2.1 Anatomy of the periodontal tissues

The periodontal tissues comprise of the gingivae, periodontal ligament, root
cementum and alveolar bone (Milward 2010 & Clerehugh et al., 2009) (see Figure
1.3). The periodontal ligament allows attachment of the tooth to the alveolar bone as
well as providing support for the teeth during function (Palumbo 2011). The gingival
tissues are part of oral mucosa (Palumbo 2011) and are essential to protect

periodontal tissues from the external oral environment (Nanci & Bosshardt 2006).

The junction between gingival tissue and tooth enamel is termed the dentogingival
junction and comprises epithelial and connective tissue components. The epithelium
attachment is further subdivided into three functional zones — gingival, crevicular and
junctional epithelium — and the connective tissue is subdivided into superficial and
basal compartments. The junctional epithelium provides a barrier protecting the
periodontal tissues from the external oral environment (Nanci & Bosshardt 2006,

Milward 2010).
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1.2.2 Impact of periodontal disease

Periodontitis occurs in susceptible individuals and while initiated by the plaque biofilm
it is characterised by an exaggerated host inflammatory/immune response. A range
of risk factors have also been identified which increase the likelihood of a subject
experiencing disease such as smoking (Palmer et al., 2005), plague accumulation

and systemic diseases, such as diabetes (Akalin et al., 2008, Palmer et al., 2005).

Periodontitis, due to its ability to cause loss of tissue support is a major cause of
tooth loss (Pihlstrom et al., 2005) if not correctly managed. The identification and
severity of periodontal disease is defined by clinical parameters which are probing
depth and attachment level. In recent years periodontitis has been associated with a
range of systemic inflammatory diseases that share common pathogenic pathways,
e.g. cardiovascular disease (Scannapeico et al., 2003), diabetes (Seymour et al.,
2007) and rheumatoid arthritis (Clark 2000). In addition periodontitis has been shown
to have a significant negative impact on the quality of life of patients. Indeed a life
quality assessment was undertaken by Needleman and colleagues in 2004 using the
UK oral health-related quality-of-life measure (OHQoL-UK®) showed how periodontal
disease impacted on the day to day life of the patients. Notably the oral health
condition affected their physiological state and appearance (Needleman et al., 2004)
(Table 1.5). Besides the uncomfortable condition produced by the oral disease
frequently impacting and reducing the quality of life in terms of physical, physiological

and social aspects.
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Figure 1.3: A longitudinal section of a tooth showing the adjacent healthy periodontal

tissue and its components (Clerehugh et al., 2009).
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1.2.3 Epidemiology

The recent UK Adult Dental Health Survey (2009) indicated that 45% of adults have
evidence of periodontal disease, with some 8% of individual exhibiting severe
disease. Table 1.5 describes the oral health effect on patients’ epidemiological
survey (Needleman et al., 2004) whilst Figure 1.4 demonstrates periodontal
pocketing at three levels of severity (White et al., 2012). A similar pattern can be
seen in the United States of America where 47% of the population has evidence of
periodontitis (Eke et al., 2012). Given the large numbers of the UK and global
populations affected by periodontal disease, improving therapeutic strategies would

have significant positive influences upon treatment outcomes.

1.2.4 Disease pathogenesis

1.2.4.1 Inflammation

The word “inflammation” is derived from the Latin word ‘inflammare’ (to set on fire)
(Ferrero-Miliani et al., 2006). Clinically the signs of inflammation include rubor
(redness), calor (heat), tumor (swelling), and dolor (pain) and were defined initially by
Cornelius Celsus, a Roman encyclopaedist almost 2000 years ago. Later a fifth sign
of inflammation; (functio laesa) loss of function was included by Rudolf Virchow, one
of the 19™ century’s notable leaders in medicine and pathology (Ferrero-Miliani et al.,
2006, Medzhitov 2008, Schultz 2008, Nathan 2002). Mechanistically these signs of
inflammation are characterised by vasodilatation resulting in increased blood flow,
elevated cellular metabolism, release of soluble mediators, and extravasation of

fluids and cellular matrix (Ferrero-Miliani et al., 2006).
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Table 1.5: Data demonstrates how periodontal oral disease affects patient quality of
life in percentage (Needleman et al., 2004).

OHQoL-UK®  Very bad Bad effect No effect % Good effect Very good

items effect % % (number)  (number) % (number) effect %
(number) (number)
Symptoms
comfort 1(2) 18 (37) 41 (83) 21 (43) 20 (40)
breath
odour 2 (3) 16 (33) 44 (91) 22 (44) 17 (35)
Physical
aspects
eating 0 (0) 14 (28) 49 (100) 24 (49) 14 (28)
appearance <1(1) 18 (37) 35 (72) 29 (60) 18 (37)
general
health 0 (0) 7 (15) 53 (108) 25 (51) 15 (30)
speech 0 (0) 3 (6) 69 (142) 15 (30) 13 (27)
smiling or
laughing 0 (0) 3(7) 66 (135) 21 (43) 10 (20)
Psychological
aspects
relax or
sleep 0 (0) 7 (15) 75 (154) 12 (25) 5 (11)
confidence 2 (3) 10 (21) 58 (119) 20 (41) 10 (21)
mood <1(1) 12 (25) 55 (112) 25 (51) 8 (16)
carefree
manner 1(2) 14 (28) 58 (119) 21 (42) 7 (14)
personality <1(1) 5 (10) 66 (136) 21 (42) 8 (16)
Social
aspects
work <1(1) 2 (3) 80 (163) 14 (29) 4 (9)
social life 0 (0) 3(7) 66 (135) 21 (43) 10 (20
finances 5(11) 27 (55) 59 (120) 6 (12) 3(7)
romantic
relationships 1(2) 3 (6) 67 (138) 18 (37) 11 (23)
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Figure 1.4: Diagram represents the percentage of prevalence of pocketing in
periodontal disease patients in the UK (White et al., 2012).
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Inflammation is a crucial host response by the immune system that enables tissue to
heal following infection or injury. It is essential for maintenance of normal tissue
homeostasis as well as restoring tissue integrity and function (Medzhitov 2010,
Ahmed 2011). The process of the inflammatory response involves selective
expression of pro-inflammatory molecules which generate a multifactorial network of
chemical signals (cytokines & chemokines). These molecules are released from a
range of host cells including immune cells and structural tissue cells such as
fibroblasts, epithelial and endothelial cells which are central to the process of tissue
healing (Coussens & Werb 2002, Basso et al., 2012, Davidson 1992). There are four
principal components in an inflammatory response ; (a) Inducers of inflammation, (b)
Sensors which detect the inducer, (c) Mediators of inflammation which are induced
by the sensors and (d) Target tissues which are affected by the mediators (Medzhitov

2010).

1.2.4.1.1 The central role of Nuclear factor kappa-B signalling in the
inflammatory response

Nuclear factor kappa-B (NF-kB) is an important transcription factor which regulates
the expression of a wide range of pro-inflammatory genes. It has been shown to be a
key factor in host defence responses and chronic inflammatory diseases (Siebenlist
et al., 1994, Barnes 1997). NF-kB activation is triggered by many extracellular stimuli
including viruses, oxidants, inflammatory cytokines, immune stimuli (Barnes 1997)

and bacterial stimulation via toll-like receptors (TLRs) (Milward 2010) .
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The NF-kB family comprises dimeric proteins which are generated from monomers of
~300 amino acids which belong to the Rel protein family. The active form of NF-kB is
usually comprised of two DNA binding subunits, a p50 subunit and a p65 (Rel A)
subunit. Other Rel family related proteins that have also been identified include: c-
Rel, Rel B, v-Rel and p52. Inactive NF-kB is located in the cytoplasm bound to an
inhibitory protein, IkB (inhibitor of kappa-B) and this molecule is also comprised of a
range of types including, IkB-a, IkB-B, IkB-y and Bcl-3 (Barnes 1997, Verma et al.,

1995, Baeuerle & Henkel 1994).

Activation of NF-kB occurs following cell stimulation by a range of extracellular stimuli
such as inflammatory cytokines which stimulate IkB kinases via signal receptors
which then enhance the process of phosphorylation and proteolysis (degradation) of
the inhibitory protein, IkB by specific IkB kinases. The phosphorylated IkB protein
then allows free NF-kB subunits (p50 and p65) to enter into the nucleus. In the
nucleus, the transcription factor binds to kB sites in the promoter regions of specific
target genes for pro-inflammatory proteins such as cytokines (Figure 1.5) (Barnes &
Karin 1997,Gilmore 2006, Tak & Firestein 2001). NF-kB binding enhances the mRNA
transcription of these target genes and the mRNA is then translated in the ribosomes
to proteins, e.g. pro-inflammatory cytokines. The pro-inflammatory cytokines, such as
IL-183, IL-8 and TNF-q, are then released from the cell and modulate the inflammatory
response (as described in section 1.2.3). High activation of NF-kB at sites of
inflammation can result in chronic inflammatory diseases such as rheumatoid
arthritis, multiple sclerosis, inflammatory bowel disease (Tak & Firestein 2001) and

periodontitis (Chapple 1997).
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1.2.4.1.2 Activator protein-1 (AP-1)

AP-1, activator protein-1 is a pro-inflammatory transcription factor which regulates
gene expression during immune responses as well modulating the production of
cytokines, growth factors and stress signals. AP-1 has been shown to play a pivotal
role in normal cellular development (proliferation) or neoplastic transformation
leading to cancer (Hess et al., 2004). AP-1 is comprised of a family of Jun, Fos or
ATF (activating transcription factor) subunits which bind to AP-1 binding site (Karin et

al., 1997).

1.2.4.1.3 Nuclear factor erythroid 2- related factor 2 (Nrf2)

Nrf2 is a basic leucine zipper redox-sensitive transcriptional factor which regulates
the expression of many antioxidant and detoxification genes (Bellezza et al., 2010,
Rangasamy et al., 2004). Prior to activation of Nrf2 transcription factor, antioxidant
response element (ARE) signals detach Nrf2 from its inhibitor, Keapl and enters the
nucleus, then attaches to the antioxidant response element (ARE), leading to up-
regulation of molecular target proteins which boost cellular detoxification processes
and antioxidant potential (Nguyen et al., 2003, Rangasamy et al., 2004, Lee et al.,

2005).

The Nrf2/ARE pathway has been proposed to play important functions in cellular
antioxidant defence system and anti-carcinogenicity (Lee & Johnson 2004). Chen
and colleagues have shown that Nrf2/ARE pathway can protect cells from oxidant-

mediated injury and inhibit the suppression of key redox-sensitive inflammatory
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responses which play a pivotal role in chronic inflammatory diseases (Chen et al.,

2006).

1.2.4.2 Role of oral epithelium in periodontal disease

The crevicular (health) or pocket epithelium (disease) lines the gingival sulcus or
pocket and is intimately associated with the plague biofilm which develops on the
root surface. This epithelium, as with all epithelia acts as a barrier to protect the
underlying connective tissues from the external environment. However studies
investigating lung epithelium (Bals & Hiemstra 2004) and more recent studies
utilising gingival epithelium (Milward et al., 2007) have indicated a role in initiating
and propagating an inflammatory response. Following stimulation by the plaque
biofilm, gingival epithelial cells become activated via NF-kB and produce a wide
range of pro-inflammatory cytokines and chemokines including interleukin-8 (IL-8),
interleukin-1B (IL-18) and tumor necrosis factor-a (TNF-a). These mediators released
locally drive a range of pro-inflammatory events including the recruitment of a range
of immune cell types, including neutrophils, to the site of challenge (Dale 2002,
Milward et al., 2007,). These responses form part of the innate immune system which
serve to maintain the integrity of pocket epithelium (Dale 2002). Importantly
increases in oral epithelial cell proliferation, alterations in cell signalling (further
details in section 1.2.6.1) and promotion of tissue homeostasis are also essential to

this process and occur to help maintain tissue defence (Dale 2002).
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Figure 1.5: Diagram showing the proposed cellular mechanism of LLLT. Activation of
transcription factors such as NF-kB and AP-1 induces gene transcriptional (Chung et
al., 2012).
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Therapeutic interventions (e.g. LLLT) which enhance barrier function and modulate
the hyper inflammatory response seen in periodontitis patients may offer a potential

therapeutic target in the management of periodontal disease.

The presence of an intact oral epithelium provides a physical barrier to prevent
bacteria present in the plaque biofilm from invading the underlying host tissues. This
barrier is provided by the oral epithelial cells which are tightly attached to each other
(by junctional epithelium) and are keratinised. Notably during disease progression the
junctional epithelium exhibits a pocket-lining epithelium phenotype, with
microulcerations and a leaky structure, therefore the protective function is
compromised (Clerehugh et al., 2009). When this first line of defence is compromised
the chemokines and cytokines released serve to activate an immune response to

eliminate disease and restore tissue homeostasis (Milward 2010).

1.2.4.3 Role of plaque biofilm in periodontal disease

A complex plague biofilm containing approximately 700 species of bacteria develops
on the teeth (Aas et al., 2005). The plague biofilm comprises a matrix of polymers
made up from bacteria and its components and also constituents from saliva.
Research has demonstrated that accumulation of dental plaque resulted in local
inflammation of gingival tissue (gingivitis) which resolves on plaque removal. This
situation differs from patients with periodontitis where the initial inflammation
progresses to loss of periodontal tissues and is irreversible. Plaque accumulation is
key to initiation and propagation of the inflammatory lesion but development of

periodontitis is dependent on an aberrant exaggerated host response i.e. such
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patients are said to be susceptible to periodontitis. Therefore clinically we can
observe patients with relatively high levels of plaque who do not have periodontitis
and conversely patients with good plaque control who have disease. This indicates
the importance of host response in disease initiation and progression but also
underlines the need for bacteria to initiate this host response. However specific
bacterial species are critically involved in the aetiology of periodontitis (Milward
2010). There are five major bacterial complexes which have been recognised by
Socransky and Haffajee (2005) and classified in coloured complexes; red, orange,
yellow, green and purple (Figure 1.6). The complexes described the relationship
between the species and severity of periodontal disease and also explained the
distribution in different regions of periodontal pocket or gingival sulcus (Socransky et
al., 1998). The red complex bacteria are mostly strongly associated with periodontal
disease. Two of listed bacteria in Figure 1.6 were employed in this study, P.

gingivalis and F. nucleatum.

F. nucleatum is a Gram-negative anaerobic bacterium which implicated in periodontal
disease, notably dominant in dental plaque biofilms and one of the oral species
associated with periodontitis constantly (Signat et al., 1995). P. gingivalis also a
Gram-negative anaerobic bacterium which contributes to development of
periodontitis (Griffen et al., 1998, How et al., 2016). The bacterium modulates host

inflammatory response causing periodontal tissue disruption (How et al., 2016).

33



' Actinomyces
| species

C. gracilis )

> =

P intermedia
P. nigrescens I' P gingivalis |

S, A NCH P. micros : T. forsythla

F nuc. vincentii =0l ‘ :
E nuc. nucleatum I denticola
E nuc. polymorphum A
F. periodonticum a—

. corrodensy
. gingivalis
. Sputigena
. ochracea
. conclsus
. actino. a 4

20000 MmN

An increase in the association with periodontal disease

Figure 1.6: The microbial complexes and their association with periodontal disease
where diagrammatic representation also illustrates the relationship of bacterial
species within and between the microbial complexes (Socransky & Haffajee 2005).
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1.2.4.4 Role of neutrophils in periodontal disease

Neutrophils are key cells in the ffirst line’ defence to infection and are a key
component of the innate immune response. They are a type of leukocytes which Kill
bacteria by phagocytosis, degranulation and by the formation of neutrophil
extracellular traps (NETSs). In the periodontal tissues, neutrophils are the main
protective cell, which are found abundantly within the gingival crevice and epithelium

(Scott & Krauss 2012).

Neutrophils contribute to protection of the junctional epithelium from the pathogen-
rich plaque biofilm. It is proposed that this is achieved by 2 mechanisms i) a robust
secretory structure releasing reactive oxygen species (ROS) and bacteriocidal
proteins, and ii) phagocytic mechanisms . The overall protective role of these cells is
provided by a combination of these processes (Scott & Krauss 2012). Neutrophils
develop in the bone marrow, with in the region of 5-10x10° new neutrophils
produced daily. Mature neutrophils enter the blood circulation after differentiation
which occurs over approximately 14 days. At sites of inflamed tissue, such as in the
periodontium, neutrophils are recruited from the blood circulation along a
concentration gradient of chemotactic cytokines released locally from cells present in
the inflamed periodontium. Once present neutrophils kill invading bacteria using the
mechanisms previously described. The final stage of the inflammatory response
involves resolution of inflammation and wound healing (Scott & Kraus 2012). In
periodontitis patients’ neutrophils have been shown to be hyper active and hyper
reactive producing excess levels of free radicals such as reactive oxygen species

(ROS) and enzymes that are implicated in the local tissue damage that is
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characteristic of the periodontal lesion. The activity of these cells in terms of their
hyper-active response will likely impede resolution of inflammation thereby inhibiting
and frustrating periodontal tissue healing processes (Milward 2010, Fujimaki et al.,

2003).

1.2.5 Current management strategies for periodontitis

Treatment of periodontitis currently involves optimising the patient’s oral hygiene
regimen, removing risk factors such as smoking and providing professional cleaning
(scaling and root planning). In certain types of periodontal disease (aggressive
periodontitis) antimicrobial therapy and periodontal surgery may be indicated
alongside conventional treatment. Currently no therapies are available that directly
modulate the hyper-inflammatory response, promote healing or sustain the functional

barrier of epithelium (Slot et al., 2014).

1.2.6 Potential for use of LLLT in periodontal disease

Thus, LLLT may have a potential for use in periodontal disease management
alongside non-surgical therapy. Notably light therapy is painless and non-ablative
(Chang et al., 2013) and may enhance and stimulate tissue repair. Interestingly
preliminary reports indicate that light delivered at 660nm and at 10J/cm? may
facilitate periodontal tissue repair by reducing inflammation, stimulating bone
deposition and promoting collagen fibre alignment (Chang et al., 2013). These
findings reported by Chang et al., (2013) demonstrate the potential positive effects of

LLLT in promoting periodontal healing using a LED device.
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Furthermore, a study has shown that certain wavelengths promote proliferation
during wound repair (Sperandio et al., 2014). Karu (1999) driven by the expression of
the anti-inflammatory cytokines and the subsequent downstream reduction in
inflammation and subsequent promotion of wound healing. In order to optimise this
potential careful consideration is required as to how light is delivered to tissues and

cells in order to deliver maximal clinical benefit.

1.2.7 Light-tissue interaction

Understanding the interaction of light with tissues is a key factor in determining dose
delivery at a cellular level. When tissue is exposed to light, it can be absorbed,
reflected transmitted and / or scattered. This interaction is dependent on both light
characteristics and also the composition of the tissue. Optimising tissue light energy
absorption has been shown to be important in unlocking the therapeutic potential of

light therapy (Gupta & Hamblin 2013).

One of the important factors in how light interacts with tissue is light wavelength (nm).
Different wavelengths will interact with different chromophores found in different
tissue types. Chromophores are light-absorbing chemical compounds and among
these are melanin and haemoglobin which absorb light in visible range (lgarashi et
al., (2005). Light wavelength is often characterised by using their associated visible
spectrum, i.e. blue (400-470nm), green (470-550nm), red (630-700nm) and NIR
(700-1200nm) (Barolet 2008) (Figure 1.1). Tissue penetration will depend wavelength

for example 400nm will penetrate less than 1mm, 630nm penetrates 1-6mm, and
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700-900nm will produce the deepest level of tissue penetration (6mm and more)

(Barolet 2008) (Figure 1.8).

The optical characteristics of tissue and how light interacts with it is central to the
therapeutic success of LLLT, therefore there is a so-called “optical/therapeutic
window” in tissue covering the red and NIR wavelengths in which the effective tissue
penetration of light is maximised (Figure 1.9) (Gupta & Hamblin 2013). Within the
light spectrum, blue, green and yellow light wavelengths may have significant effects
on cell behaviour. However, the use of red and NIR light in LLLT has shown

significant efficacy in treating both humans and animals (Gupta & Hamblin 2013).

The literature indicates that there is an optimum dose delivery for any particular
biological system with dose levels outside this range not delivering any beneficial or
detrimental effect. Evidence gained on cellular response has led to proposal of the
Arndt-Schultz curve (Figure 1.7) (Sommer et al.,, 2001). In 1887, Hugo Schulz
published a paper demonstrating that different types of poisons (such as iodine,
bromine, mercuric chloride and arsenious acid) produces a stimulatory effect on
yeast metabolism when given in low doses. Following on from this Rudolph Arndt, a
psychiatrist, they developed a principle known as “Arndt-Schulz law”, stating that
weak stimuli increases activity this will increase further as the level of stimulation

increases up to a threshold beyond which activity is reduced (Huang et al., 2009).

The concept of a biphasic dose response has been frequently observed in respect to

LLLT where low levels of light dose demonstrate an enhanced effect on stimulating
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and repairing tissues in comparison to higher doses (Huang et al., 2009). The
“‘Arndt—Schulz law” is frequently used to describe this biphasic dose response
(Huang et al., 2009). The key parameters such as wavelength, radiant exposure,
irradiance value and exposure time are key to delivering effective LLLT treatment

(Sommer et al., 2001).
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Figure 1.7: Graph representing Arndt-Schulz law shows biphasic modes of cell
responses at different levels of energy density (radiant exposure) (Sommer et al.,

2001).

40



1.2.7.1 The effect of LLLT on epithelial cells

Biostimulatory effects of light on cell proliferation and wound healing in vivo and in
vitro is well established with healing triggered in vivo via stimulation of a variety of cell
types including epithelial cells (Walsh 1997). Epithelial cells provide a barrier
between the organism and the external environment (e.g. epidermis, bronchial,
alveolar epithelium) or between an organ and a fluid space (e.g. oral epithelium in the
mouth). Epithelial cells play a key role in the regulation of permeability, transport,
endocytosis and exocytosis (Maas-Szabowski et al., 2002) in addition epithelial cells
have been shown to produce a pro-inflammatory response when stimulated with
bacteria, e.g. the crevicular epithelium in the gingival crevice, thereby orchestrating
protection for the host from invading bacteria. Functionally, recent studies using LLLT
have shown the ability of epithelial cells to respond to light which enhances cell
proliferation and increases the motility of human keratinocytes (Haas et al., 1990).
Notably LLLT did not modify keratinocyte differentiation or interfere with the normal
function (Rood et al.,, 1992). Thus, light (laser/LEDs) therapy potentially can
accelerate keratinocytes proliferation and restore the physical integrity of the tissue

(Walsh 1997).

1.2.7.2 The effect of LLLT on neutrophils

The numbers of neutrophils increase in inflamed tissue due to local release of
chemotactic agents. Increased numbers of neutrophils result in increased production
of ROS, which if in excess as seen in periodontitis patients can lead to local tissue
damage. Fujimaki and colleagues (2003) found significant reduction of ROS by

human neutrophils when irradiated with Ga-Al-As laser which was carried out 60min
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before stimulation by opsonized zymosan (OZ) and calcium-ionophore (Ca-i). They
also demonstrated that ROS production in smokers was highly decreased than non-
smokers. Another study also indicated that neutrophil numbers are reduced following
the use of LLLT. This may have implications in decreasing the excess inflammation
seen in periodontitis and other chronic inflammatory diseases (Morgan & Rashid
2009). Thus, it seems that LLLT may attenuate ROS production by neutrophils and
thereby increase the efficacy of LLLT in wound healing. Hence, neutrophil modulation
may play a significant role in treatment of inflammatory driven diseases (Fujimaki et

al., 2003).
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Figure 1.8: This schematic indicates the optical penetration depth for a range of
wavelengths (Barolet 2008).
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Figure 1.9: Light absorption by tissue chromophores indicating the therapeutic
window in which visible and NIR light can penetrate deepest into tissue (Adapted
from Gupta & Hamblin 2013). Hb: Hemoglobin, HbO2: Oxyhemoglobin.
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1.3 Aims & objectives

This thesis proposes the potential for the use of LLLT as a therapy in the
management of periodontitis. Therefore this thesis aims to investigate the effect of
low-level laser or LEDs on:

(@) Human oral epithelial cells in terms cell proliferation, promoting healing-
associated responses and reducing the inflammatory response.

(b) Investigate the modulation of neutrophil responses.

In order to achieve these overarching aims the study will have the following

objectives:

1. Development and characterisation of range of LED and laser-based light
sources

2. Determination of light irradiation parameters in order to fully understand light
delivery at a cellular level

3. Assessment and determination of a range of biological responses; i.e. cell
proliferation, mitochondrial metabolic activity, and gene expression of human
oral epithelial cells following irradiation

4. Assessment of neutrophil ROS response following LED irradiation

5. Determination of inflammatory response following irradiation on bacterial

stimulated human oral epithelial cells.
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CHAPTER 2: MATERIALS AND METHODS
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2.1 Materials

2.1.1 Light sources
This section describes the characterisation approaches used for all the optical

devices used to irradiate cell cultures during the studies described in this thesis.

2.1.1.1 Laser

The laser device utilised in this study was a red light laser (OFL173, Odic Force
Lasers, UK) (Figure 2.1). The manufacturer reported wavelength was 650nm + 5nm
and delivers a ‘circular’ laser pattern. This laser is mounted in a stainless steel
housing which acts as a heat sink enabling heat dissipation and allows consistent
orientation of cell culture ware. The laser is powered using a stabilised 5V DC 80mA
power supply (mains power; 240v AC). Cell culture vessels can be placed directly on
top of the laser and positioned a measured distance away in order to vary the light

delivered to the cell monolayer.
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Laser

Heat sink

Figure 2.1: Laser light source housed in a bespoke stainless steel housing which
acts as a heat sink to dissipate laser heat generation.
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21.1.2LED

The bespoke single LED device used a high power (10 watt) red surface mount
device (SMD) LED (Model: JLLU20-W140-R600Ilm, JELED Electronic Co Ltd., Hong
Kong) that was mounted on a heat sink (Figure 2.2). The manufacturer’s quoted

wavelength was 630nm. The LED was powered using a stabilised 6v DC, 750mA

power supply run from 240v AC mains voltage.

Heat sink

Figure 2.2: Single LED light source mounted on a heat sink to dissipate heat
generated by the high power LED.
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2.1.1.3 LED arrays

Bespoke LED arrays were developed utilising multiple 60x5mm epoxy encased LEDs
(Roithner Lasertechnik, Austria), each of the 10 columns contained different LED
wavelengths (n=6 per wavelength) (Figure 2.3 (a)). The wavelengths of the LED used
ranged from 625-830nm (Table 2.1) (Figure 2.3 (b)). LEDs were mounted on a
custom designed and manufactured printed circuit board. Resistors were used for
each of the different LED wavelengths to standardise the voltage and optimise light
output. The unit was designed to allow each column of LEDs to be individually
controlled (Table 2.1) to enable variation in exposure time and subsequent dose
delivery. The LED array was driven by a stabilised 5V, DC 500mA power supply run

off mains voltage (240v AC).
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Figure 2.3: (a) The multiple LED array emitting wavelengths ranging from 625 to
830nm. (b) Schematic diagram showing the distribution of wavelengths emitted
across the device.
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Table 2.1: Published manufacturer’'s LED data and resistance used to standardise
voltage delivery for each wavelength of LED for the device shown in Figure 2.3.

Centre ) - .
No. of Optical Power  Viewing Angle Resistance
Wavelength
Column (mW) (degree, °) (Ohms, Q)
(nm)
1 625 1.46x107° 15 11
2 650 1.46x10™ 20 14.7
3 660 15 24 11
4 670 3.5 20 12
5 690 4 15 12
6 780 18 20 6.8
7 800 22 10 6.8
8 810 45 20 6.8
9 820 18 10 6.8
10 830 20 15 6.8
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A second, power-adjustable LED array was developed to standardise the irradiance
value (mW/cm?) for each LED (Figure 2.4) (Table 2.2), which was set at an output of
24mW/cm?. However, the LEDs in columns 4 and 6 were not used in subsequent
experiments as it was not possible for these LEDs to deliver the required irradiance
of 24mW/cm?. The standard irradiance value was achieved by using different
resistors to control voltage delivered to each group of LEDs, thereby standardising
light output (irradiance value). The major difference between the first LED array and
second multi-well LED device was the ability of the second device to standardise light
output for all the wavelengths. The first device developed delivered standard voltage
to each wavelength of LEDs however this resulted in different levels of irradiance for
each wavelength. In addition the second device developed contained a wider range

of wavelengths.
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Figure 2.4: (a) Second generation LED array emitting wavelengths between 400-
830nm (included white LEDs — producing a range of wavelengths.). (b) Schematic
diagram showing the range of wavelengths used. LEDs in column 4 and 6 were
unused as where unable to deliver sufficient irradiance.
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Table 2.2: Manufacturers published data for each LED used in the second

generation array and the resistors used to standardise irradiance (mW/cm?) for the
device shown in Figure 2.4.

Centre _ Viewing .
No. of Optical Power Resistance
Wavelength Angle
Column (mW) (Ohms, Q)
(nm) (degree, °)
1 400 21-29 15 16.9
2 450 20 25 6.8
3 525 1.17x10°-1.46x10° 15 6.8
5 660 15 24 11
7 740 18 20 8.2
8 810 45 20 6.8
9 800 20 15 6.8
10 white 1.1x10 15 6.8
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2.1.2 Cell culture

2.1.2.1 Reagents

2.1.2.1.1 Supplemented Dulbecco’s modification of Eagle’s growth medium
(DMEM)

Dulbecco’s Modified Eagle’s Medium/Ham’s Nutrient Mixture F12 (DMEM) (SAFC
Biosciences, USA) 1000ml was supplemented with sterile 20ml L-glutamine (final
concentration, 200mM) (Sigma, UK), 50ul hydrocortisone of 10mg/ml stock solution
(final concentration, 0.0005mg/ml) (Sigma-Aldrich, MO, USA) [increase proliferation
(Suda & Dexter 1981)] and foetal calf serum (5 or 10% v/v) (Labtech, UK) and used
to culture oral epithelial cells (H400). All growth media was checked for sterility by
overnight incubation (at 37°C, 5% CO;) of a 5ml aliquot and inspected for turbidity.
Phenol red-free media (Gibco, Life technologies, UK) was used to culture cells in 96-
well plates. The media was supplemented prior to use with L-glutamine,
hydrocortisone and foetal calf serum at the same concentration as phenol red

containing DMEM. All media were stored at 4°C and warmed to 37°C prior to use.

2.1.2.1.2 Phosphate-buffered saline (PBS)

Sterilised PBS buffer was prepared for use in washing cells, preparation of MTT
solution and also in the luminol (section 2.1.3.1.4), isoluminol (section 2.1.3.1.5) and
lucigenin (section 2.1.3.1.6) reagent preparation. PBS was prepared using 8g NacCl
(Sigma-Aldrich, UK), 2g KH,PO,4 (Sigma-Aldrich, UK), 1.15g Na,HPO, and 2g KCI

which were dissolved in 1000ml of distilled water and pH adjusted to 7.4 using 1M
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NaOH. The solution was sterilised by autoclaving at 121°C for 15min and stored at

room temperature prior to use.

2.1.2.1.3 Trypsin ethylenediaminetetraacetic acid (Trypsin-EDTA) solution

Trypsin-EDTA was used to detach the adherent H400 epithelial cell monolayer to
produce a single cell suspension for cell counting, archiving and reseeding. Trypsin-
EDTA 0.25% (w/v) was sterile filtered and contained 2.5g porcine trypsin and 0.2g
EDTA-4Na per litre of Hanks’ balanced salt solution with phenol red (Sigma-Aldrich,
MO, USA). The reagent was stored in 3ml & 1ml aliquots at -20°C and pre-warmed to

37°C in a water bath prior to use.

2.1.2.1.4 E.coli LPS

Escherichia coli LPS (lipopolysaccharide) (Sigma-Aldrich, UK) was used in
immunocytochemistry studies (section 2.2.4.4) to stimulate activation of NF-kB (as
described in Milward 2010) in H400 cells. A 1mg/ml stock solution was prepared by
combining 10mg of E.coli LPS with 10ml of sterile DMEM. This was then aliquoted
into 500ul siliconised Eppendorf tubes (to minimise LPS attachment to plastic tube)
and frozen (-200C) prior to use. A concentration of 20ug/ml (final concentration) was

used for cell stimulation experiments.

2.1.2.1.5 Cryogenic solution
Cryogenic solution was used for cell storage by mixing 700ul of DMEM (section
2.1.2.2.1), 200ul of foetal calf serum (section 2.1.2.2.1) and 100ul of dimethyl

sulphoxide (DMSO) (Sigma, USA).
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2.1.3 Neutrophil ROS production

2.1.3.1 Reagents

2.1.3.1.1 Percoll

Percoll solution contains a 1130g/ml colloidal silica suspension coated with
polyvinylpyrolidone (GE Healthcare Life Sciences, UK). Two discontinuous Percoll
gradients of densities 1.079 and 1.098 were used to isolate neutrophils, these
gradients were stored at 4°C prior to use. Details of the constituents of each gradient

are provided in Table 2.3.

2.1.3.1.2 Lysis buffer

1000ml of lysis buffer was prepared containing 8.3g of NH,4Cl, 1g of KHCOg3, 0.04g
Na, EDTA 2H,0 and 2.5g of bovine serum albumin (BSA) in 1000ml sterile water.
Each reagent was thoroughly mixed prior to the addition of the subsequent
component. Lysis buffer was used to lyse red blood cells as part of the process to

obtain a pure neutrophil preparation. The buffer was stored at 4°C prior to use.
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Table 2.3: Percoll gradient constituents.

Density 1.079 1.098
Solution
Percoll 19.708ml 24.823ml
Water 11.792ml 6.677ml
NaCl (1.5M) 3.5ml 3.5ml
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2.1.3.1.3 Blocking buffer

Blocking buffer was prepared by adding 10g of BSA (Sigma-Aldrich, UK) to 1000ml|
of PBS. The buffer was used to coat and block the surface of the plate for
subsequent experimental analysis. The solution then was aliquoted and stored at -

20°C. Prior to use the bottle was thawed at room temperature.

2.1.3.1.4 Luminol

A stock solution of 30mM luminol (Sigma-Aldrich, UK) was produced by diluting 0.5g
luminol in 94.05mI 1mM NaOH and stored at 4°C wrapped in foil (to protect from
photo-degradation). 1ml of this stock solution was added to 9ml of PBS (3mmol/L) to
produce a working solution and the pH was adjusted to 7.3. The working solution was
foil wrapped and stored at 4°C for up to 6 weeks. Luminol was used to measure total

(intracellular and extracellular) neutrophil ROS.

2.1.3.1.5 Isoluminol

Isoluminol (Sigma-Aldrich, UK) 0.5g was dissolved in 94.05ml 0.1M NaOH to produce
a 30mM stock solution which was wrapped with foil and stored at 4°C prior to use. A
3mM working solution was prepared by diluting 1ml of isoluminol stock in 9ml of PBS
and pH adjusted to 7.3. This working solution was foil wrapped and stored at 4°C for

up to 6 weeks.
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2.1.3.1.6 HRP

Horseradish peroxidase (HRP) (Sigma, UK) was applied at 1.5 units/well (of 96-well
plate). A master stock solution (1000units/ml) of HRP was prepared by adding 5ml
PBS to 5000KU HRP powder. Before applying to each well, 1.5ul of the master stock
and 13.5ul of PBS were combined. Aliquots of the master stock were stored at -20°C

prior to use. HRP was used with isoluminol to detect extracellular neutrophil ROS.

2.1.3.1.7 Lucigenin

A 1mg/ml stock solution was prepared by combining 0.005g with lucigenin (Sigma,
UK) to 5ml PBS. The stock solution was foil-wrapped and stored at 4°C prior to use
and up to 6 months. A working solution was prepared on the day of the experiment

by diluting 1:3 in PBS. Lucigenin was used to detect neutrophil superoxide.

2.1.3.1.8 PMA

A stock solution of PMA (phorbol 12-myristate 13-acetate) (Sigma-Aldrich, UK) was
prepared by dissolving 1mg PMA in 1ml of DMSO (1mg/ml) (1.6212mM) and diluted
further to achieve a 25nM concentration in each well (96 well plate). The initial stock

solution was stored at -20°C and thawed immediately prior to use.

2.1.3.1.9 gPBS (supplemented PBS with glucose and cations)
The gPBS solution was generated in 1L by adding 1.8g glucose (Sigma-Aldrich, UK),
0.15g CaCl, (BDH, UK), 1.5ml 1M MgCl, (BDH, UK) to 1L of PBS (2.1.2.2.2). The

mixture was prepared by adding reagents in order and mixed well before adding the
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next component. The resulting solution was kept at 4°C prior to use and used within 1

month.

2.1.4 Bacterial culture

2.1.4.1 Bacterial stock
Bacterial stocks of P. gingivalis (ATCC 33277) and F. nucleatum (ATCC 10953) were

originally purchased from the American Type Culture Collection (ATCC, USA).

2.1.4.2 Blood agar

Prepared blood agar plates were purchased (Base no.2 with 5% horse blood,
proteose peptone, liver digest, yeast extract and sodium chloride) (Oxoid, UK) and
kept at 4oC prior to use. Plates were allowed to reach room temperature prior to use.

All the plates were utilised before the manufacturer’s expiry date.

2.1.4.3 Brain heart infusion (BHI) broth

Brain heart infusion (BHI) broth (with 10% horse serum, brain infusion solids, beef
heart infusion solids, proteose peptone, glucose, sodium chloride and disodium
phosphate) (Oxoid, UK) was prepared by dissolving 37g BHI dehydrated culture
medium in 1L of distilled water, mixed and autoclaved (121°C for 15min) and kept at

40C prior to use.
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2.1.4.4 Crystal violet

Crystal violet (Sigma-Aldrich, UK) 2g was added to 20ml of 95% ethanol (Sigma-
Aldrich, UK). 1% ammonium oxalate was prepared by dissolving 0.8g ammonium
oxalate in 80ml of distilled water and added to crystal violet solution in a 1:1 ratio.
The resultant solution was stored at room temperature prior to use. Crystal violet is a

bacterial stain used in Gram staining (Beveridge 2001).

2.1.4.5 Carbol fuchsin

Carbol fuchsin (or safranin) (Sigma-Aldrich, UK) solution was prepared by mixing the
1ml stock with 9ml of distilled water. The mixture was kept at room temperature. This
solution was used in Gram staining and differentially stains Gram negative bacteria a

red colouration (Beveridge 2001).

2.2 Methods

2.2.1 Light characterisation

2.2.1.1 Wavelength measurement

The light sources used in this study were purchased based on optical data published
by the manufacturer. However all light sources were validated using UV-Vis
spectrophotometry methods to determine actual light delivery characteristics.
Spectral irradiance for each light source was measured using a fibre-based UV-Vis
spectrometer (USB4000, Ocean Optics, UK) equipped with an optical fibre (8um) and

a 3.9mm diameter opal glass cosine corrector attachment (CC3, Ocean Optics, UK)
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that was calibrated to NIST (National Institute of Standards and Technology)
standards against a NIST traceable deuterium-tungsten light source (Mikropack
DH2000-Cal, Ocean Optics, Dunedin, USA). The cosine corrector probe was placed
above 35mm culture dishes or 96-well black-walled plates to determine the irradiance
delivered to the cultureware surfaces, i.e. where the cell monolayer was grown. The
spectrometer system was connected to a computer running SpectraSuite software
(Ocean Optics, UK) (Figure 2.5). Results allowed determination of wavelength and
irradiance values. Specific details of this procedure are discussed later in this

section.

During laser measurement, filters (ND 03B and ND 06B) were used to reduce the
irradiance reaching the spectrometer to avoid sensor saturation resulting in
inaccurate results. The ND filters were positioned between the light collector and
culture dish to attenuate the light resulting in a six-fold reduction in irradiance,
therefore the measured irradiance was multiplied by 6 to obtain the actual irradiance
value for the light source being measured. For single LED measurement, ND filters
were not required due to the lower irradiance produced and therefore the cosine
corrector was positioned directly above the cultureware. Spectral irradiance
measurements for laser and single LED were performed using two conditions; (a)
cultureware placed at a distance of 33mm from the light source, and (b) cultureware
positioned directly above the light source. In addition, the spectral irradiance
measurements for the LED arrays were undertaken using the same experimental

protocol as that described for the ‘single LED’, i.e. without the use of ND filters.
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To perform spectral irradiance measurement of the LED array, a 96-well black plate
was fixed directly above the bespoke LED array aligning the wells of the upper plate
with the wells of the LED array sleeve. Wells of 96-well plate had diameters of 6mm
which were appropriately suited to the diameter of the cosine corrector (3.9mm
diameter) which was used to measure delivered irradiance. Black 96 well plates were

used in these and other experiments to prevent light bleeding between wells.

All spectral measurements were determined using the SpectraSuite software (Ocean
Optics, UK). SigmaPlot 12.0 (Systat Software, Inc, lllinois, USA) which calculated the
light source irradiance value. Figure 2.5 shows the experimental set-up used for

wavelength measurement.
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To Spectrometer

€ Optical Fibre (8um diameter)

CC3 Cosine corrector

Neutral Density Filters
(ND 03B and ND 06B)

Culture dish

Light source (laser/LED)

Figure 2.5: Schematic diagram of experimental set-up of light source wavelength
measurement and irradiance value (distance of Omm or 33mm between sensor and
light source).
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2.2.1.2 Exposure time and dosimetry (radiant exposure)

Oral epithelial cell cultures or neutrophils were exposed to the respective light
source; (laser, single LED or LED arrays) 24h post seeding for single dosing
experiments and 24h and 48h for double dosing experiments. The light exposure
time differed for each light source, for the laser and single LED, cell cultures were
irradiated for between 4-60s (Table 2.5 and Table 2.6), the first generation LED array
cultures were irradiated for between 8-120s (Table 2.7). Whilst the second
generation LED array used exposure times of between 30-480s (Table 2.8). Initial
experiments were performed to identify the optimal exposure conditions with each
light source and these conditions were then used for all future experimentation

(Appendix 1).

Exposure time will determine the dose or radiant exposure delivered and this has
been reported to produce differential cell responses (Vinck et al., 2003, Bolton et al.,
1991). Details of the experimental protocol used for each individual light source are
provided in the following sections. To identify radiant exposure (J/cm?) (dose), the
following calculation was applied according to Equation 2.1. The irradiance value

(intensity) was obtained alongside wavelength measurements (Section 2.2.1).

Equation 2.1

Radiant exposure (J/cm?) = Irradiance value (W/cm?) x time (s)

For example, the irradiance value for the laser was 1788mW/cm? and the time of

exposure was 60s. Therefore, the radiant exposure was:

1788mW/cm? x 60s
= 107J/cm?
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2.2.1.3 Beam profiling

Light beam profiling was undertaken to characterise light field distribution which is of
relevance as the light dose delivered to cells in a monolayer will vary across the light
source field of illumination which may result in different cellular responses. The
experimental set-up used was similar to that reported for the spectral irradiance
measurements (Figure 2.6). A silicon based CCD (charged coupled device) camera
beam profiler (SP620, Ophir, Spiricon, Israel) was used to capture images of light
distribution for each light source (laser, single LED and LED arrays). The camera was
equipped with a 50mm CCTV lens (Ophir, Spiricon, Israel) (Figure 2.6 (a) and (b))
which focused on the circular base of the tested light. Spacer rings were attached to
the CCD in order to enlarge/reduce the beam image by adjusting the focal length.
The more spacers used reduced the distance between the target and the camera,
thereby enlarging the image on the screen. Use of less spacers means that the
distance between the target and the screen had to increase in order to be in focus.
Before beam measurements were undertaken, power value (Watt) of each source
was determined using a photodiode (PD300, Ophir, Spiricon, Israel). Prior to
measuring the beam profile of the light sources, the beam profile system was
corrected for ambient light and the pixel response using a function, UltraCal in the
Beam Gage software (Ophir, Spiricon, Israel). The calibration and measurements
were monitored in using Beam Gage software (Ophir, Spiricon, Israel). The data of
power values (obtained using the photodiode, as described above) were inputted into
the software before beam measurements were obtained and used to calculate the

spectral irradiance (mW/cm?).

68



CLASS 38 IN'
LASER RAL

DO NOT

Spacers CCD Camera

4

50mm CCTV
Lens

Black tubing housing ND
filters and blocking

ambient light Neutral density

filters

Opaline glass

target screen Laser

source

Figure 2.6 (a): Experimental set-up used for laser beam profiling.
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Figure 2.6 (b): Diagram of beam profiler set up for light source beam profiling (kindly

provided by Dr. M. A. Hadis).
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2.2.1.4 Temperature measurement

Temperature measurements were performed to determine any thermal changes
which may occur during cell culture exposure by the laser, single LED or LED arrays.
Analysis was performed in real-time utilising a K-type thermocouple (diameter:
1.21mm) (Maplin, UK) which was embedded into a SubMiniature version A (SMA)
connector (outer diameter: 6.3mm). The -cultureware with/without media was
irradiated from beneath (at a distance of Omm or 33mm for laser and single LED and
Omm for LED arrays). Temperature measurements were undertaken under the two
conditions of; (a) at room temperature, and (b) following removal from a 37°C
incubator to replicate experimental conditions. The temperature was continuously
measured using a multimeter (Iso-Tech, IDM 207, UK) and the data was monitored

using Virtual DMM software (National Instruments, UK) (Figure 2.7).
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Figure 2.7: Schematic diagram of experimental set-up used for temperature
measurement (distance: Omm or 33mm) in cell culture systems.
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2.2.2 Oral epithelial cell (OEC) H400 culture

A well characterised immortal epithelial cell line (H400) was utilised for all
experimental work. This cell line was derived from the gingival epithelium of a female
patient (Prime et al., 1990) diagnosed with oral squamous cell carcinoma (SCC) and
classified as a grade Il tumour based on the STNMP system (S-site, T-size, N-lymph
node, M-metastatic and P-nature of the tumour pathology). This H400 cell line was
kindly donated by Dr S. Prime (University of Bristol, United Kingdom). All cell culture
work required the use of well-established aseptic techniques to avoid microbial
contamination. All experiments were undertaken in a positive pressure lamina flow
hood (Gelaire, ICN Biomedicals, UK) and sterile plastic- / glass-ware were used to

minimise the potential for contamination.

2.2.2.1 Cell storage and retrieval

To ensure sufficient cells were available for experimentation, cells were grown to
confluence in a 75cm? (T75) flask (Corning, UK). Following trypsinisation a cell
suspension was produced, cell counts performed and 1x10° cells were suspended in
1ml cryogenic solution (see Section 2.1.2.2.5). Suspensions were transferred to a
cryovial and the DMSO (Sigma, USA) was added last to the suspension due to its
cytotoxicity. Cells were frozen at -80°C overnight before long term storage in liquid

nitrogen.
Cell retrieval involved removal of a cryovial from liquid nitrogen followed by rapid

thawing (over approximately 60s) in a 37°C water bath. Once thawed the cell

suspension was carefully transferred into a sterile 15ml tube containing 1ml pre-
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warmed (37°C) DMEM (containing 10% of FCS) and gently mixed. This was then
centrifuged (Jouan, France) at 800rpm for 10min, the resultant supernatant carefully
decanted using a Pasteur pipette and the pellet was re-suspended in 1ml of fresh
warmed (37°C) DMEM. The suspension was used to seed 75cm? flasks containing
14ml of DMEM culture media with 10% of FCS and incubated at 37°C in 5% COs,.
Flasks were inspected microscopically (Zeiss Axiovert 25, Zeiss, UK) for
fungal/bacterial contamination during incubation. After 2-3 days culture, media was
replaced with fresh media and re-incubated at 37°C in 5% CO, until approximately
80% confluence was achieved. Cell passage was performed to maintain cell growth

and to allow seeding of a range of cultureware for subsequent experiments.

2.2.2.2 Cell passage

Cell passage is required when cells near confluence to allow continued propagation.
Following media removal, the attached cell monolayer was washed using pre-
warmed PBS (37°C) and trypsin-EDTA 0.25% (w/v) (Iml for 25cm? and 3ml for
75cm? flasks) was added and incubated for 5min and monitored to determine
dissolution of the cell monolayer, gentle agitation of the flask aids dispersion of cell
clumps. The production of a single cell suspension was confirmed microscopically
and the subsequent cell suspension pipetted into a 15ml tube containing an equal
volume of warm (37°C) DMEM growth media (to stop further action of trypsin-EDTA).
This mixture was gently mixed and centrifuged at 800rpm for 4min. After
centrifugation, the supernatant was discarded and the resultant pellet was re-
suspended in 10ml warm (37°C) DMEM growth media. Cell counts were performed

and then cells were seeded into a variety of cell culture vessels at a range of seeding
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densities (Table 2.4) dependent of the experimental requirements. Experiments were

undertaken between passages 10-40.

2.2.2.3 Determination of suitable foetal calf serum (FCS) concentration and cell
inoculation densities for cell proliferation experiments

Epithelial cell culture routinely utilises 10% FCS supplementation, which allows rapid
cell growth due to the abundant nutritional levels this concentration provides. Such
optimal growth conditions may mask any proliferation benefit that light irradiation may
deliver therefore reduced concentrations of FCS were utilised to investigate this
premise. Initial experiments to examine growth effects of FCS supplementation used
two different concentrations of FCS (5% and 10%). 35mm dishes were seeded with
2x10* cells (in 2ml of DMEM) (for each concentration, n=4). Cell counts were
performed 3 and 5 days post seeding and the growth rate indicated that 5% of FCS
supplementation would be optimal to get 20-30% confluence (see Section 4.2) for

future experimentation investigating irradiation effects on cell growth.

Following FCS concentration effect determination, investigations on initial cell
seeding number influence on cell growth were performed. Cells were seeded at a
range of seeding densities to determine the optimum seeding concentration for cell
growth studies in a range of cell culture vessels. It is important to determine the
seeding concentration for each culture vessel and at what time points cells achieve
confluence in order to define the ideal experimental time frame for future
experiments. At day 0, cells were seeded in 2ml of DMEM supplemented with 5%

FCS at concentrations of 2x10%, 2x10°, 10x10°® and 2x10* cells (1x10?, 1x10°, 5x10°
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and 1x10* cells/ml, respectively) in 35mm dishes, 1x10° — 10x10° cells in 150pl of the
growth media in 96-well plates (6.6x10° — 6.6x10* cells/ml) and 2x10° and 4x10° in
standard sized Petri dish with 15ml of the supplemented media (1.3x10* cells/ml and

2.6x10* cells/ml).

In order to undertake these studies cells needed to be seeded into a variety of cell
cultureware to allow irradiation with different light sources. Cells were grown at 37°C

in 5% CO,. Table 2.4 summarises the initial seeding densities/numbers used.

Cell counts were performed on days 1, 3, 4 and/or 5 following seeding (day 0)
according to the cultureware used, for a range of FCS concentrations and initial
seeding densities in order to determine optimal conditions to investigate the effects of

light irradiation.
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Table 2.4: Cell seeding densities/numbers for the range of culture ware used in this

project.

Culture dish/plate

Volume of DMEM

Cell seeding number

25cm? cell culture flask 5mi 2x10°
75cm? cell culture flask 12ml 5x10°
35mm dish 2ml 2x10*
96-well plate 150ul (per well) 3x10°
100ml dish (standard Petri dish) 15ml 2x10°

(including a 4 well glass
microscope slide)
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2.2.2.4 Culture of cells in 35mm dishes

For experiments using laser and single LED light sources, cells were grown in 35mm
sterile culture dishes (Sarstedt, Leicester, UK). Following seeding with 2ml DMEM
containing 2x10* cells, dishes were incubated at 37°C in 5% CO, and cell counts
performed 1-4 days post irradiation. In addition RNA was isolated to investigate
potential gene expression changes 24h post irradiation. In order to reduce
confounding factors cell growth media was not changed during the experimentation

period (see Section 2.2.3.1 and 2.2.3.2).

2.2.2.5 Culture of cells in 96-well plates

In order to investigate mitochondrial metabolic responses and reactive oxygen
species (ROS) production post LED array irradiation, cells were cultured in black
walled (Costar, UK) 96-well plates. Cells were seeded at a density of 3x10° cells in
150ul of DMEM (per well) and incubated at 37°C in 5% CO, for 24h prior to LED

array irradiation for further treatment (see Section 2.2.3.3).

2.2.2.6 Culture of cells in 4-well glass slides

Prior to laser irradiation for immunocytochemistry staining (section 2.2.3.1.2), H400
cells were seeded in standard Petri dish containing 4-well glass slide with two
different initial inoculums to identify the optimum concentration for further study. The
dishes were cultured with 2x10°> and 4x10° cells in 15ml per dish (1.3x10* and

2.6x10* per ml).
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2.2.3 Cellular light irradiation

2.2.3.1 Laser irradiation

2.2.3.1.1 Laser irradiation of H400 cells in a 35mm dish
To perform laser irradiation, H400 cells were cultured in 35mm dishes and irradiated
using the red laser from beneath the culture dish at a distance of either 0 or 33mm

(Figure 2.8 (a)) 24h after initial seeding.

Initial optimisation experiments were performed to investigate the optimum value of
radiant exposure for further laser irradiation work with H400 cells. Results from these
initial experiments (see Appendix 1) enabled determination of radiant exposure for
laser irradiation, i.e. utilising different radiant exposures (at Omm) of 7, 10 and
14J/cm? which equated to 4, 6 and 8s irradiation respectively (Table 2.5). A further
parameter that was modified was the distance between the light source and
cultureware for laser irradiation (0O or 33mm). Laser irradiation with at a 33mm
distance delivered decreased radiant exposure and minimised any potential effect
from heat generated by the laser compared with a distance of Omm. From the
distance of 33mm, cell cultures in 35mm dishes were exposed to the laser with
exposure times of 80, 100 and 120s to generate 27, 34 and 41J/cm? of radiant

exposure 24h post-seeding (Table 2.5).

Another reported method of promoting enhanced biological response is by using a

‘double dosing regimen’ for light irradiation (Holder et al., 2012). This protocol was
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investigated in comparison with non-irradiated negative control and ‘single dosing’
experimental protocols. Single dosing occurred 24h post seeding whereas double
dosing introduced a second light exposure 24h after the first dose (48h post cell

seeding).

2.2.3.1.2 Laser irradiation for immunocytochemical staining

Laser irradiation was performed on H400 cells cultured in 4-well slides prior to
immunocytochemical staining (see section 2.2.4.4) to study the effect of irradiation on
NF-kB translocation of post-irradiation +/- stimulation with E. coli LPS. A total of
2x10° of H400 cells (in 15ml media) were seeded in a Petri dish (containing a sterile
4-well glass microscope slide) and grown for 48h at which point irradiation was

carried out for 80 and 120s (27 and 41J/cm? of radiant exposure) (Table 2.5).

2.2.3.1.3 Laser irradiation for IL-8 ELISA

For ELISA IL-8 investigation, H400 cells were seeded (see Section 2.2.2.4) and 24h
later, P. gingivalis and F. nucleatum (whole dead bacteria) (2x10° bugs per 2x10*
cells) were used to stimulate cells (negative controls were included). Stimulated and
unstimulated dishes were then irradiated using the laser for 80-120s (27-41J/cm?)
(Table 2.5) at 24h post-bacterial exposure and again at a further 24h for a “double
dosing” regime. Culture media was collected 24h post single and double irradiation

for quantification of interleukin-8 (IL-8) levels in culture media (see section 2.2.7).

80



2.2.3.2 LED irradiation

A similar experimental protocol was employed for single LED irradiation whereby
H400 cells were exposed at 33 or Omm distance from the underside of the cell
culture dish (Figure 2.8 (b) and Figure 2.9). Initial experiments were performed
(section Appendix 2) applying both distances in order to determine the optimum
irradiation parameters. As a result of these initial experiments studies using this
single LED were performed at a distance of 33mm and exposure time of 90 and

181s (0.5 and 1.0 J/cm? of radiant exposure) (Table 2.6).
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Table 2.5: Calculation of radiant exposure for the laser by utilising irradiance value

and time.
. Irradiance Radiant
. Distance Exposure
Light source (mm) value time (sec) exposure
(mW/cm?) (J/lcm?)

4 7

Laser 0 1788 6 10

8 14

80 27

33 344 100 34

120 41

Table 2.6: The radiant exposure for the single LED by utilising irradiance value and

time.
. Irradiance Radiant
. Distance Exposure
Light source i) value e (@) exposure
(mW/cm?) (J/lcm?)
90 0.5
Single LED 33 5.5
181 1.0
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Figure 2.8: Irradiation of H400 cells (35mm dishes) using (a) laser and (b) single
SMD LED.
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Single LED irradiation

24h post-seeding 48h post-seeding

Figure 2.9: Diagram summarising the exposure regimes for single LED irradiation
with single and double dosage at a distance of 33mm from the culture.



2.2.3.2.1 Single LED irradiation for ELISA IL-8

H400 cells were cultured and stimulated with heat-killed P. gingivalis and F.
nucleatum and culture media collected and stored at -80°C before use as described
in Section 2.2.3.1.3. Single LED irradiation was carried out 24h and 24h & 48h post
stimulation for single and double dosage, respectively. H400 cell cultures were

irradiated for 90 and 181s (0.5 and 1.0 J/cm? of radiant exposure).

2.2.3.3 LED arrays

Experiments utilising LED arrays were conducted using 96-well black walled plates.
H400 cells were seeded in 96-well plates and illuminated directly from beneath (the
distance between LED and cell monolayer was 3mm) (Figure 2.10 (a)). Each column
(1-10) of the first generation 96 LED array exhibited different wavelengths (625, 650,
660, 670, 690, 780, 800, 810, 820 and 830nm) (Figure 2.3) (section Appendix 3).
However, due to variety of radiant exposures delivered by the first generation device
later experiments controlled each LED individually in order to deliver a similar radiant
exposure value across the range of wavelengths used. The experimental conditions
used were 2, 5 and 10J/cm? radiant exposure and a single dosing regimen (see

Table 2.7).

Initial experiments used the first generation LED array where the radiant exposure
varied between the different wavelengths, results obtained therefore could not
directly be attributed to differences in wavelength, therefore future experiments used
a bespoke second generation LED array where radiant exposure could be

standardised across the range of different wavelengths used in the device. The
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second generation LED array was set up to deliver a radiant exposure of 24mW/cm?
(except 2 diodes; 605 and 670nm where this radiant exposure could not be achieved,
as a result these wavelengths were omitted in subsequent experiments) (Figure
2.10(b)). Changes in exposure time with the second generation array allowed
delivery of standard radiant exposures across all wavelengths. Exposure times of
between 30-480s were used which equated to a radiant exposure range of between
0.7-11.6J/cm? (Table 2.8). Single and double dosing irradiance regimes were also

investigated using this second generation LED array.

2.2.3.3.1 Second generation LED array irradiation on stimulated H400 cells for
MTT analysis and ELISA IL-8

Oral epithelial H400 cells were seeded (Section 2.2.2.5) and stimulated with heat-
killed P. gingivalis and F. nucleatum (2.2.6.2) 24h post seeding. LED array irradiation
was undertaken for 480s (Table 2.8) 24h post stimulation. Following 24h incubation
at 37°C in 5% of CO,, culture media was collected as in Section 2.2.3.1.3 for ELISA
IL-8 (2.2.7) and the plate then prepared for MTT assay (see Section 2.2.4.3). MTT

assays were undertaken according to Table 2.9.
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Table 2.7: Exposure conditions for first generation LED array. For each wavelength
the exposure parameters required to deliver radiant exposures of 2J/cm?, 5J/cm? and
10J/cm? are provided.

Wavelength Irradiance Time (s) for
(nm) value 2J/cm? 5J/cm? 10J/cm?
(mW/cm?)

625 65 30 76 153
650 9 222 555 1111
660 48 41 104 208
670 23 86 217 434
690 52 38 96 192
780 126 15 39 79
800 142 14 35 70
810 67 29 74 149
820 114 17 43 87
830 116 17 43 86

Table 2.8: The radiant exposures, J/cm? and exposure times for the second
generation array in order to deliver an irradiance value of 24mwW/cm?.

Il 30s 60s 120s 240s 480s
value
24mW/cm? 0.7 15 2.9 5.8 11.6
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Figure 2.10: (a) First generation LED array with power supply (b) The second
generation LED array with standardised irradiance of 24mW/cm? except for diodes in
red rectangle (605 and 670nm).
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Table 2.9: Different conditions of plates for MTT after stimulation and irradiation (h-k:
heat-killed, P.g: P. gingivalis, F.n: F. nucleatum).

Plate

Day 1 2 3 4 5 6

Day 0 Seeded Seeded Seeded Seeded Seeded Seeded

Day 1 h-k P.gin h-kP.gin h-kP.gin h-kF.nin h-kF.nin h-kF.nin

Day 2 Irradiated - Irradiated  Irradiated - Irradiated
Day 3 MTT Irradiated - MTT Irradiated -
Day 4 - MTT MTT - MTT MTT
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2.2.4 Biological assays

2.2.4.1 Cell counts and viability analysis

Assessment of cell number was performed using two approaches (a) conventional
manual counting using a haemocytometer (Neubauer, Hawksley, UK) (Figure 2.11)
where cells are counted under a microscope, (Zeiss Axiovert 25, Zeiss, UK) and (b)
using an automatic cell counter (Luna™, Logos Biosystems, Inc, Republic of Korea)

(Figure 2.13 (b)) (see Section 2.2.2.2).

Cell counts were performed using 10yl of cell suspension (see Section 2.2.2.2) and
loaded into a Neubauer haemocytometer (Hawksley, UK) and viewed at 10x
magnification under a Zeiss Axiovert 25 microscope (Zeiss, UK). Data from the
haemocytometer counts gave a value of x10* cells per ml. Each sample was counted
6 times and the average value calculated. To determine cell viability, trypan blue
exclusion staining (0.4%; Gibco, UK) was utilised. A 10ul cell suspension was added
to 10ul of 0.4% (w/v) Trypan blue and thoroughly mixed before transferring to a
haemocytometer. Trypan blue is taken up by non-viable cells as they lack cell
membrane continuity (Louis & Siegel 2011) and not by viable cells as they have
intact cell membranes. Cells stained with trypan blue along with total cell count was

performed in order to determine total cell number and percentage of cell viability.

Counts performed using the Luna automated cell counter used a disposable counting

chamber (Figure 2.13 (a)). 10ul of sample was gently mixed with 10ul of trypan blue

and then 10pl of the mixture was loaded into the chamber. The slide was then loaded
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into the reader port of the instrument (Figure 2.13 (b)). Manual focusing was
performed to ensure a well-focused image denoted by viable cells having dark edges
and bright centres and non-viable cells were stained blue. Once automated counting
was complete results were obtained for total number of viable & non-viable cells as
well as percentage viability. For automated cell counting at least 6 individual counts
were performed from each cell suspension. Initial validation experiments were
performed to establish accuracy of automated cell counting in comparison with the
well-established manual counting technique. This was confirmed by generation of a

correlation graph between data from Luna and manual cell counting (Figure 2.12).

91



Figure 2.11: The diagram of Neubauer haemocytometer (www.microbehunter.com).
Cell counting was undertaken by counting live cells included in the red square area.
The counted cell represented x10* per ml of cells.

100 -
90 - X
—~ 80 -
ba *
S 70 R2=0.9851
X 60 - ¢ manual count control
I
50 sample
S 40 - X Luna count control
] sample
© 30 - :
—_ ——Linear (manual count
O 20 - control sample)
@)
10 -
O T T T 1
-10 0 2 4 6 8

Counting day

Figure 2.12: Comparison of H400 cell counts obtained using Luna automated cell
count and manual direct counting. Linear regression analysis with R? showing a value
0.9851, indicating good correlation between manual and Luna counts.
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Figure 2.13: Luna™ automated cell counting device (a) cell counting slide, (b)
Automated cell count reader.
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2.2.4.2 Methylene blue staining

Methylene blue staining of cell culture monolayers was performed to investigate the
potential effect of variation in LED and laser beam profile on patterns of cell growth.
Cells were seeded in 35mm dishes (2x10* cells) and cultured for 24h before
irradiation. Staining was performed 48 and 76h post exposure. Methylene blue
solution (2%) was prepared by dissolving methylene blue powder (Tocris Bioscience,
UK) in 50% ethanol (Fisher Scientific, UK) and then passing through a 0.2uM filter
(Fisher Scientific, UK). DMEM was removed from the culture dish and the cell
monolayer fixed for 10min with 10% formalin solution (Sigma-Aldrich, UK). The
formalin was then removed and 1ml of methylene blue solution added and incubated
at room temperature for 30min. The solution was then removed and the monolayer
washed 3 times with deionised water and the stained cultures air dried at room
temperature. Images of the cultures were captured using a tripod mounted digital
camera (D40, Nikon, Japan) with al8-55mm lens manually set at 55mm and an
aperture of f8 to ensure sufficient depth of field. The cell culture dish was back
illuminated with a light box. The resulting images were compared to determine any
differences in the patterns of cell growth between irradiated and non-irradiated cell

culture plates.

2.2.4.3 MTT assay

The MTT (3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide) assay
provides two potential readouts: (a) to determine mitochondrial metabolic activity
(Mosmann 1983) and (b) as a surrogate marker of viable cell number. If MTT is

assessed at early time points (e.g. 4h post irradiation) it is considered a measure of
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metabolic activity. At longer time points MTT (e.g. over 24h) it can be used as a

measure of viable cell number (Mosmann 1983).

Cells were seeded (3x10° cells in 150pl per well) into black walled flat bottom 96-well
plates and irradiated using both the first and second generation LED arrays as
described previously at 24h post seeding where double dosing applied for 1%
generation array. Prior to use, the MTT solution was prepared by dissolving 5mg of
MTT powder in 1ml of PBS. The mixture was filtered using a 0.2uM filter and stored
in the dark at 4°C. After a further 24h, 15ul of MTT solution (to achieve a 1:10 dilution
MTT to growth media) was added to each well and the plate incubated at 37°C for 4h
(Sylvester 2011). The MTT solution and media was removed from wells and 50pl of
DMSO (Sigma-Aldrich, Gilingham, UK) pipetted into each well. The plate was then
incubated at room temperature for 5min on an orbital shaker (R100/TW Rotatest
Shaker, Luckham LTD, England) to ensure formazan crystals were fully dissolved.
The optical density (O.D) @ 570nm was measured using an ELx800 Universal

Microplate reader (Bio-Tek Instruments, UK).

2.2.4.4 Immunocytochemical staining

For immunocytochemical analysis cells were cultured on multi-well glass slides (C.A
Hendley Ltd, UK) (Figure 2.14 (a)) for 48h. Slides were irradiated 1h prior to bacterial
(E.coli LPS) stimulation (1h incubation at 37°C). The slides were washed with PBS
(3x), then fixed in dry acetone for 15min at room temperature. Slides were then air
dried (15min) and placed in a humidity chamber prior to staining. Primary antibodies

were prepared (NF-kB p65 subunit (clone F-6, Santa Cruz Biotechnology, US) and
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Ki-67 (clone MM1, Novacastra™, UK) in a ratio of 1:100 in PBS with 1% BSA. NF-kB
antibodies were added to experimental wells and Ki-67 and PBS (with 1% of BSA)
were included as positive and negative controls, respectively (Figure 2.14 (b)). After
60min incubation, slides were washed with PBS (3x10min) and air dried. Multilink
(biotin-labelled goat anti-mouse/rabbit Ig, BioGenex, US) was applied and incubated
for a further 20min. The slides were then washed with PBS (3x10min) and overlaid
with label (peroxidase linked to avidin, BioGenex, US) and incubated for a further
20min. Following washing with PBS (3x10min) slides were stained with DAB
(diaminobenzidene) reagent and incubated at room temperature for 5min, before
washing carefully under running water for 2min and then counterstained with
hematoxylin (BioGenex, US) for 5min. Slides were rinsed in deionised water prior to

dehydration in graded alcohols, cleared with xylene and mounted in XAM.
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Figure 2.14: (a) Four well glass slide (C.A Hendley Ltd, UK). (b) Slide staining key:
positive control (Ki-67), negative staining control (PBS) and specific NF-kB antibody.
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2.2.4.5 BrdU cell proliferation assay

Cell proliferation rates were determined using a 5-bromo-2-deoxy-uridine (BrdU)
labelling/detection kit (Roche Applied Science, Burgess Hill, UK). Cells were seeded
(2x10* cells per dish (1x10* cells/ml)) in 35mm cell culture dishes (see Section
2.2.2.4) (for laser irradiation) and (3x10° cells per well (2x10* cells/ml)) in 96-well
black walled plates (see Section 2.2.2.5) (for LED array irradiation) and cultured for
24h prior to irradiation. 24h following irradiation culture media was removed and 1ml
of BrdU labelling medium was added to the 35mm dish and 100ul to each well of 96-
well black plate (ratio of BrdU labelling medium in sterile media 1:1000). Similar
amounts of reagent for 35mm dish and 96-well plate were applied for the rest of the
assay. Cultures were incubated for 60min, following which BrdU labelling media was
removed and washed (3x) in washing buffer (1:10 with double distilled water). Cells
were then fixed with ethanol glycine (30ml of 50mM glycine (0.375g in 100ml distilled
water, pH 2.0) to 70ml absolute ethanol, pH 2.0 with HCI, stored at 4°C) for 20min at
room temperature. After removing all liquid, the plates were placed at -20°C for
30min and the anti-BrdU reagent (1:20 in incubation buffer) was prepared. Plates
were then washed (3x) with wash buffer, and anti BrdU added followed by 30min
incubation at room temperature. Plates were then washed 3x (wash buffer) and anti-
mouse Ig-AP conjugate (1:20 with PBS) added to the dishes. Following incubation at
370C for 30min, dishes were washed (3x with washing buffer). The colour substrate
buffer (13ul NBT + 10ul BCIP + 3ml substrate buffer (100mM Tris HCI (1.6g) +
100mM NacCl (0.58g) + 50mM MgCl, (1.15g) in 100ml distilled water, pH 9.5)) was
mixed and added prior to incubation at room temperature for 30min. Following a final

wash (3x) plates were examined microscopically using a 20x objective (Zeiss
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Axiovert 25, Zeiss, UK) and images captured. Brown stained and unstained cells

were then counted using cell counter application in Image J software (http://fiji.sc/Fiji)

and data analysed (section 2.2.8).

2.2.4.6 Chemiluminescent ROS assay for H400 cultures

2.2.4.6.1 ROS detection using Luminol

A chemiluminescent ROS assay was used to determine total ROS release from H400
cells following light exposure using the 1% generation LED array. Cells were seeded
(3x10° cells in 150p DMEM per well) in black walled flat bottom 96-well plates
(Costar, UK) (2.2.2.5) and grown for 24h. Prior to absorbance determination, Luminol
working solutions (3mmol/L pH 7.3) were prepared by addition of 1ml Luminol stock
solution (30mmol/L in 0.1M NaOH) to 9ml of PBS and stored at 4°C for up to 6

weeks.

Prior to treatment, the media was removed and the cells washed with PBS to remove
any remaining media. Following the washing, a total of 170ul of PBS was added to
each well. The plate was then irradiated using the first generation LED array for 8s.
Following this 30ul of Luminol solution was rapidly added to the wells (giving a final
volume of 200ul per well). The plate was then read at 37°C in a luminometer
(Berthold LB96v, Bad Wildbad, Germany) over the next 2h. Raw data was recorded

and transferred to Excel spread sheet (Microsoft, US) for analysis.
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2.2.4.6.2 ROS detection using CM-H,DCFDA

ROS determination in H400 cells utilised the reagent, CM-H,DCFDA (5-(and-6)-
chloromethyl-2',7'-dichlorodihydrofluorescein  diacetate, acetyl ester) (Life
Technologies, UK). H400 cells were seeded (section 2.2.2.5) and incubated at 37°C
for 24h. The media was then removed and cells washed with PBS (1x), 50ul of clear
fresh media was added followed by 2" generation LED array irradiation (480s
irradiation — 11.6J/cm? radiant exposure) (2.2.2.5). Another 50pl of clear fresh media
containing 10uM CM-H,DCFDA was then added to the plate. At 30min before the 1h
incubation had ended, 0.5ul of H,O, was added into empty wells in triplicate as ROS
production control (H,O, acts as a positive ROS control for this study. The plate was
read at an excitation of 485nm and an emission of 535nm using a fluorometer

(Berthold Twinkle, Germany).

2.2.4.7 Isolation of RNA and preparation of DNA

2.2.4.7.1 Isolation of RNA

RNA was isolated from cells cultured in 35mm plasticware using an RNA extraction
kit (RNeasy® protect mini kit, Qiagen UK) according to the manufacturer’s
instructions. A total of 10 culture dishes (35mm) (2x10* cells in 2ml) were used to
generate sufficient cells for RNA isolation for cultures irradiated with laser and single

LED (Sections 2.2.3.1.1 and 2.2.3.2, respectively).

Cell monolayers were washed with PBS following culture media removal to minimise

inhibition of lysis and enhance RNA yield. A total of 350ul of lysis buffer (RLT buffer)
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containing 1% B-mercaptoethanol (B-ME) was added to the culture dishes and
agitated to ensure complete cell lysis. The lysate was collected by pipette and
transferred to a clean 2ml centrifuge tube. An equal volume of 70% ethanol was
added to the lysate and mixed well by pipetting. The mixture was transferred onto an
RNeasy® spin column in a 2ml collection tube. The tube was centrifuged at
10000rpm for 30s in a 5415D micro-centrifuge (Eppendorf, UK). The flow-through
was discarded, 350ul of RW1 wash buffer was added onto the column and then spun
at 10000rpm for 30s. DNase | was prepared by mixing 10ul of DNase | to 70ul of
buffer RDD (to be used with DNase | - provided in kit) and gently mixed by inverting
tube and then briefly centrifuged (1000rpm for 2s). DNase | solution was added to the
spin column membrane and incubated at room temperature for 15min. Samples were
then washed with 350ul of buffer RW1 (buffer for washing membrane-bound RNA)
and centrifuged at 10000rpm for 30s. 500ul of buffer RPE (buffer for washing
membrane-bound RNA) was pipetted into the spin column for further washing and
centrifuged at 10000rpm for 30s and then re-washed with 500pul of buffer RPE and
centrifuged at 10000rpm for 2min. The column was then placed into a new collection
tube and centrifuged at 10000rpm for 1min. Following addition of 30ul of RNase free
water to the membrane, the column which was placed into a 1.5ml collection tube
was spun at 10000rpm for a 1min to elute RNA. Quantification of RNA yield was then

performed (see Section 2.2.4.7.4).

2.2.4.7.2 Reverse transcription

Reverse transcription of RNA was performed using a commercially available Kit,

(Bioline Tetro, UK) following manufacturer's instructions. Transcription was
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undertaken to generate complementary DNA (cDNA) from RNA. All the reagents in
Table 2.10 were combined in a sterile 1.5ml Eppendorf tube. The mixture containing
the RNA template were incubated in a thermal cycler, Eppendorf (Eppendorf, UK) at
450C for 30min followed by 85°C for 5 min and then placed at 4°C. cDNA samples

were stored at -80°C prior to use.

2.2.4.7.3 Concentration of cDNA

500ul of water was added to the 1.5ml tube containing cDNA and transferred to a
Microcon YM-30 centifugal filter unit (Milipore, UK) and centrifuged at 10000rpm for
2min. The sample was re-centrifuged at 8000rpm for 1min. At this point, the cDNA is
predicted to be in a total volume of 50-60ul. The filter was then inverted into a new
1.5ml collection tube and centrifuged at 0.8rpm for 1min to collect the cDNA. The
cDNA quality and concentration was determined using a spectrophotometer and

agarose gel electrophoresis (see following sections).

2.2.4.7.4 Quantification of RNA and cDNA

The quantification of RNA and complementary DNA was performed using a
spectrophotometer (Biophotometer, Eppendorf, UK). The measurement was obtained
by diluting the sample into RNase free water (2ul sample to 68l RNAse free water).
The diluted sample was then pipetted into a cuvette (Eppendorf, UK) and the sample
concentration determined at an absorbance of 260nm. The purity of sample was
assessed by reading the 260nm : 280nm ratio. High cDNA purity ranges are from 1.6

to 1.8.
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Table 2.10: Reagents and volumes used in the reverse transcription reaction.

Reagents Volume (ul)
5X RT buffer 4
10mM dNTP mix 1
Oligo (dT)1s 1
RNase inhibitor 1
Reverse transcriptase 1

RNA template variable

RNase free water

to a total volume of 20pl

Total volume

20
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2.2.4.7.5 Agarose gel electrophoresis

Isolated RNA, cDNA and PCR products were visualised by agarose gel
electrophoresis. 1.5% of agarose gels were prepared by adding 0.9g of agarose to
60ml of 1X Tris-acetate-EDTA (TAE) buffer (Helena Biosciences, UK) in a large
conical flask. The solution was mixed and then heated in a microwave with 30s
mixing cycles. The solution was then allowed to cool at room temperature to
approximately 60°C before addition of 3ul of SYBR Gold to enable visualisation of
nucleic acids under UV light. A comb was inserted into the liquid agarose to form

wells and the gel was allowed to set at room temperature for at least 30min.

Prior to performing electrophoresis, the gel was placed in the tank containing
sufficient 1X TAE (Tris base, acetic acid and EDTA) to ensure coverage of the gel
and wells. The comb was then carefully removed to produce a series of wells. The
first well was loaded with 3ul of 100bp Hyperladder IV (Bioline, UK) to allow size
determination of DNA products. 6ul of sample was then loaded into the remaining
wells. The gel was electrophoresed at 120 volts for 40min. The resulting gel was
visualised under UV light (300nm) in a G:Box gel documentation unit (Syngene, UK)
and captured using Genesnap software (Syngene, UK) and the bands present were

analysed using GeneTools software (Syngene, UK).
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2.2.4.8 Polymerase chain reaction (PCR)

2.2.4.8.1 Sample normalisation

The concentration of cDNA present in samples will be variable and reflect the initial
concentration of RNA extracted. By normalising the cDNA the gene expression levels
may be effectively compared between control and experimental samples. During
normalisation, the optimum number of PCR cycles were determined. The
normalisation utilised the expression level of the house keeping gene,
glyceraldehyde-3-phosphate-dehydrogenase (GAPDH). Quantification of expression
level of target genes using a housekeeping gene as standard is important for

normalisation of expression levels (Pfaffl 2001).

Prior to use, a primer master mix was prepared. A total of 10ul of 200uM forward and
10pl of 100uM reverse primer were added to 60ul of RNAse free water. A PCR
master mix was prepared by mixing the following components; 12.5ul of REDTaq®
ReadyMix™ PCR Reaction Mix (Sigma, United Kingdom), 2ul of forward and reverse
of target gene primer mix, 9.5ul of RNase free water and 1pl of cDNA template. The
reaction was performed using Eppendorf thermal cycler (Mastercycler Gradient,

Eppendorf, UK).

The programme used for the amplification consisted of initial denaturation at 94°C
for 5min, followed by cycles of denaturation at 94°C for 30s, annealing at appropriate
temperature (according to the melting temperature provided by the manufacturer) for

30s, extension at 72°C for 30s and final extension at 72°C for 10min. The programme

105



was set on hold at 4°C before the samples were taken out of the thermal cycler. Initial
experiment used 18, 21 and 24 cycles. A total of 6l of sample was collected at each
time point and stored in a 96 well plate on ice until all cycles had completed. The
PCR products then were visualised using gel electrophoresis, as described
previously. The gel image was captured and the intensity of bands determined using
GeneTools software (Syngene, UK). The required number of PCR cycles for the
target gene were determined and the required amount of cDNA calculated based on
the gel image for GAPDH normalisation (as previously described) in order to obtain
products with equal intensity. The following equation was used to calculate the
volume of cDNA required for normalisation in order to ensure the similar amount of

cDNA template is generated in the PCR:

Intensity of standard band Volume of standard = Volume of cDNA required to

normalise

X
Intensity of band to normalise sample

2.2.4.8.2 PCR primers

All PCR primers were designed using primer-BLAST (NCBI, USA) according to
published accession number except for the NF-kB gene primers, which utilised the
NF-kB gene primers reported by Milward et al., (2007). All primers were synthesized
by Invitrogen, Life Technologies, UK. Table 2.11 provides the details of the primer

assays used.

All PCR assays were performed using REDTag® ReadyMix™ PCRMix (Sigma-

Aldrich, UK) as described in section 2.2.4.8.1. PCR products were visualised by

electrophoresis in 1.5% agarose gel, imaged and analysed (see Section 2.2.4.7.5).
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2.2.4.8.3 PCR semi-gquantification

PCR semi-quantification was analysed using GeneTools software (Syngene, UK)
according to the image captured using Genesnap software (Syngene, UK). There
was a red box which was used to determine PCR bands to be assessed. The
software then generated value; molecular weight, raw volume and % raw volume.
However, only raw volume data is used for semi-quantification. The value for each

band was then exported to Excel (Microsoft, US) documentation.
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Table 2.11: Details for PCR primers used in assays.

PCR
Gene Symbol Primer sequence product Reference
(bp)
NADH dehydrogenase
. F: 5-GTCATTTGAAGCTGGGCTGC-3
(ubiguinone) 1 alpha NDUFA1l R 3-GCTCACACCTTGGGTTTTGC-5 410
subcomplex, 11
NADH dehydrogenase
C . F: 5-GGATGACCTCGTCAACTGGG-3
(7ub|qumone) Fe-S protein NDUFS7 R: 3-ACAACCTCACGGGACACAAG-5’ 511
Cytochrome c oxidase COX6B2 F: 5-GCAGCCCTGCGAGTACTATT-3 504
subunit VIb polypeptide 2 R: 3-TCTCGCCCATACAGACAGGA-5
Cytochrome c oxidase COX6C F: 5-TGCACATGGTTTGGGACTCT-3' 415
subunit Vic R: 3'-CCCCAGGGATAGCACGAATG-5’ (Houreld et al., 2012
F: 5-CCTTCTCCCTGGAGTACCGA-3 V ’
Pyrophospatase PPA1 R: 3-TAGCCAGGTTTCAGCCGTTT.5' 511 Masha et al., 2013)
ATP synthase, H
+transporting, ATP5SEL F: 5-GCATTGCGGACCTAAAGCTG-3 519
mitochondrial Fo R: 3-~ATCAGCCAGAAACAGTTCACCA-5
complex, subunit B1
ATP synthase, H
+transporting, . ey
mitochondrial Fo ATP5G2 S ACTOT O ACEASE S 557

complex, subunit C2
(subunit 9)

'-AGAGAGGATCAGCTCAGGCA-%’
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Table 2.11: continued.

PCR
Gene Symbol Primer sequence product Reference
(bp)
F: 5-CCTGGATGACTCTTGGGAAA-3’
NF-KappaBl NFKB1 R: 3-CTTCGGTGTAGCCCATTTGT-5' 366
F: 5-CGTACCGACAGACAACCTCA-3 :
NF-KappaB2 NFKB2 R: 3-CCGTACGCACTGTCTTCCTT-5' 186 (Milward et al., 2007)
. F: 5-GTGAAGCCTGTTTGCCTCTC-3
NF-KappaB1 epsilon NFKB1E R 3-AGGGTCCTCAACAGCAAGAA-5 172
Mitogen-activated protein e ;
kinase 11-isoform of p38 MAPK11 F':; g'GGACAACCACCAGGTGTCAA'3 424 (Zhang et al., 2003)

MAPK

'-GCAGAAGTGTCCGAGTCCAA-%
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2.2.4.9 PCR array

PCR array was carried out using RT? Profiler PCR Arrays, Qiagen (Germany). This
array is designed to analyse a range of genes associated to a disease or biological
pathway. A type of RT? Profiler PCR Array was selected, Human Mitochondrial
Energy Metabolism Plus (Code number PAHS-008YA). This array profiles 84 key
genes expression involved in mitochondrial respiration specifically electron transport

chain and oxidative phosphorylation complexes (Figure 2.15 and 2.16).

This array was undertaken according to manufacturer’s provided protocol and only
using RNA sample of irradiated H400s 120s laser. RNA was isolated (see section
2.2.4.7.1) and RT? First Strand kit thawed. A total of 10ul Genomic DNA elimination
mix was then prepared by mixing 2pl of RNA, 2ul of Buffer GE (provided in kit) and
6pl of RNase-free water. Following incubation at 42°C for 5min, the mixture
immediately placed on ice for Imin. Subsequently, 10ul of reverse transcription mix
(4l of 5x Buffer BC3 + 1ul Control P2 + 2ul RE3 Reverse Transcriptase Mix + 3pl
RNase-free water) was mixed to genomic DNA elimination mix and incubated at
42°C for 15min. Then the reaction was stopped immediately by incubating at 95°C
for 5min. A total of 91ul RNase-free water was added to reaction and placed on ice

to proceed with real-time PCR protocol.

RT2 SYBR Green mastermix was centrifuged to bring the contents to the bottom of
tube. PCR components mix was then prepared in a loading reservoir by adding
1350ul 2x RT2 SYBR Green mastermix, 102ul cDNA synthesis reaction and 1248l
RNase-free water followed by loading the PCR component into the RT? Profiler PCR

array sealed tightly using Optical Adhesive Film. The array was centrifuged for 1min
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at 1000g at room temperature to remove bubbles and kept on ice while setting up
the PCR cycling program (Table 2.12). PCR array was performed using Roche
LightCycler® 480 PCR system (Roche, Germany). The result, CT values then was
exported to Excel® spreadsheet and analysed using web-based software,

www.SABIosciences.com/pcrarraydataanalysis.php.
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Table 2.12: PCR cycling conditions specifically for Roche LightCycler® 480 PCR

system.
Cycles Duration Temperature
1 10min 95°C
15s 95°C
45
1min 60°C
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5 6 7 B 9 10 11 12

ATPSAL ATPSE ATPSC1 ATPSF1 ATPSG1 ATP5G2 ATPSG3 ATPSH ATPSI ATPS) ATPEI2 ATPSL
ATPSO CoOX4n COXEA COX3B COXAAT COXaaT COXERT COXaC COXTAZ COXTAIL COX7B COXAA

CYCl MNDUFAT MDUFATD MDUFATT MDUFAZ MDUFAZ MDUFA4 MDUFAS MDUFAS MDUFAB MDUFRABT MDUFB1O
MHCUFB2 MDUFE3 HMDUFE4 MDUFES HDUFBS MDUFB7 MDUFEB MDUFEZ? MDUFC] HDUFC2 MOUFS1 MDUFS2
MDUFS3 MDUFZ4 MDUFZ5 MDUFSS MDUFS? MDUFS8 MDUFY1 MDUFY2 MDUFY3 PPAT SDHA SDHE

SDHC SDHD UGCR1 UQCRCT UQCRC2 UQCRFS1 UGCEH UQCRQ ARRDC3 AZE] CYES&1D1 DHAJBT

MiteH2_1210 MitoH2_1457
EDHMI GADDASE HIPATA HSPATB LRPSL MitoH1 MitoH2_4162 MitoH2_5726 RHUTT SLC25A25
& 2
ACTE B2M GAPDH HPRT1 RFLPD HGDC RTC RTC RTC PPC FPC PPC

Figure 2.15: Genes are involved in RT2 Profiler PCR Array, Human Mitochondrial Energy Metabolism Plus.
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Pasitian UniGena GenBank $'rni:|u| Drescriphion
Al He 298280 NM_ 004048 ATPSAL ATF synthase, H+ fransporfing, mi::-clﬂt:iid F1 complex, alpha subamit 1,
cardio: musde
AD2 Hs 404510 MiA_001 685 ATFSE ATF synthose, H+ fronspordfing, m#odhondnal F1 comples, beta polypepSde
AL He.271135 | MM 005174 atpscy | AT rmihese, H+ ansporing, “iw“;"d'i‘" F1 complex, gamma poly peptide
A4 Fe.514870 | MM 001488 ATPBF] ATP synihaze, H+ Iransporting, macchondndl o complex, swbund B 1
A5 H3 80984 NM_DO5 175 ATPSG ATF synfhase, H+ transporfing, miod:;ﬂid Fo complex, subunit C1 |subund
Al Hs.524464 | NM_0D1002031 ATPSG2 ATF synfhase, H+ Iransporfing, mic--:l:;ﬁicl Fo complex, swbunil T2 |subund
AD7 He. 429 NM_001 689 ATPSGA ATF synfhase, H+ inansporting, mhd:;ﬂid Fo complex, swbunii C3 |subuni
AUB Fe.514465 | o DOA35E ATFSH ATF synihase, H+ Fansporing, micohondnal o compler, sbund d
ADT Hs B5537 FM_D07 100 ATPSI ATF spnihase, H+ kansparing, méochondrial fo compley, subund
A0 Fe. 245310 | MM 001585 ATFS] ATF syrihass, H+ fransporing, miachondrial Fo com phew, subunil 16
Al Fs.656515 | W OO4BET ATPEIZ ATF synihase, H+ fransporing, macchondrial Fo complex, svbunit F2
AlZ Hs 486350 MkA_O05476 ATPEL ATF synihase, H+ bansporfing, miochandnial Fo complex, s G
B0 e 409140 | M4 0018697 ATFE0 ATF syrihase, H+ Iransporiing, mitnchandrial F1 com plex, 0 subund
BO2 Hs 433419 rEA 001841 SO Cyfochrome ¢ coidose subund |V moform 1
BO3 Hs 401903 M4 004 255 CONEA 'l:'fln-chmmei; cxidase subund Va
B4 Hs. 135432 Mk Q01 B&T COXSE Cytochrome ¢ cxidose subund Vi
BOS He.70GBR0 | taa 004373 | CONEAD Cytachmome ¢ cxidoe subunil Yia polypegpiide |
BOS He.050750 | A 005208 | COXSAZ Cylochrome ¢ cxidore svbumil Via polypegiide 2
BO7 Hs 431668 | MM 001883 COXEB Cytochrome ¢ cdase subund Vib polypeptide | fubiquious)
BOB Hs 351875 Mk 004 374 CORSC Cytachrome ¢ oxidose subunit Vic
BO9 Hs 70312 Mk 001 845 CONTAZ Criochrome ¢ andase subund Vil polypepfide 2 (Bver)
E10 Hs. 744101 Mk D04 718 COXTAIL Cytochrome ¢ cidase subund Vika polypeptice 7 lie
B11 Hs 522499 MM D01 BSE COXNTE Criodhrome ¢ cudme abuni Vi
B12 Hs, 74 3089 Mk Q04074 COXBA Cyfochrome ¢ coadose subund VI, | biguit onrs)
ol Hs. 289271 M 001914 CYC1 Crfochrame -1
W He.534168 | 1A 004541 HOUFAI MADH dehydrogenase (vbiquincns)] | dlpha svbompiex, 1, 7 5HDa
w03 He.2T7677 | A 004544 | MDOUFAID MADH dewdregsnas jhigqunens] | apha subsempies, 10, 4 2kDa
04 He 406062 | MM 175614 | MOUFAL NADH deydrogenae [utiquinons] 1 dpha subcomplex, 11, 14.7kDa
w5 Ha75914 | M OCZ4E8 HOUFAZ MADH shydrogencas [wkiqunans) 1 dpha svbcomples, 2, BHDa
w06 He 198269 | M 004542 HOUFAZ NADH dehydrogenase |ubiquinone) 1 alpha subcomplex, 3, PkDa
w7 HsS00PE | MM OOZ4E7 HOUFAS MADH dehydrogencas |ubiqunons) 1 dpha subcomplex, 4, PH0a
08 He851217 | A 005000 HOUFAS HADH dehydr oganase |vksquincns] | alpha svbomples, 5, 12kDa
e He.274416 | A 002490 HOUFAS MADH dehydrogenate |ubiquinone) | alpha subcomplex, &, 14kDa
CI0 He.475037 | A 0147222 HOUFAR HADH dehydr oxenease |ubsuincns) | alpha subcomplex, 8, 19kDa
Tl He.1B9716 | A 00SD03 | MDUFABI MADH dehydrogenase [ubquinone) 1, dpha/beia subcomplex, 1, BkDa
C1? He.513266 | MW D04548 | MDUFBIO MADH dehydr eaneme [ubguinens) | bela sdbeamples, 10, 22%Da
01 He. 655788 | A 004546 HOUFB? MADH dehydregenase fubiqunone) | beta subcomples, 2, B0a
D07 He. 109760 | M DOZ491 MDUFES MADH dehydrepenate (uhequinens) | Bela subsomplex, 3, 12kDa

Figure 2.16: List of genes and description of Human Mitochondrial Energy
Metabolism Plus.
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Position UniFens GenBank Symbal Dreseriphen
D03 Hs, 3044613 rakA_004 547 HDUFB4 MADH debydrogenase [vhiquinone) 1 beto subcomplex, 4, 15kDa
D04 Hs, 730474 MM _O024792 MDUFBS MADH debydrogenase [vhiquinane) 1 beta subcomplax, 5, 16kDa
Dos Hs 4935858 NM_'I B2 730 MDUFBES MADH dulvp:h;hgﬂn-ml {lﬁq\im] 1 bata subcomplex, 6_, 17kDa
D& Hs 537R53 kA 004 148 MDUFBF MADH dulvpch:hgﬂnﬂ:u {tﬁq.im] 1 befa subcompbex, ,'-"_, 18kDa
Dor Hs. 523215 kakA 005004 MU FES MADH dehydrogenose |viiguinona] 1 befo svbcomplex, 8, 19kDa
Dos Hs 15877 kakA OO5005 MDUFE? MADH dehydrogenose |vhiguinone) 1 befo svbcomplex, #, 22kDa
Doe Hs 84549 kA OO2 404 MDUFCT MADH duhp\:ﬁtrgmm {lﬁquilcnu] 1_, suboom phex wnlnown, 1_, SkDa
D10 Hs, 40 78BS0 kA 004 54D MDUFCE MADH dulvp:h;hgﬂnml {d:iquim:nu] 1 » Suboompl e unknown, ?_, 14,5kDa
o 508436 ML 005004 MOUFS] MADH dehydrogenase |ubiguinone) Fef protein 1, 75k0a {MADH coenzyme &
- rechac ase)
D12 . 1736711 MM 004550 —_— MADH dehypdrogenase |vbiguinone) Fe-S protein 2, 4% Do |MADH coenzyme &
= mchclmu]
1 — ML 004551 NOUFES MADH debydrogenase |vhiguinane) Fe-5 prefain 3, 30k Do |MADH <coenzyme &
= mchn:lu:u]
2 e ST NM_002495 MOUFSE MADH dehydrogenase |whh quanone ':L::::indu 1 8x Do {MADH coenzyme &
03 Hs. &3 2385 NM_004552 NDUFSS NdeMmaqmmﬁjxunE,15&Da1ml:ﬂ-|-mmz)mtﬁ
D4 s 408257 MM_004553 NDUFSS HADH dd\ydm-gam&qnhqumje::::ané, 135D {MADH -cosnzpme O
65 e, 21191 4 N0 24407 NOUFS? MADH dehpdrogenote |uvbiguanana) Fe-5 pretan 7, 20k0a {NADH-coenzpme O
rechact o)
B4 Hs. 504 43 NM_002496 MOUFSE MADH d&}dwmaqmml:j::un& 235D (MADH -coenzpme &
7 Ha. 7 7dd MM _DOF 103 HDURY 1 HADH dehpdrogenose |ubiguinone) flavepratesn 1, 51kDa
8 Ha. 464572 M 021074 HMDURY 2 MADH dehpdregenose |ubiguinone) flaveprotesn 2, 24k Da
% Hs. 473937 MM _D21075 HDURY3 HADH dehpdrogenose |ubiguinone) flavoprotein 3, 10k0Da
E1Q Hs. 437403 MM 021129 FRAL Pyrophosphabose (nanganic) 1
El11 Hs. 440475 A DDA 158 S0OHA Suecinate dehpdrogenos complax, subund A, Sovepr obein |Fa)
E12 Hs. 445924 & _DD3000 SDOHB Suecnate dehydrogenose eomplex, subund B, iran sulfur |Ip)
o1 Hs. 444472 NM,_003001 SOHC Suocnabe dehdrogenose mﬁplm]q,;”tnlc, ndagyral membrane prolesn,
FO2 Hs. 744037 MM _D03002 S5DHD Swedinote dehypdrogenase complex, subund O, infegral memb none profen
FO3 Hz.B372 A _DODSBI0 UZCRI Ui qusnel <oyt chrame e reducoss, oomples 1] sulbund X1
FO4 Hs. 119251 b _DO3 345 UCCRC Ui quanal -cytochrome ¢ red uclose eone prosain |
FOS5 Hs. 528803 MM _D03 364 USCRC2 Ubeguanol- oo dhrome ¢ redudote core probain I
FO& Hs. 743307 b _D0A003 UCCRFS1 Ubiguinol-ofodhrome ¢ reduciase, Fiske ron-sulfur polypepsde 1
o7 Hs. 481571 kA _DO&004 UGCRH Uk quanol -cptochrome ¢ red vclose hings profan
FoB Hs. 146802 HAA_D 14402 UQCR Ulbi guanel -sppo chrome ¢ reduciose, compled Il subuwn VI, 9,500
Fo% Hs 24484 H&A_OB0B0T ARRDC3 Asrestn damaomn confamang 3
o H:. 516788 | MM 001040445 ASE1 Ankyrin repeal and 50CS box contaming 1
F11 Hs.51 4682 MM _1 82580 CYB536101 Cytochrome b-581 domamn consaming 1
2 Hs. 515210 HM_DD&145 DHadBl Dnvar) {HapdD) hamol og, sublamidy B, member 1
G0l Hs. 7128645 b _DD1 955 EDMI End ofivalin 1
Go2 Hs. 110571 MM _D15475 GaDD45B Growth arest and DMNA-domoge-inducble, bata
GO3 Hs. 702139 MM_D05345 H3PATA Heat sheck 70kDa proten 1A
Gl Ha. 719964 MM D053d8 HSFALE Heaot shock 70kDa prosen 18
G5 Hs. 634058 MM _1 82452 LEPSL Lorw densi®y Bpoprotein recepior reloted prosein 5-Fke
Gils M rd_MC 012920 MitaH1 Palycstrone H1_3
Go7 N/A [3_NC 012920 | MICHEIZNO Polycistonic_H2_200_12106_1
Go8 NA | r2NC o12ep | MISHZMST Polycistonic_H2_200_14573_3
GOy MfA 1 _MC 012920 | MioHZ_ 4182 Polycstronie HZ_200_4142_1
G0 MSA 5 MC 012920 | MitoHZ 5724 Polycstronie HZ_200 5724 3
Gl Hs. 640264 HE_004407 REHUTT EHUTT
G112 Hs. 729700 MM_D52701 SLCI5ATS Sohuse camier family 25 imitechondial camier; phosphate camer), membar 25
H21 Hs. 570640 M&_001 101 ACTE Actin, beta
HO2 Hs. 534255 MM _DD4048 BZM Bata-2- microg kobulin
HO3 Hs. 544577 MM _DD2046 GAPDH Glycarald shyde-3-phosphote dehwdroganase
HO4 Hs. 412707 MM _DDD 194 HPRT1 Hyppowa nehine phosphoibosdrondeross 1
HS Hs. 346283 MM _DO01 0032 RFLPOD Rbosomal prosein, longe, PO
HO & e 5400103 HGDC Human Ganomic DMA Consamination
HO7 MNYA 5400104 RTC Rewarse Transcription Control
HOB M/A 5400104 RTC Rewarse Transcription Condrol
HO? MSA 5400104 RTC Ravarse Tronscniption Control
HIQ MNSA, Sa_ 007103 PPC Posifive POR Control
H11 MNYA 5400103 FPC Posisive PCR Conarol
H12 MNYA 5400103 PPC Posisive PCR Control

Figure 2.16: continued

115



2.2.5 Neutrophil isolation

Percoll gradients were prepared prior to blood collection. Two discontinuous
gradients were used for neutrophil isolation (see Section 2.1.3.1.1). A total of 8ml of
1.098 density Percoll was layered under 8ml of 1.079 density Percoll in a 25ml
universal tube. Blood was then carefully layered on top of the gradient using a
Pasteur pipette. The tube was centrifuged for 8min at 980rpm (150g) followed by
10min at 2700rpm (1200g). Layers of Percoll containing plasma, monocytes, and
lymphocytes were discarded. The neutrophil layer was gently aspirated using a
Pasteur pipette and transferred to a Falcon tube containing 30ml of lysis buffer, the
resulting solution was gently inverted several times and incubated at room

temperature for 10min to allow erythrocyte lysis.

Cells were then pelleted at 1750rpm (500g) for 6min and re-suspended in 4ml of lysis
buffer and incubated at room temperature for 3min. This mix was centrifuged at
1750rpm (500g) for 6min and washed with 4ml PBS and re-centrifuged under the
same conditions. The supernatant was discarded and the pellet was re-suspend in

3ml of PBS.

Prior to the chemiluminescence assay, the neutrophils were manually counted using
a haemocytometer (2.2.4.1). The central square of haemocytometer (Imm?) is
subdivided into 25 smaller squares (0.04mm?), neutrophils were counted in 9 of the
0.04mm? squares. Total cells were calculated using the formulae (Equation 2.2)
below where 25 represents the number of squares, 1x10* refers the haemocytometer

dimensions and 9 is the number of squares counted (White 2015).
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Equation 2.2

Cell count x 25 x 1x10* = number of cells/ml
9

2.2.5.1 Chemiluminescent ROS assay for neutrophils

Initially, a 96-well black walled plate was blocked overnight with PBS-BSA (1%) at
40C. The plate was washed with PBS prior to use. A total of 10> neutrophils were
seeded into each well (volume of cells refers to cell suspension) and then irradiated
using 2" generation LED arrays at a radiant exposure of 11.6J/cm? followed by
addition of luminol (30ul), isoluminol (60ul) and HRP (15pul) and lucigenin (30ul) to the
appropriate wells. Control wells were not irradiated. g°PBS was added to wells to give
a final volume of 200ul for each well. The plate was placed into luminometer,
Berthold LB96v (Berthold Technologies, Germany) at 37°C and maintained at that
temperature for 30min prior stimulation with 25ul PMA which was added immediately
following the 30min incubation. The plate was then returned to the luminometer and

incubated for 3h.

2.2.5.2 Neutrophil ROS detection using CM-H,DCFDA

A 96-well black plate was blocked using 1% of BSA in PBS for 24h and discarded
prior to use followed by adding 100ul of Ploy-L-lysine (Sigma-Aldrich, UK) to coat the
plate. After 10min incubation at room temperature, the plate was washed twice with
PBS. Subsequent to neutrophils isolation, cells were prepared and applied to 96-well

black plate as described in 2.2.5.1. A total of 37.5ul neutrophil in gPBS was added to
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the wells and incubated 37°C for 30min. The plate then was irradiated by 480s 2™
generation LED array and immediately added 50ul of gPBS and 10 pM CM-
H.DCFDA. Before 1h incubation ended, 1.5ul PMA was put and plate read at 0, 10,
20, 30 and 60min upon PMA added. The plate then was read at an excitation of

485nm and an emission of 535nm using a fluorometer (Berthold Twinkle, Germany).

2.2.5.3 Determination of neutrophil cell viability post 2" generation LED array
irradiation

Pierce LDH (lactate dehydrogenase) Cytotoxicity Assay (Thermo Scientific, USA))
was used to determine neutrophil viability after 2" generation LED array irradiation.
Lactate dehydrogenase is released from cells when the plasma membrane is
damaged. Isolated neutrophils (2.2.5) in gPBS were loaded (1x10° cells/well) into a
96-well black plate for in triplicate. The plate was incubated at 37°C in 5% CO, for
30min. The plate was then prepared as follows: 10pul of ultrapure water was added as
negative control and same amount of Lysis Buffer (10x) (kit reagent) was employed
as positive control. Following irradiation with the 2" generation (section 2.2.3.3) LED
array, the plate was incubated for 45min at 37°C in 5% CO,. A total of 50ul of each
sample medium were transferred to a new 96-well white flat bottom plate and an
equal amount of Reaction Mixture (manufacturer kit supplied reagent) was added to
each sample. The plate was then covered to protect from light and incubated for
30min at room temperature. 50pul of stop solution (manufacturer kit supplied reagent)
was added to each sample and the absorbance read at 490nm and 630nm (ELx800

Universal Microplate reader, Bio-Tek Instruments, UK).
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2.2.6 Bacterial culture growth

Archived bacterial stock, P. gingivalis and F. nucleatum (section 2.1.4.1) was thawed
at room temperature. 100ul of this bacterial suspension was inoculated onto blood
agar plates (section 2.1.4.2) and spread using a disposable pre-sterilised plastic
loop. Plates were incubated at 37°C in an anaerobic chamber (Don Whitley, UK).
Cultures were grown for at least 3 days to allow sufficient bacterial growth. The
resulting colonies were checked for purity and typical morphology before Gram

staining to determine microscopic morphology (section 2.2.6.1).

2.2.6.1 Determination of bacterial growth

In order to estimate the amount of bacterial growth, bacterial suspensions in broth
(2.1.4.3) were measured at 600nm optical density (ODgoonm) (Jenway 6300, Keison,
UK) wusing a non-inoculated broth as standard for calibration of the
spectrophotometer. The relationship between turbidity and OD is species dependent
and bacterial counts were determined using data generated by the Forsyth Institute

(Boston) (White 2015).

2.2.6.2 Heat-killing of bacteria

A single colony was inoculated in BHI broth and incubated anaerobically at 37°C for
24h. Following incubation and bacterial growth, the broth was thoroughly mixed and
aliquoted to 50ml centrifuge tubes. Gram staining, microscopy and colony
morphology analysis were performed to aid confirmation of strain and purity. Tubes
were centrifuged at 3000rpm for 10min (Harrier 18/80, DJB Labcare, UK). Post

centrifugation, supernatant was discarded and the pellet was re-suspended in 10ml
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PBS (2.1.2.2.2). This step was repeated and the final pellet re-suspended in 10ml
PBS. The concentration of bacteria was determined (section 2.2.6.1) and diluted to
1x10’ bacteria in PBS. Heat-killing of bacteria was achieved by heating the bacterial
suspension in a water bath at 100°C for 1h. To confirm success of heat killing, 50l of
the mixture was inoculated onto a blood agar plate (section 2.1.4.2) and incubated at
370°C anaerobically for 3 days. The remaining heat-killed bacterial suspension was

aliquoted into 1ml volumes and stored at -20°C until required.

2.2.6.3 Gram-staining protocol

Gram staining was performed to determine the microscopic morphology, colour
(Gram positive or negative) and bacterial size. Gram-positive bacteria appear in
purple/blue while Gram-negative bacteria will appear in red/pink (White 2015). The
bacterial suspension was spread onto a microscope slide and quickly heat-fixed
using a Bunsen burner. The slide was then flooded with crystal violet (see section
2.1.4.4) for 30s, then rinsed with deionised water and stained with Lugol’s iodine
(Sigma-Aldrich, UK) for a further 30s before rinsing with distilled water. The slide was
then rapidly decolourised using acetone, washed and then stained carbol fuchsin
(see 2.1.4.5) for 30s, rinsed with distilled water and dried. The slide was visualised
under oil immersion microscope at 100x magnification (Leitz Dialux 22) and images

captured using Nikon Coolpix 1990 (Japan).
2.2.7 Quantification of IL-8 in culture media

Culture media from H400 cells exposed to bacteria (or unstimulated — negative

control) and exposed to 2" generation LED array (sections 2.2.3.1, 2.2.3.2 and
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2.2.3.3) were transferred to 1.5ml tubes and centrifuged at 1500rpm for 15min.
Following centrifugation, supernatant was collected in cryotubes in 500ul aliquots and
stored at -80°C. Prior to assay, aliquots were defrosted and centrifuged at 800rpm for
1min. A commercial ELISA kit (R&D Systems, UK) was used to quantify IL-8 in media
samples. All reagents were diluted according to the manufacturer's protocol and
equilibrated to room temperature prior to use. A total of 100ul of diluted capture
antibody was added to each well (provided by manufacturer). The remaining 100ul of
capture antibody was mixed with 12ml of PBS and vortexed. Wash buffer was
prepared by adding 24ml of the buffer to 576ml of deionised water (prepared the
previous day) The plate was washed three times followed by blocking the plate using
300ul of reagent diluent (3ml of stock reagent diluent was mixed with 30ml of
deionised water) and left for 1h. The plate was then washed three times. Standards
for the plate were prepared. 50ul of standard was added to 2ml of reagent diluent
and mixed. The standard was further serially diluted from 80ng/ml to 2ng/ml for
experimentation and added to the appropriate wells. The experimental samples were
added to the remaining wells. The plate was covered and incubated at room
temperature for 2h. After incubation (37°C), the plate was washed three times and
100pl of Streptavidin HRP (kit reagent) added, covered and kept at room temperature
for 25min. The plate was again washed three times and 100ul substrate solution
added to each well, this was incubated (37°C) in the dark for 25min. To stop the
reaction, 50ul of stop solution was added to all wells and the absorbance read at

450nm and 570nm (ELx800 Universal Microplate reader (Bio-Tek Instruments, UK).

121



2.2.8 Statistical analysis

IBM SPSS Statistics 20 statistical software (IBM Software Group, Chicago, USA) was
used for data analysis. Differences between light sources (laser/LED) and non-
irradiated controls were compared using one-way ANOVA (Analysis of Variance) and

subsequent Tukey’s post hoc tests. The level of significant was set at 0.05 (p-value).
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CHAPTER 3: LIGHT SOURCE CHARACTERISATION
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3.1 Introduction

In order to be able to determine the light dose delivered to cells it is of fundamental
importance to characterise any light delivery device. This is often omitted or poorly
performed in the literature resulting in unreliable outcomes. Therefore this section
carefully details the characterisation of all the light delivery devices used in this study
i.e. laser, single (SMD) LED, and 1% and 2" generation 96 well LED arrays. All of
these light sources were measured to determine wavelength (nm), irradiance

(mW/cm?), radiant exposure (J/cm?), beam profile and temperature change (°C).

Light sources utilised in this thesis are provided with manufacturer supplied optical
characterisation data sheet, however these are not always accurate so it is essential
that careful measurement of a range of optical parameters are undertaken prior to
use to ensure accurate light delivery. Another important factor is heat generation, any
light source will produce heat which could be responsible for the cellular responses
rather than the direct action of light, it is therefore essential to carefully determine and

control heat changes in the cell culture system.

The wavelength peak of each light source was verified using a spectrometer (see
Section 2.2.1.1) and the irradiance value was obtained using the SpectraSuite
software (2.2.1.1) whilst any temperature increase during irradiation was measured
using a thermocouple based system (2.2.1.4). Additionally, beam profile was
determined using a beam profiler (2.2.1.3). This chapter will thoroughly determine
light parameters for each of the light sources used and identify the optimum radiant

exposure for use in future experiments.

124



3.2 Light characterisation

This initial study characterised a 670nm laser (2.1.1.1), 630nm single (SMD) LED
(2.1.1.2) and two different LED arrays, 1 (2.1.1.3) and 2" (2.1.1.4) generation LED
array which both had a different wavelength ranges (625-830nm and 400-830nm,

respectively).

3.2.1 Wavelength peak, irradiance value and radiant exposure

3.2.1.1 Introduction

Peak wavelength measurements (2.2.1.1) were carried out in order to compare
manufacturer’'s quoted wavelength to the measured wavelength monitored in real
time using Spectrasuite software and the irradiance value for each light source were
determined using the same software (2.2.1.1). This value is crucial for the calculation

of radiant exposure prior light irradiation.

3.2.1.2 Results

The following results show the (i) comparison of peak wavelength and for
manufacturers quoted data and those measured during this thesis and (ii) irradiance
for (a) laser, (b) single LED, (c) 1st generation LED array and (d) 2" generation LED
array. The measured emitted peaks revealed differences in the peak spectral output
between those values (Figure 3.1 (a), (b) (c) and (d) and the difference are presented
in Table 3.1. From the numbers generated by the Spectrometer and calculated using
SigmaPlot 12.0 software, the obtained irradiance value and was applied to present

the radiant exposure (see Section 2.2.1.2, 2.2.3.1.1, 2.2.3.2, 2.2.3.3).
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Following wavelength measurement, comparison between measured peak and
manufacturer quoted wavelengths were made. This comparison is shown in Table

3.1 (a), (b) and (c).

3.2.1.3 Discussion

Data generated from spectrometer demonstrated slight differences from the
manufacturer quoted wavelength. The peak wavelength for the quoted 670nm laser
was measured at 666nm, whilst the quoted 630nm single LED was measured as
628nm. Similar variations were seen in the 1% and 2" generation LED arrays with
measured wavelengths showing differences from the manufacturer data (Table 3.1

(c) and (d).

It is critical to have accurate assessment of light delivery before exposing H400 cells
to light in order to ensure correct does delivery at a cellular level and to compare
results found in the literature, as well as allowing reproducibility between different

experiments.
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(c) 1% generation LED array
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Figure 3.1: The graphs show the average measured wavelength peak of (a) 670nm
laser (n=3 in duplicate); (b) 630nm single LED (n=3 in duplicate); (c) 1* generation
LED array (n=6 in duplicate) and (d); 2" generation LED array (n=6 in duplicate).
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Table 3.1: Differences of peak wavelength between measured and manufacturer
quoted (a) laser, (b) single LED, (c) 1% generation LED array and (d) 2"? generation
LED array (St. Dev: standard deviation).

(a) laser

Manufacturer quoted peak wavelength (nm) 670
Average measured peak wavelength (nm) 666
(n=3)

St. Dev 0.00

(b) single LED

Manufacturer quoted peak wavelength (nm) 630
Average measured peak wavelength (nm) 628
(n=3)

St. Dev 0.58
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(c) 1% generation LED array

Line 1 2 3 4 5 6 7 8 9 10 11 12
A Measured peak wavelength (nm)
B 638 657 659 671 682 788 802 820 829 835
C 638 658 661 680 688 787 810 822 831 836
D 640 657 659 674 690 790 804 823 832 836
E 640 657 660 683 690 789 809 819 831 837
F 642 659 661 681 689 789 808 821 836 840
G 638 658 661 673 688 790 803 818 831 838
H
Quoted wavelength 625 650 660 670 690 780 800 810 820 830
(nm)
Average measured
e 639 658 660 677 688 789 806 821 832 837
(nm)
1.63 0.82 0.98 4.94 2.99 1.17 3.41 1.87 2.34 1.79
St. Dev
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(d) 2" generation LED array

Line 1 2 3 4 5 6 7 8 9 10 11 12
A Measured peak wavelength (nm)
B 399 444 522 737 817 831 454
C 399 444 523 736 817 829 452
D 400 444 523 737 816 829 455
E 399 445 524 738 817 830 455
F 400 444 524 735 816 836 455
G 400 449 521 734 814 827 453
H
Quoted wavelength 400 450 525 740 810 830 400 -
(nm) 600
Average measured
peak wavelength 400 445 523 736 816 830 454
(nm)
St. Dev 0.55 2.00 1.17 1.47 1.17 3.08 1.26
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3.2.2 Beam profile

3.2.2.1 Introduction

Beam profiling shows the spatial distribution of irradiance and was undertaken using
beam profiler (2.2.1.3). This process enabled measurement of the area and intensity
of light delivered by the particular light source thereby allowing optimisation to the
particular cell culture model used i.e. to ensure that the cell monolayer received

adequate levels of irradiation.

3.2.2.2 Results

Spatial distribution of each light source produced a range of different beam profiles.
The colours represented in the following beam profile images indicate different
irradiance values at particular point across the irradiation area, the lowest irradiance
in grey and the highest value in white. This technique also allowed estimation of light
distribution across the irradiation area which varied between uniform and even (see

Section 2.2.1.1 and 3.2.1).
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(a) Laser-Omm (b) Laser-33mm (c) colour scale

Highest
Irradiance

Lowest

Irradiance

Figure 3.2: Beam profile for 670nm laser at (a) Omm and (b) 33mm distance from
light source; (c) Scale to indicate colours that represent irradiance at various points
across the irradiation area.
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(a) LED-Omm (b) LED-33mm

F

Figure 3.3: The diagram demonstrates profile for 630nm single LED (a) Omm and (b)
33mm (see Figure 3.2 (c) for irradiance colour scale).
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Figure 3.4: Beam profile of LEDs from 1% generation LED array, (625-830nm) (see
Figure 3.2 (c) irradiance colour scale).
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Figure 3.5: These diagrams show the beam profile of 2" generation LED array used
in this study (see Figure 3.2 (c) irradiance colour scale).
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3.2.2.3 Discussion

This data measures the beam distribution and levels of irradiance over the irradiated
area for each light source. Figure 3.3 and 3.4 show differences between 1% and 2™
generation LED array (Figure 3.5 and 3.6). This is likely due to the differences in the
diameter in the LED used. It was necessary to change the beam profiler experimental
set up for measurement of the laser and single LED, by using spacer rings to adjust

the distance between light and camera (see Section 2.2.1.3).

These data on wavelength, irradiance and beam profile are essential to allow
accurate dose delivery to cells in subsequent experiments and to determine the best

cell culture vessels to grow cells in to optimise light delivery at a cellular level.

3.2.3 Temperature measurement

3.2.3.1 Introduction

Measuring temperature changes (2.2.1.4) following light irradiation is important in
interpreting cellular biological changes following light exposure, as any changes may
be a function of temperature rather that the direct effect of light. Measurements were
taken in a range of conditions and at different time points for each light source in
order to determine the magnitude of any temperature changes and the possible
relevance to the experimental set up used. In order to mimic experimental conditions
cell culture ware was pre-incubated (37°C and 5% of CO;) removed from the

incubator and exposed to various light sources for differing amounts of time.
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3.2.3.2 Results

In order to determine the potential relevance of temperature as a confounding factor
in downstream cell changes, temperature was measured in the cell culture system
with or without light irradiation. Temperature was assessed in real time following light
exposure using either the laser, single LED, or 1% and 2" generation LED arrays.
These data showed variation of temperature change (°C) with different irradiation
times (Figure 3.6; laser, Figure 3.7; single LED, Figure 3.8; 1% generation LED array
and Figure 3.9; 2" generation LED array). The cell culture media temperature
dropped on removal from the incubator 37°C, comparison was then seen when

irradiation began (Figure 3.10).
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(a) 60s exposure at Omm distance
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(b) 120s exposure time at 33mm
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Figure 3.6: Change in temperature during 670nm laser irradiation (a) 60s exposure
at Omm distance between light source and culture ware (n=3 in triplicate) (b) 120s
exposure time at 33mm distance (n=3 in triplicate).

139



Temperature change (°C)
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Figure 3.7: Temperature change during 180s of single LED irradiation at a distance
33mm (n=3 in triplicate).
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Figure 3.8: Temperature change with 1% generation LED array with 300s continuous
exposure (n=3 in duplicate).
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Figure 3.9: Temperature change using 2" generation LED array with continuous
exposure over 480s (n=3 in duplicate).
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Figure 3.10: Temperature change upon removal from incubator and irradiation
started after 30s (n=3 in duplicate).
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3.2.3.3 Discussion

For the 670nm laser (Figure 3.6 (a) and (b)), the temperature measurement was
carried out at 0 and 33mm distance. It was proposed that the temperature during light
irradiation at a distance of Omm might be increased and that by increasing the
distance between the light source and cell culture vessel this could be minimised.
However these data suggest that increasing distance actually resulted in a slight
increase in media temperature at an increased distance. The purpose of these
experiments was to investigate temperature change as a confounding factor for any
cell biological changes seen following irradiation and to determine strategies to

minimise this effect.

Overall these data showed that for the single LED revealed temperature increases of
less than 1°C while 1% generation LED array showed slight increase within 120s
irradiation time. However, temperature change for 2" generation LED array showed

a small decrease with the 480s exposure.
From these experiments it suggests that temperature change with light exposure in

these model systems is small and unlikely to have a significant effect on cell

metabolism.
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CHAPTER 4: ESTABLISHMENT OF ORAL EPITHELIAL CELL (OEC) H400s

CULTURE
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4.1 Introduction

This chapter describes the initial experiments to determine the growth characteristics
of the human oral epithelial cell line, H400s in order to develop a model to investigate
biological responses following irradiation. A range of different cell culture vessels will
be utilised so a detailed understanding of cell growth in each of these will required for
the range of experiments required. The immortal human oral epithelial cell line
(H400) was selected because it is well characterised and has been used as a model
system for studying cell behaviour in periodontal disease (Prime et al., 1990, Milward
2010). Cell growth characteristics were investigated including seeding density, media
serum concentration, cell viability and time to reach confluence in a range of cell
culture vessels (as described in Table 2.4). It is proposed that if cells have an excess
of nutrition provided that the additive effects of light exposure may be masked,
therefore experiments were included to limit nutrient availability (modification of
media serum content). Also cell number will plateau once a confluent monolayer is
achieved at which point no further effects on cell number will be detectable, so it is
essential that all experiments are correctly timed to ensure irradiated cultures can still

proliferate.

As described in Section 2.2.4.1, cell counting was performed using Luna automated
cell counter following comparison between Luna and manual count as illustrated by
Figure 2.1.2. The Luna cell counter generated cell number and viability which

appeared on device monitor.
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4.2 Determination of level of confluence and foetal calf serum (FCS)
concentration

In order to find the correlation between level of confluence and days, culturing cell
was initially applied 2x10* cells in DMEM supplemented with 10% of FCS in 35mm
dish and cell counting performed on days 2-7. Cells were nearly fully confluence on
day 7 (Table 4.1 and Figure 4.1). Subsequently, cells were seeded at 2x10* cells per
dish (1x10* cells/ml) in 35mm dishes with media containing either 5 or 10% FCS.
Figure 4.2 shows the cell counts at days 3 and 5 post seeding of H400s grown on
DMEM supplemented by 5 and 10% FCS (Table 4.2 and Figure 4.2). Cell growth was
seen with both concentration but there was increased proliferation with 10% FCS, as
this concentration is the most widely used for H400 cells and gave suitable growth
characteristics (Milward 2010, Almeida-Lopes et al., 2001). However, it was decided
that the suitable concentration for growing H400s in this study would be 5% because
there should be spaces for H400s to grow following irradiation and used for

subsequent experiments.
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Table 4.1: Cell number observed on days 2-7 to perform growth curve of seeded
H400s with 2x10* cell inoculation in 35mm dish.

Day Cell number (1x10% Cell viability (%)

2 6 77.8

3 11 74.2

4 35 87.9

5 51 91.8

6 68 93.5

7 77 96.1
90 -
80 A1
S 70 -
S 60 -
o 50 -
2 40 -
30 -
g 20 -
10 -

-1 1 3 5 7
Day

Figure 4.1: Cell growth curve of cell count on days 2-7 cultured in DMEM with 10%
FCS (n=4 in duplicate).
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Table 4.2: Cell number and viability generated following H400s seeding with different
concentration of FCS.

Cell number (1x10% Cell viability (%)

Seeding condition Day 3 Day 5 Day 3 Day 5

20000 cells - 10% FCS 7.5 43.5 63.3 90.6

20000 cells - 5% FCS 8 30.5 60.9 91.2

ul (2]
o o
I )

i
o
1

Cell count (x10%)
S 38

=
o
1

o

3 5
Day

o

20000 cells - 10% FCS  ===20000 cells - 5% FCS

Figure 4.2: H400s which were supplemented with 10% of FCS showed higher
growth than 5%. Results are mean + SD (n=4 duplicate).
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4.3 Determination of optimal cell seeding density

4.3.1 Determination of cell seeding in 35mm Petri dish

For 35mm dish cultureware, cell seeding density was determined using DMEM
supplemented with 5% FCS. Cell were seeded at 2x10?%, 2x10° 10x10° and 2x10*
cells per dish in 2ml of growth media and incubated at 37°C in 5% CO, for up to 5
days. Four replicates were included for each seeding density. Data from days 4 and
5 post seeding indicated that the lowest growth rate was observed with an initial
seeding density of 2x107 cells (100 cells/ml), while the highest growth could be seen
from inoculation with 2x10* cells (10000 cells/ml) (Table 4.3 and Figure 4.3). The
lowest seeding density (2x107 cells) resulted in no detectable growth at days 4 and 5.
This was possibly due to scanty cell seeding resulting in inadequate cell-cell
interaction and lack of extracellular protein signalling molecules which is essential for
survival and proliferation (Alberts et al., 2002). The highest level of proliferation was
observed in cells seeded at 2x10* cells (10000 cells/ml) and this seeding density
resulted in cells not reaching confluence within the time frame of the experiment so
provided optimal conditions for the irradiation experiments and was used for all future

experiments in 35mm.
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Table 4.3: Cell count and viability data when assessed on days 4 and 5 after cultured

with different seeding inoculation.

Cell number

Cell viability (%)

Cell seeding concentration Day 4 Day 5 Day 4 Day 5
200 0 0 0 0

2000 1250 1875 74.2 81.9

10000 10010 10149 76.9 93.7

20000 53750 154375 70.5 92.2
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Figure 4.3: (a) Growth characteristics of H400 cells with different cell seeding
concentrations (2x10?, 2x103, 10x10° and 2x10* cells per dish) and (b) cell number
increase for each different seeding inoculation. Results are mean £ SD (n=4 in
duplicate).
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4.3.2 Determination of cell seeding in 96-well plates

96-well plates were seeded with a range of cell densities (1000, 1200, 1400, 1600,
1800, 2000, 4000, 6000, 8000, 10000, 12000 and 15000 cells/well (in 150ul) and
grown for 4 days to determine the best conditions for growth (produce sufficient
growth without reaching confluence during irradiation experiments). Cell counts were
performed on day 1 and this demonstrated linear growth whilst day 4 showed almost
similar cell numbers for initial inoculum of 4000 cells/well and above (Figure 4.4, 4.5
and Table 4.4). From the result, for the 96-well black plate and the culture conditions
it was suggested that the best seeding concentration was between 2000 - 4000

cells/well. Therefore, 3000 cells/well was chosen to seed the plate.
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Table 4.4: Cell counting data at days 1 and 4 for 96-well black plate with different cell

inoculation.

Cell number

Cell seeding concentration Day 1 Day 4
1000 814 13730
1200 867 19154
1400 927 20444
1600 1070 24850
1800 1010 18396
2000 1093 20292
4000 1606 39980
6000 2246 42752
8000 2902 42810
10000 3452 42670
12000 4357 36214
15000 5947 41116
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Figure 4.4: H400s data collection at (a) day 1 and (b) day 4 with a range of seeding
concentration (n=2 in duplicate).
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Figure 4.5: Cell counting for different seeding cells relative to day growth (n=2 in
duplicate).
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4.3.3 Determination of cell seeding density for 4-well glass slide

Prior to immunocytochemistry staining, a pilot experiment to determine initial seeding
density for the 4-well glass slide which was housed in a standard Petri dish was
performed. The H400s were cultured at two different initial seeding densities, 2x10°
and 4x10° cells in 15ml and grown at 37°C in 5% CO, for 2 days. On day 2, the
percentage confluence and cell attachment was analysed under microscope (Zeiss
Axiovert 25, Zeiss, UK) with 20x magnification (data not shown). According to the
microscopic assessment and the growth curves generated it was determined that
initial seeding with 2x10° would be most appropriate for the immunocytochemistry

study.
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4.4  Discussion

The result of these experiments demonstrated that to reach the 70% level of
confluence with more than 90% of viability for subsequent experiments, the 35mm
culture dish should be seeded with 2x10* cells per dish (1x10* cells/ml) and 4-well
slide in Petri dish with 2x10° cells (in 15ml) in DMEM with 5% FCS while for the 96-
well black plate with 3x10° cells per well (2x10* cells/ml). Considering the time of
incubation and level of confluence, it was decided that the ideal cell confluence
should be in the region of 20-30% prior to light irradiation to allow sufficient substrate
area not to impede cell growth and to give the best possibility of demonstrating

increases in cell proliferation on light exposure.
In this section of work H400 cell growth has been carefully characterised so that

conditions for subsequent experiments can be optimised in order to investigate cell

responses upon light irradiation.
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CHAPTER 5: H400 RESPONSES TO LASER IRRADIATION
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5.1 HA400 cells responses upon laser irradiation

5.1.1 Introduction

The aim of the current study was to investigate possible stimulatory effect of light on
epithelial cell growth (H400). H400s which have been well characterised in a number
of previous studies and offer a useful study model for investigating epithelial
responses in the periodontal tissues. The resulting findings may have application in
dental therapy. Initial experimentation aimed to explore growth responses of H400

cells to the range of light sources utilised in this study.

The previously determined cell seeding density (see Section 4.3.1) appropriate for
these experimental conditions were utilised in these experiments. Laser irradiation
parameters utilised were as discussed in Appendix 1. H400s were cultured at 2x10*
cell in 35mm dish (1x10* cells/ml). Briefly, H400 cell cultures was irradiated (a) at
distance Omm between the laser and cell monolayer for 4, 6 and 8s (which equated
to 7, 10 and 14J/cm? radiant exposure) and (b) at 33mm distance between the laser
and cell monolayer for 80, 100 and 120s exposure time (which equated to 27, 34 and

41J/cm? radiant exposure respectively).

5.1.2 Results
H400 cellular responses following laser irradiation were assessed by cell counts,
MTT assay, BrdU assay, NF-kB translocation and downstream gene expression

changes using SQ-PCR. The incubation post-seeding were varied according to
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different assay and discussed later. The data is presented as percentage increase or

decrease when normalised to control (non-irradiated) sample.

5.1.2.1 Cell count

Cell counts were determined 3 days post seeding (48h post irradiation) using Luna
automated cell counter. Results showed (Figures 5.1 & 5.2) a significant increase
(p<0.05) in cell number (compared to non-irradiated controls) following irradiation for

100s (34 J/cm? radiant exposure) & 120s (41 J/cm?2 radiant exposure).

5.1.2.2 MTT assay

In addition to cell counts mitochondrial metabolic activity of the irradiated cells were
assessed. Figures 5.3 and 5.4 show the percentage MTT increase in irradiated cells
in comparison to non-irradiated controls. H400 cells irradiated for 120s (41J/cm?)
resulted significant increase in MTT and this result so a similar trend when compared

to the manual cell count data (Figure 5.2).

5.1.2.3 BrdU assay

This assay is a surrogate measure of cell proliferation where the substrate
bromodeoxyuridine (BrdU) is incorporated into newly synthesized DNA of actively
proliferating cells. The BrdU assay was carried out 24h following 4, 6 and 8s laser
irradiation (7, 10 and 14J/cm? of radiant exposure respectively) to determine any
significant increase following laser exposure. The results indicated a significant
increase in H400 cell proliferation when cells were irradiated at Omm distance

utilising a 6s exposure time (10J/cm?). These results are shown in Figure 5.5.
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Figure 5.1: Percentage cell count change when normalised to non-irradiated control
(n=3 in triplicate) of H400 cells irradiated for 4, 6 and 8s exposure time (7, 10 and
14J/cm? of radiant exposure respectively). Results are mean + SD.
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Figure 5.2: Percentage cell count increase when normalised to non-control (n=4 in
duplicate). Following 80, 100 and 120s laser exposure time (radiant exposure 27, 34
and 41J/cm?, respectively). Results are mean + SD. *p<0.05.
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Figure 5.3: Percentage of MTT change when normalised to non-irradiated control
following 4, 6 and 8s laser irradiation (7, 10 and 14J/cm? of radiant exposure
respectively). Results are mean + SD (n=4 in duplicate).
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Figure 5.4: Percentage increase in MTT for H400 cells irradiated for 80, 100 and
120s time of exposure (27, 34 and 41J/cm?radiant exposure respectively) (n=4 in
duplicate). Results are mean + SD. *p<0.05
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Figure 5.5: Percentage increase in BrdU compared to non-irradiated cells. 4, 6 and
8s served 7, 10 and 14J/cm? radiant exposure. Results are mean + SD (n=4 in
duplicate). *p<0.05.
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5.1.2.4 NF-kB activation

H400s cell culture were also grown on 4-well glass microscope slides (Figure 2.15) to
determine NF-kB activation using immunocytochemistry in cells stimulated (including
non-stimulated controls) with E. coli LPS and laser irradiated (including non-irradiated
controls). H400 cells were irradiated for 120s (41J/cm? radiant exposure) at a
distance of 33mm, at both 1 and 24h prior to stimulation with E. coli LPS (or non-
stimulated control). Figure 5.6 illustrates representative immunocytochemical images,
Figure 5.7 shows semi-quantitative analysis of cell images with percentage increase
in NF-kB activation normalised to non-stimulated and non-irradiated controls. Positive
and negative control were included to ensure specificity of staining. Activation of NF-
KB turned the nucleus brown and 6 fields were counted using Image J software (as

described in Section 2.2.4.5).

These results depicted in figures 5.6 and 5.7 suggest that in this experimental model

laser irradiation reduces NF-kB activation following stimulation with E.coli LPS.
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Negative control

Figure 5.6: Representative H400 cell images with or without 120s laser irradiation
(413/cm?) 1h before stimulation with E.coli LPS (1h incubation) or unstimulated
control [1. 120s laser irradiation with E.coli LPS stimulation, 2. 120s laser without E.
coli LPS stimulation, 3. No laser with E.coli LPS stimulation, 4. No laser without E.
coli LPS stimulation (un-stimulated control)].
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Figure 5.7: Stimulated or non-stimulated (E. coli LPS 1h incubation) and irradiated or
non-irradiated (for 120s) H400 cells graph shows percentage of NF-kB activation
compared to unstimulated control. Labelling 1-4 refers to image legends in Figure
5.6. Results are mean + SD (n=2 in single).
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5.1.2.5 Gene expression by PCR

Data from the previous experiments have shown the ability of the 670nm laser
irradiation at distance 33mm to enhance H400 cell growth. The next part of this
project aimed to assess gene expression changes following laser irradiation for 80,
100 and 120s (27, 34 and 41J/cm? radiant exposure). The genes selected were
based on a literature search for genes implicated in cell proliferation, tissue healing

and inflammatory response especially in regard to periodontal disease (Table 2.11).

H400 cells were grown in 35mm dishes, laser irradiated 24h post-seeding and RNA
extracted 48h later. RNA was processed as discussed in section 2.2.4.7 materials
and methods and converted to cDNA. Gene expression was examined utilising SQ

RT-PCR normalised to the housekeeping gene GAPDH.

Figure 5.8 shows percentage gene expression (normalised to non-irradiated control).
These data demonstrated low level gene expression of cells irradiated for 80s
(27J/cm?) with the exception of COX6C, MAPK11, NF-kB1E and NDUFA11 genes.
However cells laser irradiated for 100s and 120s demonstrated higher level of genes

expression in the majority of genes investigated.
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Figure 5.8: Gene expression levels of 11 genes expressed by H400 cells laser
irradiated for 80, 100 and 120s (n=3 in duplicate). Results are mean + SD. *p<0.05,
**p<0.01, ***p<0.001.
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5.1.2.6 PCR array
The use of PCR array allows high throughput screening of large numbers of genes in
biological samples offering the potential to investigate pathways and identify novel

genes that may be important in light irradiation effects.

The Human Mitochondrial Energy Metabolism Plus RT? Profiler PCR Array was
chosen as it investigates 84 key genes involved in mitochondrial respiration, which
includes genes encoding components of the electron transport chain and oxidative
phosphorylation complexes, also determination of a change of mitochondrial energy
metabolism activity. This PCR array was undertaken to compare gene expression

levels in comparison to controls following 120s laser irradiation.

The fold changes of the 84 genes of the array in comparison to non-irradiated control
are shown in Figure 5.10. Two genes demonstrated increased expression compared
to control (Table 5.1), two genes showed reduced levels of expression (Table 5.2)

while the rest of the genes showed no significant change in expression.
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Figure 5.10: Fold changes in gene expression between the non-irradiated control and 120s laser irradiation for the 84 genes
in the array. The above grid indicated the plate layout used for this experiment.
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Table 5.1: Genes significantly up-regulated in H400s following 120s laser irradiation.

Position Gene Symbol Fold Regulation
D05 NDUFB6 2.33
A06 ATP5G2 2.03

Table 5.2: Genes relatively down-regulated in H400s following 120s laser irradiation.

Position Gene Symbol Fold Regulation
GO08 MitoH2_ 14573 -2.85
GO09 MitoH2_ 4162 -2.10
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5.1.2.7 ELISA IL-8 detection with or without stimulation of F. nucleatum and P.
gingivalis

IL-8 is a pro-inflammatory cytokine which is a surrogate marker of NF-kB activation
(Uehara & Takada 2007, Milward 2010). H400 cells were stimulated with F.
nucleatum and P. gingivalis, for then irradiated with laser for 80, 100 and 120s and
IL-8 expression determined. Culture media was collected 48h post-irradiation and

prepared as in Section 2.2.7.

Standard curve is illustrated in Figure 5.11 and results represented in Figure 5.12
shows the percentage of un-stimulated IL-8 absorbance (450-570nm) of 120s laser
normalised to control with Figure 5.13 (a) demonstrates that IL-8 levels following
laser irradiation for 80, 100 and 120s following F. nucleatum stimulation, with cells
exposed to laser for 120s showing a significant increase (p<0.05). However, following
stimulation with P. gingivalis and laser irradiation, the result showed reduced levels of
IL-8 production compared to non-irradiated controls following 80 and 100s irradiation

whilst IL-8 production rose following 120s irradiation.

These data suggest the ability of laser irradiation to modulate IL-8 production which

could offer potential for management of inflammatory lesions.

174



N
J

w
(6)]
1

y = 0.5637In(x) - 0.9097
R2 =0.9467

w
1

N
o1
1

—o—Seriesl
——Log. (Seriesl)

=
o
1

Absorbance (450-570nm)
= N

o
ol
1

o

1 10 100 1000 10000
Standard dilution

Figure 5.11: Standard curve of IL-8 absorbance with standard dilution.

250 -
200 -

150 -

(450-570nm)
|_\
o
s

a1
o
1

% absorbance change

0 120

Exposure time (s)

Figure 5.12: ELISA IL-8 percentage of absorbance increase of un-irradiated H400s
control (n=3 in single).
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Figure 5.13: IL-8 production as a percentage of non-irradiated controls in cells
stimulated with (a) F. nucleatum and (b) P. gingivalis and laser irradiated for 80, 100
and 120s. IL-8 of F. nucleatum stimulated was significantly increased at 120s while
not in P. gingivalis stimulated. Results are mean £ SD. *p<0.05 (n=3 single).
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5.1.2.8 Methylene blue staining

It was determined that the laser irradiation profile was small in comparison to the cell
monolayer exposed in the cultureware which was used for this experiment resulting
in the potential for sub optimal dosing of cells outside the beam area. In order to
determine if this would result in differential cell proliferation across the cell monolayer
methylene blue staining was performed. Cell staining appeared to show no significant
variation across the culture dish suggesting that irradiation area did not differentially

influence cell growth in cell culture monolayer (Figure 5.14 and 5.15).
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Figure 5.14: Methylene blue staining at day 3 for H400s laser irradiated for 4, 6 and
8s laser (7, 10 and 14J/cm?) (n=3 in duplicate).
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Figure 5.15: Methylene blue staining at day 4 for H400s laser irradiated for 4, 6 and
8s laser (7, 10 and 14J/cm?) (n=3 in duplicate).
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52 Discussion

This chapter describes 670nm laser irradiation in attempt to look at the possible
biological responses of irradiated cells. Following optimisation, the cell count results
showed increase cell number following 100 and 120s laser irradiation at a distance
33mm. The reason these two different distances were utilised was to determine the
optimum condition when irradiating. Experimental conditions used cultureware
directly on top of laser (Omm) or at a distance of 33mm. It was calculated for Omm
distance, irradiation time of 4, 6 and 8s where the irradiance value was 1788mwW/cm?
resulting in a radiant exposure of 7, 10 and 14J/cm? and at 33mm, 80, 100 and 120s
were the irradiance value of 344mW/cm? resulted in 27, 34 and 41J/cm? radiant
exposure. The irradiation at a distance of 33mm produced significant results in
comparison to Omm irradiation distance for cell counts and MTT assay (Figure 5.2
and 5.4). 120s irradiation at 33mm distance demonstrated significant result in these
experiments. However, BrdU assay showed that laser irradiation for 6s (10J/cm?
radiant exposure) at a distance of Omm (Figure 5.5) was significantly increased. BrdU
assay was performed following 4, 6 and 8s irradiation to examine the potential of
those exposure times to trigger proliferation of H400s where cell count and MTT had

shown no increase in cell number.

To further investigate H400 cellular responses and based on the significant results
obtained utilising cell counts and MTT, immunocytochemical staining was performed
on cells irradiated for 120s irradiation (41J/cm? — at 33mm distance) in order to
explore NF-kB activation following irradiation and stimulation with E. coli LPS.

Interestingly, the activation of NF- kB in non-irradiated H400 cells (Figure 5.7 no. 3)
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was higher than irradiated (Figure 5.7 no. 1 and 2) and control (Figure 5.7 no. 4).
However, this did not reach statistical significance compared to control. It is known
that E. coli LPS stimulation results in activation of NF-kB indicated by translocation to
the nucleus (Milward 2010), it would be of considerable interest if laser irradiation
could modulate NF-kB activation, low level increases in non-stimulated cells may
increase cellular protection by causing a downstream low grade inflammatory
response. A study published by Chen et al., (2011) observed significant activation of
NF-kB in fibroblasts in response to 810nm laser irradiation and it is believed that
different cell types may exhibit different patterns of NF-kB activation following laser
irradiation (Chen et al., 2011). More work is required to clarify the role of lasers in NF-
kB activation in this experimental model system. NO and NF-kB assay kits would be

essential to undergo for better understanding.

Selection of genes was chosen based on reports on gene expression related to
cytochrome C oxidase and ATP synthesis (Houreld et al., 2012, Masha et al., 2013)
and NF-kB activation in H400 oral epithelial cell line (Milward et al., 2007). The
ATP5G2 gene which role is to encode ATP synthase (Masha et al., 2013)
demonstrated significantly increased levels of expression after 120s laser exposure.
Additionally, other genes; ATP5F1, COX6C, PPA1l, MAPK11l, NF-kB, NF-kB1E,
NDUFA11 and NDUFS7; were observed showing upregulated either by 100 or 120s
irradiation. The pattern of differential gene expression will allow further investigation

in order to elucidate the pathways involved in cellular response to irradiation.
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Activation of NF-kB and resulting gene expression changes may ultimately lead to
increase levels of cellular cytokine release, this was assessed using a known
surrogate marker of NF-kB activation and a key pro-inflammatory cytokine IL-8 by
ELISA. Using a commercially available ELISA kit, IL-8 was determined in media from
laser irradiated and stimulated by F. nucleatum and P. gingivalis, both bacteria
playing central roles in the pathogenesis of periodontal disease. IL-8 was significantly
upregulated in H400s irradiated for 120s following F. nucleatum stimulation [Figure
5.13 (a)] and downregulated in cells irradiated for 100s and stimulated with P.
gingivalis [Figure 5.13 (b)]. These differential response may be important in
developing a light based therapeutic strategy for managing periodontal disease and
further work is required to determine how light might act on the hyper inflammation

characteristic of the periodontal.

It was proposed that due to the narrow light beam generated by laser devices that
this may limit the number of cell that receive light exposure and may reduce any
cellular responses seen in a cell monolayer, i.e. laser beam is approximately 5mm
whereas the dishes used to culture cells was 35mm. However by using methylene
blue staining it appears to indicate that cells grow evenly across the cell culture plate

and are not just influenced by the laser beam diameter.

This chapter utilised a single wavelength laser (670nm) the prospect of what
influences different wavelengths of light would make was raised in subsequent
chapters the cellular influences of LED were determined as these offer a far wider

range of wavelengths than lasers.
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CHAPTER 6: H400 RESPONSES TO SINGLE LED

183



6.1 H400s responses following LED irradiation

6.1.1 Introduction

Following on from the previous chapter which investigated cellular responses to
irradiation by lasers, this chapter will investigate the effects generated in H400 cells
exposed to single LED irradiation. This work utilised an LED with a wavelength of
630nm and cells were irradiated for 90 and 181s (control was non-irradiated cells)
this equated to a radiant exposure of 0.5 and 1.0J/cm? respectively (see Section
3.2.1.3 and Table 2.6). Cell cultureware was placed at a distance above the LED of
33mm where the irradiance value obtained was 5.5mW/cm? (see Table 2.6). Both
single and double dosing experimental conditions were investigated in order to

optimise cellular responses (Section 2.2.3.2).

6.1.2 Results
H400s cells culture were irradiated 24h post-seeding and biological responses
examined by cell counting, MTT assay, NF-kB activation, gene expression and IL-8

detection. The results are presented as a percentage of the non-irradiated control.

6.1.2.1 Cell count

These data indicate an increase in cell growth following single dosing (90 and 181s)
at 3 days post irradiation and with double dosing (181s) at 5 days post irradiation,
using LED irradiation but they did not reach statistical significance (Figure 6.1). Data
for single dosing (90 and 181s) and double dosing (90s) showed no significant

differences compared to non-irradiated control (Figure 6.1 (b)).
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Figure 6.1: Effect of LED irradiation on H400 cell growth determined by cell counting
at (a) day 3 post irradiation for single dosing and (b) day 5 post-irradiation for single
and double dosing. Cells were irradiated for 90 or 181s at days 1 and 3 post-seeding.
Results are represented as a percentage of non-irradiated control. Results are mean
+ SD (n=4 in duplicate).
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6.1.2.2 MTT assay

MTT assay was performed on the same day as the cell counts were determined.
Results for day 3 post exposure (Figure 6.2 (a)) indicated an increase in
mitochondrial activity for both 90 and 181s LED irradiation, however these
differences were not significant. The MTT data generated on day 5 for single and
double dosing regimens was variable, with single 90s irradiation and double dosing
for 181s showing a reduction in MTT activity, whereas single dose of 181s and
double dose of 90s showed increases over the non-irradiated controls. These data

did however not reach significance.

6.1.2.3 NF-kB activation

Activation of NF-kB in H400 cells LED irradiated and stimulated with E. coli LPS was
assessed using immunocytochemical anaysis. Cells were grown on 4 well glass
slides and were irradiated for 191s (1J/cm? at a distance of 33mm) 1h before E. coli
LPS stimulation (20ug/ml). These results indicated the ability of E. coli LPS to
activate NF-kB as demonstrated by nuclear translocation. Exposure to LED in the
absence of E. coli stimulation did not show NF-kB activation. The use of LED
irradiation in cells exposed to E. coli stimulation did not alter the levels of NF-kB

activation (Figures 6.3 and 6.4).
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Figure 6.2: Cell counts at (a) day 3 for single dose and (b) day 5 for single and
double dose for culture irradiated for 90 and 181s at days 1 and 3 post-inoculation.
Results are mean £ SD (n=3 in duplicate).
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Figure 6.3: Photos of H400 cells irradiated for 181s (or with no irradiation) with
630nm LED (1J/cm?) 1h prior to E. coli stimulation for 1h (or non-stimulated control).
Cells were stained for NF-kB using immunocytochemistry (+ indicates with condition
and — means without) (Level of magnification - 20x).
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Figure 6.4: H400 cells irradiated and non-irradiated with 181s 630nm LED and
stimulated (or non-stimulated) for 1h with E. coli LPS. The percentage of NF-kB
activated cells was compared to control (non-irradiated and non-stimulated). X axis
labels relate to immunocytochemical images in figure 6.3 (n=2 in single). Results are
mean = SD. **p<0.001.
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6.1.2.4 PCR gene expression

As in previous chapter, gene expression changes following irradiation using the
single LED light source by PCR were determined for both single and double dosing
regimens. H400 cells were irradiated for 90 and 181s for both single and double
dosing and harvested at days 3 (single dose) and 5 (single and double dose). Data
generated for the single dosing regimen at day 3 post exposure (Figures 6.5 & 6.6)
indicated a number of changes in gene expression in comparison to the non-
irradiated control, there was also differences between the two irradiation times used.
Looking at the data for the majority of genes investigated increased irradiation time
resulted in a decrease in relative gene expression with the exception of COX6B2 and

NF-kB1E which showed a significant increase in gene expression.

Gene expression data generated for single and double dosing regimens at 5 days
post exposure (Figures 6.7 & 6.8) also showed variable results. In single dose
experiments 5 days post irradiation increased levels of gene expression were seen
with longer irradiation times (181s) in ATP5G2, ATP5F1, NF-kB, NDUFS7,
NDUFA11, with other genes showing reduced or unchanged levels of activation. For
double dosing experiments increased levels of gene expression were seen at the
longer exposure time point of 181s (in comparison to 90s) in COX6C, COX6B2, NF-
kB2, NDUFA11l, NDUFS7 and MAPK11l with other genes showing reduced or
unchanged levels. These results have the potential to help understand the pathways
that may be activated as a result of LED irradiation and will be fully discussed later in

this thesis.
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Figure 6.5: Expression level of genes of irradiated H400s with single dose 90 and
181s where the cells were harvested on day 3. Results are mean = SD (n=3 in
duplicate). *p<0.05, **p<0.01, ***p<0.001.
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Figure 6.7: Relative gene expression changes of irradiated H400 cells with single or
double dosing for either 90 or 181s. Cells were harvested on day 5. Results are
mean = SD (n=3 in duplicate). *p<0.05, **p<0.01, ***p<0.001.
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Figure 6.8: Representative gel electrophoresis image for gene expression following
LED irradiation utilising single or double dosing with an exposure time of 90 or 181s.
RNA harvested on day 5. Results are mean + SD (n=3 in duplicate).
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6.1.2.5 ELISA IL-8 detection following LED irradiation and bacterial stimulation

Previous data presented in this chapter suggested the inability of LED irradiation to
inhibit NF-kB activation in H400 cells stimulated with E. coli LPS, which is a known
activator of NF-kB and is therefore a useful control to ensure predicted cell
behaviour. However E. coli is not clinically relevant in periodontal disease, so two key
periodontal pathogens were utilised to determine pro-inflammatory cell activation via

IL-8 (a surrogate marker of NF-kB activation).

IL-8 levels of H400 cells stimulated (by F. nucleatum, P. gingivalis, or non-stimulated
control) and LED irradiated (or non-irradiated control) using a single or double dosing
regimen for 90 or 181s (0.5 and 1J/cm?) were examined on days 3 and 5 post

irradiation.

An initial standard curve was performed using standard controls supplied within the
manufacturer’'s kit (see Figure 5.11 for standard curve). Levels of IL-8 were
compared to non-irradiated and non-stimulated controls (Figures 6.9, 6.10 and 6.11)
results showed no statistically significant differences but some interesting trends

were noted and will be discussed later.

200



(@)

F. nucleatum stimulation
100 -

(0]
o
1

% absorbance change
(450-570nm)

Exposure time (s)

(b)

P. gingivalis stimulation

20 -
10 -

o
|

(450-570nm)
N
o

% absorbance change

Exposure time (s)

Figure 6.9: Diagram shows the relative changes in IL-8 production normalised to
control for single dose LED irradiation with supernatant harvested at day 3. Results
are mean = SD (n=3 in single).
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double dose LED irradiation from supernatants harvested on day 5. Results are
mean £ SD (n=3 in single).
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6.2 Discussion

LED irradiation of H400 cells were performed utilising a similar experimental protocol
to the laser experiments of the previous chapter, where the distance between LED
and cell monolayer was 33mm. H400 cell were LED irradiated for either 90 or 181s
(0.5 and 1J/cm? radiant exposure respectively), using both single and double dosing
regimens. All data is presented as percentage of change compared to negative

control.

The radiant exposure is an important parameter in irradiating cells and determination
of the optimal value is central to ensuring delivery of a photostimulatory effect.
Indeed excess radiant exposure can result in bioinhibitory effects (Barolet 2008).
Pilot experiments were undertaken and described in Appendix 2, these indicated that
irradiation of 90 or 181s which equates to 0.5 or 1J/cm? radiant exposure respectively
in either a single or double dose protocol should be used in further experiments.
Figure 6.1 presents the cell growth data for H400 cell cultures irradiated by LED at
33mm distance between the device and the cell monolayer. Day 3 (24h post-
irradiation) cell counts with both experimental conditions showed increased cell
number compared to non-irradiated controls whilst the cell count on day 5, showing
the percentage was less for single dose 90 and 181s and double dose 90s but
greater for double dose 181s. However, these data did not research statistical
significance. MTT assay results demonstrated a similar pattern to the cell count data.
MTT detection on day 3 was higher than control for 90 and 181s irradiation. MTT
levels were greater for single dose 181s and double 90s irradiation on day 5 but this

was non-significant.
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Investigation of NF-kB activation in H400s cells LED irradiated for 181s (1J/cm?)
revealed that levels of activation was significantly higher in cells stimulated with E.
coli LPS in the presence or absence of irradiation (Figure 6.3 and 6.4) (p<0.001). The
181s exposure time was chosen to perform this experiment based on the previous
results from cell counts and the MTT assay even though the results obtained did not
show significant different. It was also important to note that LED irradiation did not
appear to stimulate NF-kB activation in the experimental conditions used. These data
suggest that LED irradiation might not stimulate or inhibit activation of NF-kB in the

parameters used in this experiment.

The downstream consequences of NF-kB activation is changes in gene expression
so PCR was used to identify differential gene expression by investigating genes
potentially closely associated with the mechanisms that deliver cellular changes post
irradiation i.e. genes associated with NF-kB activation and cell respiratory function
(i.,e. ATP synthesis). Cells were investigated at 2 specific time points day 3 post
single dose irradiation and day 5 for single and double dose experiments. Both of
these conditions used 90 and 181s exposure times to be consistent with previous
experiments. For the first time point (3 days single dosing), most of the genes,
ATP5F1, COX6C, PPAl, MAPK1l1l, NF-kB, NF-kB1E, NF-kB2, NDUFA11 and
NDUFS7 were upregulated in cells irradiated with 90s exposure time (0.5J/cm?)
(Figure 6.5). This differed slightly in comparison to cell counts and the MTT assay

where cells irradiated for 181s with a single dose produced a better response.
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Results from the second time point, double dosage regime (Figure 6.7) showed more
genes upregulated than those found utilising a single dose. The decision to
investigate double dosing with LED irradiation was based on the studies of Li et al.,
(2010), which published data indicating that double dosing regimens can significantly
increase the proliferation rate of mesenchymal stem cells (MSCs) compared with a
single dose irradiation. This study also suggested that the cellular effect of the red
LED exposure were more obvious at low seeding cell density (Li et al., 2010).
Another study found that double dosing with 60s (224mJ/cm?) using a red LED at
days 1 and 4 on dental pulp cells (DPCs) described significant increases in cell
growth, proliferation rates associated with increased ATP, nitric oxide (NO) and
mitochondrial metabolic activity compared with a single dosing regimen (Holder et al.,

2012).

A pro-inflammatory cytokine, IL-8 was detected using ELISA upon stimulation with F.
nucleatum or P. gingivalis and LED irradiation. Interestingly, IL-8 production was
higher in cells irradiated with double dose for 90 and 181s after stimulation with P.
gingivalis, but not with F. nucleatum (Figure 6.11) however this was not statistically
significant. Milward et al., (2012) demonstrated that IL-8, a surrogate marker of NK-
KB activation was increased in epithelial cells after stimulation with P. gingivalis and
F. nucleatum where highly significant of IL-8 secretion following F. nucleatum

stimulation (Milward et al., 2012).
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A number of studies have shown significant increases in cell proliferation and up-
regulation of cell processes post LED irradiation in a wide range of cell (AIGhamdi et

al., 2012, Karu 2010, Holder et al., 2012).

It has been proposed that light delivered at appropriate doses will interact with the
mitochondrial membrane following absorption by chromophores (Karu 2010, Oliveira
et al.,, 2011, Huang et al., 2009). The concept of biphasic dose response indicates
how important dose delivery is (Huang et al., 2009, Chung et al., 2012). Indeed a
wide variety of studies have indicated that if light is delivered at sufficient dose and at
the correct wavelength it produces downstream cellular effects (Schindl et al., 2003,
Holder et al., 2012, Oliveira et al., 2011, Lizarelli et al., 2007, Chang et al., 2013,
Sgolastra et al., 2013). However it is not always easy to compare the results of
previous studies as the majority of them fail to adequately measure or report the
parameters used in light delivery (Oliveira et al., 2011) or even the source of light

used.
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CHAPTER 7: H400 RESPONSES TO 1°" GENERATION LED ARRAY

IRRADIATION
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7.1  HA400 cell responses upon 1% generation LED array irradiation

7.1.1 Introduction

Previous chapters, 5 and 6 describe the H400s responses on laser and LED
irradiation which were limited to two specific wavelengths reported in the literature as
showing efficacy in enhancing cell proliferation i.e. 670 and 630nm. Although LED
devices could be developed to investigate other wavelengths using the same
experimental protocols as used in Chapter 6, this would be time consuming.
Therefore ways of screening a wide range of wavelengths was sort. It was decided to
develop 96 well plate based LED arrays in order to allow high throughput screening

of multiple wavelengths and to identify optimal parameters for each cell type.

As a result a 1% generation array was developed by Dr M.A.Hadis member of
Birmingham Photobiomodulation Research Group in conjunction with Electrical
Engineering, University of Birmingham. This initial device utilised a series of
wavelengths, 625, 650, 660, 670, 690, 780, 800, 810, 820 and 830nm (Figure 2.3).
One of the challenges in developing this device was prevention of light contamination
between wells, in order to overcome this issue the array included a black walled
collimator and experiments used 96-well black plates to minimise this issue. Initial
experiments to determine the optimum radiant exposure are described in Appendix 3.
Each row of LED’s at a specific wavelength has a different irradiance and in order to
obtain the radiant exposure the exposure time for each wavelength was varied in
order to deliver 2, 5 and 10J/cm? radiant exposure for single and double dosing

regimens (see Table 2.7). For single dosing studies cells were irradiated 24h post
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seeding, whilst for double dosing the cells received further irradiation 24h after first
light exposure. Due to the small media volume and relatively few cells (in comparison
to larger 35mm dishes used in previous experiments) and some initial pilot work
which indicated the inaccuracy in cell counts it was decided to measure MTT as a

indicator of cell number and to allow for high throughput screening.

7.1.2 MTT assay
MTT assay was performed to determine the H400 cell responses 24h post single and
double irradiation utilising the 1% generation array. The graphs presented indicate

percentage MTT increase compared to un-irradiated controls.

These results showed considerable variation between the different wavelengths
investigated and the different radiant exposures used. For the majority of parameters
tested light exposure has caused an across the board increase in MTT activity
compared to non-irradiated controls, with the exception of 830nm 2J/cm? single and
double dose, 780nm 5J/cm? single dose, 830nm 5J/cm? double dose, 830nm
10J/cm? single dose and 670nm 10J/cm? double dose which all produced slightly
reduced levels of MTT in comparison to controls. For 2J/cm? single dose for the
range of wavelengths tested none of the increases in MTT reached significance
although peaks were seen around 625nm, 780nm, 810nm and 820nm. For 2J/cm?
double dosing a significant increase was noted at 670nm. In the experiment using
5J/cm? radiant exposure and single dose again there were no significant increases,
however peaks were seen at around 670nm, 690nm and 820nm. It was also noted

with these experimental parameters that little change in MTT was detected at 650nm,

210



780nm and 830nm. Using double dosing at 5J/cm? also produced increases but not
significant differences over non-irradiated controls, however peaks were seen at
around 660nm, 690nm and 800nm, with 780nm and 830nm showing little difference
in MTT over non-irradiated controls. When the experimental conditions were changed
to deliver a radiant exposure of 10J/cm? a number of significant changes in MTT
production could be seen, for single dosing significance was reached for 660nm,
670nm and 690nm, with maximum MTT change over control seen at 660nm. For

10J/cm? double dosing significant changes were seen at 650nm and 780nm.

So from these experiments using the range of wavelengths, radiant exposures and
dosing regimens the conditions that show significant increases in MTT over non-
irradiated controls are 670nm double dose 2J/cm? 660, 670, 690nm single dose

10J/cm?; and 650 and 780nm double dose 10J/cm>.
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Figure 7.1: MTT levels in H400 cells exposed to LED array at 2J/cm? radiant
exposure (a) single dose (n=5) and (b) double dose (n=4 in duplicate). Results are
mean * SD. *p<0.05.

212



(a) single dose-5J/cm?

20

15

'_\
ol o

% MTT change
B
o a1 o

N
(6)]

(b) double dose-5J/cm?

625 650 660 670 690 780 800 810 820

30
25
20

[
(93]

[
o

% MTT change
=
o 01 O O

N
(6)]

625 6%0 660 670 690 7¢

Wavelength (nm)

Wavelength (nm)

I
830

Figure 7.2: MTT levels in H400 cells irradiated with LED array (a) single and (b)
double dosing at a radiant exposure of 5J/cm?. Results are mean + SD (n=4 in
duplicate).
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Figure 7.3: MTT levels in H400 cell irradiated with LED array at a radiant exposure of
10J/cm? in (a) single and (b) double dose regimes. Results are mean + SD (n=4 in
duplicate). *p<0.05, **p<0.01.
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7.2 ROS detection of H400s by chemiluminescent Luminol

Irradiated H400 cell culture was examined for the level of ROS production using
Luminol as describe in section 2.2.4.6.1. It was aimed to look at the level of
production of ROS in H400 cells upon irradiation, however, the result showed
unstable peaks for all conditions as illustrated in Figure 7. 4. Due to the results
obtained, this approach may not be the best to assess the production of ROS in cell

culture.
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Figure 7.4: ROS level detection by Luminol upon 1% generation LED irradiation.
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7.4  Discussion

This type of LED array has different irradiance value for each individual wavelength
(Table 2.7) therefore in order to deliver radiant exposures of 2, 5 and 10J/cm? the
exposure time needed to be adjusted for each wavelength in order to deliver the
required radiant exposure. During irradiation, each LED for individual wavelength
was switched on for a calculated time period (Table 2.7). The range of radiant
exposures used (2, 5 and 10J/cm? was determined based on preliminary
optimisation experiments (see Appendix 3). Double dosing was investigated as the
literature indicated efficacy for example Li and colleagues (2010) illustrated double
dosing using red LED increased rat bone marrow mesenchymal stem cell
proliferation in comparison to a single dosing regimen with double at a radiant
exposure of 2J/cm? triggered more proliferation and cytokine production (Li et al.,
2010). Another study by Wang et al., (2015) observed significant wound healing in rat
gingival fibroblasts when irradiated with 660nm LED light source at 5J/cm?®. These

papers and initial pilot data support the irradiation parameters used in this thesis.

The use of LED arrays allows the rapid screening of a number of wavelengths at one
time to determine optimal irradiation parameters for a particular cell type. However
this method for screening cells has limitations. From the data it can be seen that
there is considerable variability as seen by the error bars which can limit
interpretation of data. There are potentially a variety of reasons for this variation
including (a) the small volumes of media used in each of the micro wells, resulting in
small errors in pipetting have potentially large downstream effects, (b) errors in initial

cell seeding density would also potentially lead to similar errors.
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The LED array also has problems in terms of the different irradiance each
wavelength delivers requiring adjustment in exposure time to deliver a particular
radiant exposure. Therefore it was decided that further refinement of the LED array
was required to produce a multi-wavelength array with all wavelengths delivering the
same irradiance thereby allowing a single exposure time to be used for all

wavelengths in order to deliver a particular radiant exposure.

The following chapter describes the use of a second generation array delivering

standardised irradiance.
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CHAPTER 8: H400 AND NEUTROPHIL RESPONSES TO 2"° GENERATION LED

ARRAY IRRADIATION
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8.1 H400s responses

8.1.1 Introduction

This chapter describes the responses of H400 cells and primary neutrophils following
LED irradiation using the 2" generation array. This second generation array was
designed to overcome the issues with non-standard irradiance delivered by the first
generation array which required alteration of exposure time for individual
wavelengths in order to control radiant exposure. This 2" generation array had a
standard irradiance of 24mwW/cm? for each of the wavelengths used i.e. 400, 450,
525, 660, 740, 810, 830nm, in addition a white LED was included which generated a
mixture of wavelengths. The first part of this chapter will report on H400 responses

and the second on primary neutrophil responses.

8.1.2 Results

As with previous experiments a number of key biological markers were used to
investigate H400 cell responses, i.e. MTT assay, BrdU assay, and cell counts.
Another potentially interesting biological marker was added for this series of
experiments i.e. ROS production, due to its importance in cell signalling / activation of
an inflammatory response and its role in local tissue damage when found in excess
in the periodontal lesion. ROS production was detected using CM-H,DCFDA. Results
are presented as a percentage increase in comparison of non-irradiated controls,

with the exception of ROS production which used relative units.
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8.1.2.1 MTT assay

Comparison between non-irradiated and irradiated H400 cells were examined
following irradiation for 30, 60, 120, 24 and 480s (n=5) (Figure 8.1 a, b, ¢, d and e,
respectively). These data show significant increases in MTT production for each of
the irradiation time points used but there is variation in the wavelengths that deliver
this increase for each time points. At 30s significant increases were seen for 400,
660, 740 and 810nm (largest increase). For 60s irradiation significant increases were
seen for 450, 660nm and the white LED. At 120s irradiation of H400 cell significant
increases in MTT were seen at 450, 525nm and white light. At an exposure time of
240s 525nm showed a decrease in MTT with significant increases seen for 740 &
810nm. Following 480s exposure 400nm showed a non-significant reduction in MTT
compared with controls and a significant increase at 660nm. The most common
wavelength to show an increase in MTT in these experiments were 660nm, 740nm,

450nm and white light.
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(e) single dose-480s
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Figure 8.1: Single dose irradiation for (a) 30s (b) 60s (c) 120s (d) 240s (e) 480s.
Data presented as percentage of MTT increase on day 2 (24h following irradiation)
compared to the non-irradiated control. Results are mean + SD (n=5 in duplicate).

*p<0.05, ***p<0.001.
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8.1.2.2 BrdU assay

BrdU levels were measured and represented as a percentage of the non-irradiated
control. Following initial high throughput screening of H400 cells for MTT a number of
significant results were obtained from these it was decided to look at BrdU levels
using one of the exposure time points (480s). This exposure time was chosen to
further analysis with BrdU and later cell count due to consistent MTT result obtained
compared to other time point. Data generated from this experiment showed a
significant increase of BrdU in H400 cells exposure to 660nm, this was the same

wavelength that produced a significant increase in MTT (Figure 8.2).

40

30 -

g

= 20 1

(7]

3

S 10 -

°©

mO' T T T T T T T
=S 400 450 525 660 740 810 830  white
_10_

_20_

Wavelength (nm)

Figure 8.2: Percentage increase in BrdU positive H400 cells irradiated for 480s using
the 2" generation LED array. Results are mean + SD (n=6 in single). *p<0.05.
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8.1.2.3 Cell count

Following on from the initial high throughput screening using MTT and the results
obtained for BrdU following an exposure time of 480s cell counts were performed on
H400 cells. Results demonstrated a similar trend to both MTT and BrdU data with
660nm showing a significant increase in cell number when compared to non-
irradiated controls. These data also indicated that cells irradiated at a wavelength of

525nm showed a significant increase in cell number (Figure 8.3).

**

(o] [0}
o o
1 ]

*

IN
o
1
—
—_

o
—
_|

% cell count change
N
o
1
—

N
o
1

A
[S)
L

Wavelength (nm)

Figure 8.3: H400 cell counts following 2" generation LED irradiation for 480s.
Results are expressed as a percentage of control. Results are mean + SD (n=6 in
double). *p<0.05, **p<0.01.
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8.1.2.4 ROS detection using CM-H,DCFDA

Levels of ROS were determined in H400 cells 1, 2 and 4h post irradiation (Figure 8.4
a, b and c). ROS was determined using CM-H,DCFDA (see Section 2.2.4.6.2). After
1h irradiation for 480s significant increases in ROS production were seen for 400,
450nm and white light. At 2h post irradiation significant increases were seen at
400nm and white light, however at 4h no significant changes over non-irradiated
control were seen. For all 3 time points investigated there was a similar trend in ROS

production for the different wavelengths investigated.
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(c) 4h post 480s
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Figure 8.4: ROS production at (a)1h, (b) 2h and (c) 4h post 480s (11.6J/cm?)
irradiation with 2" generation LED array. AFU: Arbitrary fluorescence units. Results
are mean = SD (n=4 in duplicate). *p<0.05, **p,0.01.
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8.1.2.5 IL-8 production from stimulated H400 cells following irradiation

To investigate IL-8 production, ELISA was performed on media which was isolated
from stimulated/non stimulated H400 cells exposed to 2" generation LED array in
comparison to non-irradiated controls (see Section 2.2.7). Data generated from this
experiment indicated that irradiation appeared to have differential responses in terms
of IL-8 production. In non-stimulated cells light irradiation resulted in reduction of IL-8
production at wavelengths 660, 740, 810, 830nm and white light (Figure 8.5 (a)). For
cells stimulated with F. nucleatum reductions in IL-8 production were seen at 400,
660, 810nm and white light, increases in IL-8 were seen at 450 and 830nm (Figure
8.5 (b)). When H400 cells were stimulated with P. gingivalis reductions in IL-8 were
seen at 400, 525, and 660nm, with increases at 740, 830nm and white light (Figure

8.5 (c)). The data presented here did not reach statistical significance.
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(c) stimulated-P. gingivalis
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Figure 8.5: Percentage of IL-8 absorbance in H400 cells in comparison to non-
irradiated controls. Cells were irradiated for 480s using the 2" generation LED array;
(a) non-stimulated (b) stimulated with F. nucleatum and (c) stimulated with P.
gingivalis. Results are mean + SD (n=3 in duplicate).
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8.2 Neutrophils responses

8.2.1 Introduction
This experiment aimed to determine the effect of light irradiation using the 2™
generation array on neutrophil ROS production. This experiment used primary

neutrophils harvested from healthy volunteers.

8.2.2 Results

ROS generation was assessed using a chemiluminescent assay (2.2.5.1) using
Luminol, isoluminol and lucigenin for total ROS, extracellular ROS and superoxide,
respectively. The assay used was supplemented by another assay (CM-H,DCFDA)
(2.2.5.2) to determine ROS production that was previously utilised to determine ROS
production in H400 cells. Cell viability was also determined using an LDH assay

(2.2.5.3).

8.2.2.1 Chemiluminescent ROS detection

Following neutrophil isolation and 480s LED array irradiation (11.6J/cm?), ROS was
analysed over a time-course of 180min following PMA stimulation. Results indicated
that ROS production peak was seen in the non-irradiated controls with the lowest
level seen in the neutrophils exposed to 660nm (Figure 8.6 (a)). Extracellular ROS
release which was determined using isoluminol generated the biggest signal for ROS
production approximately 30min following PMA stimulation, again the non-irradiated
controls showed highest levels of ROS production and white light the lowest (Figure

8.6 (b)). Subsequent to PMA stimulation and irradiation, superoxide generation was
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measured by lucigenin, again the non-irradiated controls showing highest levels of
superoxide generation (Figure 8.6 (c)). Results are presented as relative light units
(RLU). Statistical analyses were carried out for these three different assays using the
highest peak of every curve. There was no statistically significant different of total

ROS, extracellular ROS and superoxide.

8.2.2.2 CM-H,DCFDA ROS detection

The quantification of ROS production following 480s (11.6J/cm?) using the 2™
generation LED array and PMA stimulation which were quantified using the CM-
H.DCFDA assay indicated that ROS were gradually increased between upon
stimulation, 10, 20, 30 and 60min after PMA stimulation (Figure 8.7). This level of
ROS productions by PMA stimulation was compared with un-stimulated ROS which
utilising PBS. The ROS produced lower in PBS. The result of this assay differed from
the result of chemiluminescent assay where the ROS level increased in 30min.
These result data of ROS detection by CM-H,DCFDA showed no significant
differences at all time points and wavelengths when compared to non-irradiated

control. Data is presented as arbitrary fluorescence units (AFU).
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(c) superoxide
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Figure 8.6: Real-time production of ROS production following irradiation (or non-
irradiation — negative control) for 480s (11.6J/cm?) with 2" generation LED array (a)
total ROS production (b) extracellular ROS production (c) superoxide production.
RLU: relative light units (data presented in mean RLU, n=3 in duplicate).
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(c) 20min after PMA
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(e) 60min after PMA
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Figure 8.7: ROS release detection using CM-H,DCFDA ROS detection marker. Plate
was read at (a) 0, (b) 10, (c) 20, (d) 30 and (e) 60min upon PMA added. AFU:
Arbitrary fluorescence units (Data presented in mean AFU, n=3 in duplicate).
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8.2.2.3 LDH assay

This assay was used to determine any effects of irradiation on neutrophil viability,
increases in LDH (lactate dehydrogenase) correlate with cell damage. The data
generated showed no significant difference in LDH levels between non-irradiated and
irradiated neutrophils, however there was a suggestion that the wavelengths used
(apart from 400nm and white light) showed reduction in LDH release possibly

suggesting that irradiation was increasing cell viability (Figure 8.8).
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Figure 8.8: LDH release from neutrophils irradiated with the 2" generation array (or
non-irradiated control) for 480s (11.6J/cm?). Results are mean + SD (n=6 in
duplicate).
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8.3 Discussion

The 2" generation LED array was developed as a further refinement of 1%
generation LED array. This new array was able to deliver a standard irradiance value
for each wavelength used (24mW/cm?). This new array was used to investigate H400
cell and neutrophil responses following irradiation in comparison to non-irradiated
controls. Both these cell types have an important role in the periodontal lesion.
Epithelial cells having both barrier and pro-inflammatory roles and neutrophils
exhibiting hyperactivity with respect to ROS production in patients with periodontitis.

The ability to use light to modulate these responses may offer therapeutic benefits.

By irradiating H400s for 30, 60, 120, 240 and 480s using the 2" generation array this
delivered radiant exposures of 0.7, 1.5, 2.9, 5.8 and 11.6J/cm? respectively.
Irradiation on neutrophils was undertaken using 480s time point only. Initial
experiments indicated that one of the light parameters warranting further
investigation was a wavelength of 660nm wavelength for 480s (11.6J/cm?) this was

therefore further investigated using different biological readouts.

Luminol, isoluminol and lucigenin signals in irradiated neutrophils demonstrated
attenuated total ROS production, extracellular production and superoxide,
respectively relative to non-irradiated control using PMA priming. A study by Fujimaki
and co-workers (2003) reported on neutrophil ROS level in smoker and non-smokers.
The result suggest that LLLT under certain conditions may have the ability to supress
neutrophil ROS production in smokers and non-smokers (after longer incubation

upon irradiation) where suggesting primed neutrophils in smokers may not be
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amended to produce higher amount of ROS by irradiation whilst LLLT primed
neutrophils in non-smokers (Fujimaki et al., 2003). These data in total may suggest
that LLLT may be able to beneficially modulate two important cell types in periodontal
disease thereby offering the possibility of developing new LLLT based treatment
regimens. However further investigation of H400 cell and neutrophil biological
responses are required to elaborate optimal irradiation parameters for maximise

patient benefit.
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CHAPTER 9: GENERAL DISCUSSION
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9.1 Introduction

This thesis proposed a role for low-level light therapy in modulation of epithelial cells
and neutrophils in periodontal disease, by promoting healing and modulating
inflammation. A number of stages were required to investigate this premise starting
with an area that is often overlooked and inadequately research in a large proportion
of the literature i.e. accurate and appropriate light characterisation to ensure correct
dosing at a cellular level. This thesis goes on to investigate biological response
initially using single light sources then to development of high throughput technology
to allow screening on multiple light and biological parameters. All of which will
elaborate on optimal conditions to deliver maximum biological and potential clinical

benefit.

9.2 Parameters of light sources

As mentioned on several occasions light characterisation is often overlooked or
utilises inappropriate/inadequate methodologies or misuses light characterisation
terminology (Hadis et al., 2016). Many reports have reported a ‘biphasic dose
response’ for in vivo and in vitro experiments, resulting in the potential to miss the
‘therapeutic window’ and thereby provide no biological benefit, but importantly
delivering no harm. It is therefore essential to identify the correct ‘dose’ to deliver
optimal biological benefits. The Arndt Schulz model seen in Figure 9.1 suggests that

insufficient or excess dose provides no benefit (Huang et al., 2011).

The results presented in this thesis utilised well established and widely agreed

criteria for light source characterisation including measurement of wavelength,
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irradiance and beam profile which allows calculation of radiant exposure (Hadis et al.,
2015, Palin et al., 2015). Each light source used including the 670nm laser, 630nm
LED and the 1% and 2™ generation LED array were successfully characterised and

important radiometric data obtained.

Another key parameter often overlooked is changes in temperature in the target cells
during irradiation, some authors suggested that the effects of LLLT on temperature
change was minimal and no significant effect on biological responses (Basford 1986,
Basford 1995, Lee et al., 2006, Hadis et al., 2015). Controlling for temperature
changes in LLLT is problematic, experiments conducted in this thesis aimed to
determine the relevance of any changes in temperature in the experimental protocols
used. Data suggested that temperature changes were small and were not
responsible for the biological responses seen. In addition experimental conditions
were designed wherever possible to minimise the possibility of temperature
increases in the target cells, examples include increasing the distance from the light
source to the cell monolayer and reducing exposure time. These findings were in
agreement with findings published in 2015 which suggested temperature changes
were minimal and were not responsible for the biological effects seen (Hadis et al.,

2015).
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3D Arndt Schulz model to illustrate 'dose sweet spot’

Too much power density and / or time may lead to inhibition

Figure 9.1: The Arnold-Schulz 3D model proposing a biphasic dose response for
LLLT where optimal balance between radiant exposure (energy density) and time
produces beneficial effect (Huang et al., 2011). The diagram is adapted from Huang
et al., 2011.
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The temperature experiments revealed that light affecting cells by irradiation, not by
the temperature produced from the light. Maintaining stable temperature during
irradiation is important to minimise any potential influence of cellular response due to
raised temperature rather than as a direct effect of light. The experiment performed
investigated temperature changes following removal of cell culture vessel from
incubator (37°C) and then irradiating cells (this mimics the experimental protocol
used throughout this thesis). In the case non-irradiated control was included. These
data indicated a small change in temperature and it is believed that the minimal
increase in temperature from the laser, single LED or 1% generation LED array was
unlikely to affect cell growth. This is because even though the temperature rose
during exposure, it didn’t reach the optimal temperature for cell growth (37°C) with
cells that remained at this temperature not demonstrating increased cellular activity
when compared to irradiated cells (Figure 3.6, 3.7, 3.8 and 3.9) either met the
optimum temperature for cell growth or below the temperature which is 37°C.
Therefore, the minimal heat produced by light source is unlikely to be a factor in any
increase cell proliferation rate. As observed in Figure 3.7 and 3.8, the temperature
rise was less than 5°C. The temperature of cell culture slightly dropped upon taking
out from the incubator to the bench for irradiation. Therefore, a slight increase of
temperature during irradiation will tailor the culture to the essential temperature

condition.

9.3 Epithelial cells proliferation

During this thesis a number of biological markers of cell proliferation were utilised to

investigate irradiation responses. Ki-67 is a protein which is expressed during active
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cell proliferation i.e. during cell cycle phases; G;, S, G, and mitosis but is not
expressed in resting cells (Gy), this therefore makes it a useful marker of proliferating
cells (Scholzen & Gerdes 2000). Another measure of cell proliferation is the BrdU
assay which determines BrdU incorporation into replicating DNA. Staining of
irradiated H400s showed significantly higher incorporated BrdU detection following
6s (10J/cm?) laser (Figure 5.5) and 480s (11.6J/cm?) 2" generation LED array
irradiation (Figure 8.2). A further measure of cell proliferation is the MTT assay, this
measures mitochondrial metabolic activity at short time points but a longer time

points is used as a surrogate marker of cell number and viability (Sylvester 2011).

Assessment of MTT during this thesis showed significant increases in H400 cells
irradiated for 120s (41J/cm?) using the laser (Figure 5.4), single and double dosing
using a radiant exposure of 10J/cm? using the 1% generation LED array at a number
of wavelengths (Figure 7.3). Furthermore, the MTT absorbance significantly
increased following irradiation between 30-480s (0.7-11.6J/cm? radiant exposure) at

a range of wavelength using the 2" generation LED array (Figure 8.1).

In addition, cell count data demonstrated relatively increase by 660nm 11.6J/cm?
(480s) 2" generation LED array irradiation (Figure 8.3). Also H400s irradiated by 100

and 120s laser (Figure 5.2).
While looking at H400s responses, the confluent H400 cell monolayer might produce

excessive cell growth and lead to nutritional deficiency of supplemented growth

media, and acidic pH and waste product accumulation, which all have a detrimental
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effects effect on cell survival. These destructive factors should be avoided to prevent
cell death and to have active cell growing (Milward 2010) to further examine the
effect of light. The developed model systems of H400 cells which have been well
characterised offer a useful study model and subsequent findings may have

application in future dental treatment (Milward 2010).

All these data support the promise that LLLT using lasers or LED has the potential to
enhance cell growth in H400 oral epithelial cells, however there is considerable
differences in results with different wavelengths and radiant exposures, so further
work is required to determine optimal conditions that could be translated into clinical

use.

9.4  Activation of NF-kB

NF-kB translocation is a well-recognised marker of pro-inflammatory cellular
activation. This thesis demonstrated activation of NF-kB following stimulation with E.
coli LPS as widely reported in the literature, the introduction of irradiation with single
LED light source at a wavelength of 630nm for 181s (1J/cm?) did not significantly
change NF-kB activation either in unstimulated or E. coli LPS stimulated cells
(Section 6.1.2.3). The ability of LLLT to activate NF-kB as determined by
immunocytochemistry staining was not seen in this study, however there are
limitations in measuring cell activation by cell counting due to subjectivity of

determining activation of NF-kB resulting in poor sensitivity of this technique.
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A published study by Chen et al., (2011) investigating activation of NF-kB via ROS in
mouse embryonic fibroblasts following laser irradiation (810nm) showed significant
activation of NF-kB with light exposure (Chen et al., 2011). So further work is
required to screen other wavelengths and radiant exposures as well as using more

sensitive measures of NF-kB activation.

9.5 Gene expression

Following NF-kB translocation to the nucleus (activation), a number of gene
expression changes are initiated. NF-kB, a transcription factor for many genes, is
involved in cell regulation and activated by ROS which has been found to be
important in cell signalling pathways (Chen et al.,, 2011).Gene expression following
laser and single LED were investigated and showed a number of interesting and
significant changes. Genes ATP5G2 [subunit C2 (subunit 9)], ATP5F1 (subunit B1),
COX6C (cytochrome c oxidase subunit Vic), PPA1 [pyrophosphate (inorganic) 1],
MAPK11 (Mitogen-activated protein kinase 11-isoform of p38 MAPK), NF-kB, NF-
KB1E, NDUFA11l [nicotinamide adenine dinucleotide (NADH) dehydrogenase
(ubiquinone) 1 alpha subcomplex, 11] and NDUFS7 [NADH dehydrogenase
(ubiquinone) Fe-S protein 7] showed increases in gene expression following laser
irradiation while LED showed significant upregulation of ATP5F1, COX6C, PPAL,
MAPK11 and NDUFS7. These data support the proposed mechanism for LLLT
effects i.e. increasing cytochrome c oxidase activity and electron transport chain
(ETC) resulting in increased in ATP synthesis (Masha et al., 2013, Wong-Riley et al.,

2005, Karu & Kolyakov 2005).
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There is evidence demonstrating LED irradiation decreased expression of pro-
inflammatory cytokine, interleukin-8 (IL-8) where it increased when stimulated by P.
gingivalis LPS (Choi et al., 2012). This report supported the IL-8 expression result
assessed by ELISA. Despite not significantly different, IL-8 was decreased in most of
wavelengths irradiation in un-stimulated and stimulated H400 cells. Thus, it may be
suggested that LED irradiation inhibit IL-8 release and potentially as an anti-

inflammatory treatment management.

9.6 Human neutrophils

Level of neutrophil release is elevated in periodontitis patients to counter act the
infected bacteria. Change of neutrophils production following light irradiation is yet
elucidated. It is beneficial to explore the association between neutrophils production
level and irradiation which may suggest an anti-inflammatory response. Experiment
on neutrophils by chemiluminescense assay illustrated ROS release of un-irradiated
neutrophils was demonstrated higher than irradiated and this finding showed that the
irradiation might decrease production of ROS. Peripheral blood neutrophils produced
higher levels of ROS in chronic periodontitis, furthermore underlying role of

neutrophils in periodontology pathogenesis (Matthews et al., 2007).

9.7 Future work

The findings observed in this study suggest the potential for low-level light therapy on
enhancing epithelial growth and modulating neutrophil ROS production which may
have efficacy in the management of periodontitis. This thesis has delivered some

interesting results but more work is required to fully understand optimal conditions
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required in periodontal disease. Details such as wavelength and radiant exposure

need further refinement before the full translational benefit can be realised. Potential

future work will include:

The present study was performed using H400 cells an oral epithelial cell line,
future work will investigate other key periodontal tissue cells including fibroblasts
and osteoblasts which may respond to different wavelengths and radiant
exposures. Indeed Vinck and colleagues (2003) previously showed an increased
fibroblast proliferation rate in cultures irradiated by LED (Vinck et al., 2003). A
further study described similar finding in cultured gingival fibroblast (Almeida-
Lopes et al., 2001, Basso et al., 2012). This study has used an immortal cell line
as a model of periodontal epithelium although widely characterised and used in
this context it would be interesting to look a primary cells harvested from healthy

and periodontal disease patients.

The LED arrays are a reliable light source to high throughput screen cellular
responses, they utilise 96 well plates, however due to the limited number of cells
present in each well it is difficult to harvest sufficient RNA to perform gene
expression analysis. Methods of overcoming this should be investigated, one
such method would be the use of gene arrays or upscaling the arrays for use on

24 or 48 well plates may result in sufficient cells for gene expression analysis.

Currently all experiments were performed on epithelial monolayers, this model

system could be improved to better mimic the in vivo situation. This could be
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achieved by the use of 3D organotypic systems and the introduction of mixed cell

systems to help determine effects on cellular interaction.

e Once sufficient data is available to determine optimal irradiation parameters then
it is proposed that efficacy could be determined initially in an animal periodontal
disease model and ultimately in a human clinical trial following development of an
approved prototype device. The ultimate outcome would be translation into a new

therapeutic device to assist in the management of periodontal disease.

9.8 Concluding remarks

This thesis reports the investigation of low-level light irradiation in epithelial model
system and the effects on primary neutrophils. The results obtained illustrate that
low-level laser and LEDs have the capacity to stimulate and enhance cell
proliferation, trigger gene expression changes and decrease ROS production which
could play a vital role in reducing the excess inflammation and promoting healing in
the periodontitis patients. Periodontal therapy has changed little in the last 60 years
and it is proposed that low-level light therapy may offer potential as an adjunctive

therapy in managing this prevalent disease.
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1. Optimisation of radiant exposure for laser irradiation

A pilot experiment was performed in order to optimise the radiant exposure (section
2.2.1.2) for subsequent laser irradiation. Initially, 60s exposure time was used at a
distance at Omm from the culture plate. The radiant exposure (dose) was calculated
(Table 2.5) and this indicated that 60s irradiation at Omm distance between laser and
cell culture dish, resulted in a radiant exposure of 107J/cm?®. Initial results of
107J/cm? radiant exposure suggested a modification was required in laser dosage
(radiant exposure) to optimise the biological response. Therefore subsequent
experiments were performed using a reduced radiant exposure of 71J/cm? (which
equates to 40s exposure time). These initial experiments allowed further refinement
of the experimental protocol resulting in the use of a radiant exposure of 53J/cm?
radiant exposure (30s). All these light exposures were performed 24h post cell

seeding.

Following these pilot studies which aimed to determine the optimal light exposure
conditions, the next set of experiments aimed to optimise the number of cells
receiving light exposure during the irradiation. This was initially attempted by
construction of a reflective light cover in order to reflect the laser light back towards
the cell monolayer (Figure Al). Experiments investigated if this approach would
increase the biological response in H400 cells. So experiments using (a) lid with
reflective covering, (b) lid without reflective coating and (c) no lid during exposure
were performed to investigate cell growth. Results indicated there was no increased
cellular response following use of the reflective lid, therefore for subsequent

experiments this experimental modification was not applied.
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Table Al: Calculation of radiant exposure for the laser by irradiance value and time
for initial experiment.

Distance Irradiance . Radiant
Type of light (mm) value Time (sec) exposure
(mW/cm?) (J/lcm?)
60 107
Laser 0 1788 40 71
30 53
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Laser irradiation

Lid with foil Lid without

covered foil Without lid

33x2mm
Laser unit Laser unit
‘ ~J
double
24h post-seeding 48h post-seeding

Figure Al:

Diagram summarising the exposure regimes for laser irradiation.
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2. Optimisation of radiant exposure for single LED irradiation

Initial experiments with single LED utilised 30s and 60s exposure times with
760mW/cm? of irradiance value (45 and 22J/cm?) at Omm distance. Results indicated
that a radiant exposure, achieved by reducing the time of exposure, should be
employed whilst using the same distance (Omm). Therefore, H400 cell cultures were
irradiated with radiant exposures of 3, 5 and 8J/cm? (which equates to exposure
times of 4, 7 and 11s, respectively) (Table A2). In addition this was compared with
irradiation at a distance of 33mm which reduced radiant exposure and reduced
potential for temperature increase as well as increasing the number of cells exposed.
H400 cells were exposed at this increased distance for 7 and 30s which equates to
radiant exposures of 0.038 and 0.16 J/cm?, respectively. The two different exposure
times (7 and 30s) showed different ranges of H400 cells proliferation. Later
experiments with 7 and 30s utilising both single and double dosing regimens,
generated data indicated that irradiation of 7s (0.038J/cm?) with both single and
double dosing regimens at the distance (33mm) provided significant results. Further
experiments with the condition (7s - 0.038J/cm?) demonstrated inconsistence data.
Therefore, the irradiation regimens were further optimised by using 90 and 181s at
33mm distance (0.5 and 1J/cm? respectively). For all subsequent experimentation
these conditions, single and double dosage regimes were employed because the cell
growth rate with the conditions applied showed potential increases in cell proliferation

(section 2.2.3.2).
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Table A2: The radiant exposure for the single LED by irradiance value and time.

Distance Irradiance . Radiant
Type of light (mm) value Time (sec) exposure
(mW/cm?) (J/lcm?)

4 3
7 5
0 760 11 8
30 22
LED 60 45

7 0.038

30 0.16
33 55 90 05
181 1.0

272



3. Optimisation of radiant exposure for 1% generation LED array

Initial experiments for 1° generation LED array (section 2.2.3.3) utilised exposure
times of 30, 45, 60, 75, 90 and 105s (Table A3). Results generated from cell growth
suggested the need to decrease the exposure time (and therefore radiant exposure)

to 8s (Table A3). This exposure time, produced statistically significant result.

However, due to the range of radiant exposures explored it was decided to

standardise radiant exposure for each wavelength across the LED array to deliver 2,

5 and 10J/cm? of radiant exposure using a single dosage regime (see Table 2.8)
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Table A3: Radiant exposure (J/cm?) for each wavelength exposure time.

Quoted

625 650 660 670 690 780 800 810 820 830

wavelength (nm)
30s 2.0 0.3 1.4 0.7 1.6 3.8 4.3 2.0 34 35
45s 2.9 0.4 2.2 1.0 2.3 5.7 6.4 3.0 5.1 5.2
. 60s 3.9 0.5 2.9 1.4 3.1 7.6 8.5 4.0 6.8 6.9

Radiant

exposuzre 75s 4.9 0.7 3.6 1.7 3.9 9.5 10.7 5.0 8.5 8.7
em) “90s 59 08 43 20 47 114 128 60 103 104
105s 6.9 0.9 5.0 2.4 5.4 13.3 14.9 7.0 12.0 12.1
8s 0.5 0.1 0.4 0.2 0.4 1.0 1.1 0.5 0.9 0.9
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for low-level light therapy

Mohammed A. Hadk' 3+ St A. Zainal®+ Michele I Holder® + James I, Carroll +

Paul R, Cooper® + Michael . Miward* + Willam M. Palin®

Recaivad: | Seprember 2015 AAcceqred: 16 Febraxy 2016

) The Aushon(s) 301 6. This asticle is puhlished with open access & Springadink com

Abstract Lasers and light-emitting diedes are used for a
range of biomedical applications with many studics reporting
their beneficial effocts, However, three main conoems. exist
regarding nuch of the low-level light therapy {LLLT) or
photobiomedulation likerature; (1) incomplete, inaccurate
and unverified imadiation parameters, (2) miscalculation of
‘dose,” and (3] the misuse of appropriate light property e rmi-
nelogy, The aim of this systamatic review was to assess
where, and to what extent, these inadequacies exist and i
provide an overview of 'hest practice” in light meazmement
me thodds and imporance of cormect light messurement, A ne-
view of recent relevant literature was performed in PubMed
using the terms LLLT and phodobiemedulation (March 2014
March 2015) to investigaie the conemporany information
available in LLLTand photebiomedulation likrature in s
of reporting lightpropentics and iradiafion parameters. A totl
of T4 anticles formed the basis of this systematic review,
Although mest articles reported beneficial effects fallowing
LLLT, the majority contained no information in tems of
how light was messured {73 %) and relied on manufachner-
dated vahwes For all papersreviewed, missing information for
pecific light parameters included wavelength (3 %), light
source type (B %), power (41 %), pule frequency (32 %),

[l Mobhammed A Hadis
Hadis Mz hham ac i

! Dicenaterids Unit, Schoal of Dentistry, Callege of Madial and
Derval Sdmnes, Univesity of Bmingham, 5 Chads Croeenrovay,
Rizmingham, UK. B4 68MH

? Oral Biokgy, Schoal of Dentistry, Callege o fMedical and Denial
Foiences, University of Rirmingham, 5 Chads Croeen somy,
Rismingham, UK. B4 68M

¥ THOR Photcmedicine Lid, Chesham, UK

Puhlished anline: 10 March 20146

bz area (40 %), imadiance (43 %), exposure time { 16 %),
radiant energy (74 %) and fluence (16 %) Froquent use of
incarmect terminology was alo observed within the reviewsd
literature, A poor under ganding of photophysics is evident as
a significant number of papers neglected to report or
misreparied important radiometric data These emors affect
repeatahility and relishility of fwdies shared between scion-
tisk, manufactiers and clinicians and could degrade efficacy
of patient treatments. Researchers neod a physicist or appro-
priately skilled engineer on the team, and manuscript re-
viewers should reject papers that do not report beam me asurne-
ment methods and all ten key parameters: wave kength, power,
irradiation time, beam anea (at the skinor culture surface; this
is ot necessari by the same size as the aperture]), radiant ener-
£y, radiant exposure, pulse parameters, number of treatments,
interval between treatments and anatomical location,
Inclusion of these parameters will improve the information
available to compare and contrast study outcomes and im-
prove repeatability, reliability of gudies,

Keywords Fadiometry - Low-level light therapy - Low-level
laser ferapy - LLLT - Photobiomedulation

Introduction

‘Low-level light therapy® (LLLT) or the recently accepted
Medical Subject Heading (MeSH) e, phetobicmedulation
is the application of light typically within the wavelength
range ~G0- 1 nm o directly stinulate or inhibit celhular
and biclogical processes. The application of low power
(=500 m'W; nm-thermal and non-destructive) lasers or light-
emitting diodes (LEDs; or even a combination of both) have
shown therapeutic effects with 2 number of light parameters

) Speinger
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that include irradiance, exposure time and total energy
delivered.

Many studies have reporied beneficial effect of LLLT fol-
lowing trawna in improving tsase healing [1], reducing in-
flammation [2], reducing oodema [3], restoring blood flow [4]
and inducing analgesia [5] ina number of medical specialties
that include muscukskeletal injuries, sin diseases, degener-
ative discases, newmopathic pain syndromes and even trawmat-
ic brain injuries [1-B). Favourahle data for LLLT in other
biomedical areas now also exiss, which includes several den-
] specialtics ach as endodontics, maxillofacial surgeny, onal
pathaogy, onal surgery, orthodontics, pediatrie, periodontics
and prosthedentics [9] for arange of conditions including oral
mucostis [ 1], dentine hypersensitivity [11] and candidiasis
[12]. The application of LLLT may alse prevent pain and
profect muscles prior 1o sTenueus exercbe of tauwma, which
hess significant implications for the wider use of this the rapeu-
tic technology as apre-conditioning modality prior to surgical
precedures [13].

Diespite several thowsand fn vire studies, in vive studies
and clinical trials reporting positive bene ficial effects, anticles
exist where nil or negative e ffects have been reporied, promot-
ing controversy sumounding the effectiveness of LLLT
[14—18]. In cortain studies, non-significant effects can be ak
tributed to several factors relating to dosimetry; oo much or
oo little energy, imadiance and exposure time a5 well as puke
Arwcture and inafTicient imadiation area [14, 19, 20]. It is
clear that there is a therapeutic window interms o f dosime try
and a biphasic dose regponse which has been likened to the
Amadt-Schulz or hormesis curve [19], Consequenty, imadia-
tion parameters are 1kely to be key to whether oukcomes have
a positive, nil or negative effect, Although LLLT parameters
ate known and have been previewsly defined in fhe literature,
inchiding specialised mandatory and velunteer laser safety
international standards such as US Code of Federal
Regulations, American Wational Standards Institule and the
Iniemeational Standards Manual and other laser safety bools
and review articles [21, 227, beam parameters are often not
measured, calibration of measuring instrument ane ranely ver-
ified, critical data is ofien unneporiod, and insome cases, thene
are elementary dose cakeulation errors, all of which leading o
misinformation in the literature. The importance of cornect
measurement and reporting has been emphasised several
times within the literature [23-28] and brief ' guidelines” on
heww i messure and repont LLLT dose and beam parameters in
clinical and lshoratory studies has also beenpublished[23, 29,
3.

The aims of this work are to (1) review the adequacy
of reporting imadiation parameters in recent literature,
(2} describe fundamental concepts and appropriate meth-
odology for best practice in light property evaluation
and 1) define the comeet terminelogy for reporting ra-
diemetric parameters,

) springer

Methods

Te assess the methods and variability of measuring and
reporting LLLT irradiation parameters, and radiometric -
nology wied by researchers, a review of recent relevant litera-
e was performed in PubMed. The following two searches
where performed separately: (low and level and light and ther-
apy) and {phetobiomodulation). These specific search s
wire wiid &5 'LLLT" has been widely recognised and wed as
a MeSH term for many years, although more recently
photobiomedulation hasbecome acoepted asa mote approgr i-
ate description of the action of light on cellular behaviour,
Fellowing the literature searches, e resulis were filiered for
‘fulk-text article”, published in a |-year pericd between [9th
March 2014 and | 9th March 2013 (Fig. 1) o ensure a man-
apeahle numiber of articles whilit asessing the latest methaods
st by reseanchers, Review antic les, editorials, anticles in lan-
puapes ofher tan English and these not relevant to LLLT or
phoehiomodulation, wene excluded and duplicates remaoved.
The selected articles were asassed in terms of the metod
employed to messure light properties, reparting of light prop-
erties (source, wavelength, power, pube frequency and beam
anea) and reporting of imadiation parameters (iradisee, -
posre time, radiant energy and radiant exposire ),

Rmults

The initial search of the PubMod datahase nesulied in 2203
and 17T articles according to the search ems employed
{LLLT and photobiomoedulation, respectively), which were
filtered and screened (Fig. la, b) to 56 [31-86] and |8
[B7-104] articles, respectively, Thus, a total of 74 anicles
formed the basis of this sydematic review (Tables | and 2).

The majority (T174; 9% %) of articles reported a positive
effect following LLLT, with three articles [43, 70, 87]
reporting nil effects following LLLT (Table 2) and none
feporting negative effocts, OF the T4 aticles, 73 % (5474)
did not report methods for light measwement and relied on
manufacturers’ information, Only § % (474) of articles ne-
ported a full set of data for the parametersfinformation
aacsaed in this review [R3-86). For articles that did report
light messurement methods, the most commaen was using a
power meter (22 %; 1674, or equivalent, Remarkably, only
sx (&M | %) employved a method that was able to measure
gpectral properties anch as wavelength [39, 45, 54, 67,68, #3],
Two articles {3 % 274) failed o report even mamuf achurers
quoied wavelength [48, &1]. Other parameters which wiere not
repsoried wene power (41 % 300 T4, beam anea (41 % 30014,
iradianoe {43 % 1 2°74), exposwr e time | 16 %4, 12774), radiant
enery (T4 %, 55,74 and radiant exposure { fluence; 16 %, 12/
T4, and these are detailed in Tables 1 and 2,
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D cussion

The need for the measurement and stan dardisation of re-
perted irradiation parameters has previpusly been
emphasised [22, 29, 0], and it was proposed that eight
key beam parameters should be reported in all LLLT stud-
ies [29]: wavelength, power, irradiation time, beam arcea
(at the skin or culture surface], pube parameters {frequen-
¢y, anatomical location (skin colowr, target location, ie.
depth below skin), number of reatments and the interval
between treatments. Whilst other radiometric parameters
swch & divergenee, depth of ficld, beam polarisation, oo-
herence length, beam profile and spectral width are ako
imporant, the authors of that paper suggested those pa-
rameters were the minimum necessary for a repeatable
scientific study [29]. Thus, in agreement with that paper,
a ‘bare” minimum approach should be adopted when

describing beam parameters and a more thorough ap-
preach should utilise more technically demanding tech-
niques such as beam profiling. The importance of describ-
ing light parameters and treatment protocol has also been
emphasised in several other publications [22-28]. Thus,
e focus of this current study was to provide an overview
of the fundamemal concepts of light measurement and set
the basis for a proper evaluation of light properties,
Theretore, this study has reviewed the properties directly
related to light rather than treatment protocaol (anatomical
lpcation, number of treatments, interval between
reatments),

In the current lierature search, 96 % of articles repornt-
ed positive effects of LLLT with only three articles [43,
T0, 87] showing no beneficial effect following LLLT,
However, the number of articles that report measured in-
formation regarding light properties and irradiation

) Springer
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parameiers was remarkably low (27 % Table 1) consid-
ering that the physics of light forms a fundamental basis
of this therspeutic process. Even when light is measured,
the methods employed are not always adequate to fully
msess light properties; enly 8 % of anticles meporied a
method that was capable of characterising the spectral
(wavelength) light output [T3-75, 80, 82, 102]. The most
commaen light measurement methed used power of energy
meters (Table 1), which is ebviously an improvement on
nil memurement; however, these devices are known to
have significant limitations, which is discussed in
‘Photodiodes and power meters”,

Table 2 details the cument staie of light messurement and
reporting of light parameters in LLLT studics where missing
information dods not allow for key parameiers to be assessed.
It & likely that these inade quacies ane related o several facions
that include expense of equipment, lack of expertise in

) Springer
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equipment usage, poor appreciation of light properties and
deficiencies of LLLT research standar disation, Consequently,
this review continwe s by introdue ing fundamenta ] concepts of
light measurament znd radiometric temms inattempt & explain
their critical imporanoe for LLLT research,

Light: the haslcs

Orver recent centurics, units of messumment have been
established for quant fying and reporting the mubtitsde of pe-
rameters that describe the wavelength, irrad iance and incident
beam anea, distribution and energy of light. These parameters
have significance for LLLT research, and when used property
will fully deseribe e ‘medicine’ (the light source and it
properties) and the ‘dose’ (the imadiation parameters/proical )
and will improve reproducibility and information betw een re-
searche rs, manuwfac e rs and ¢ linic ians,
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Radlometry

Radiometry is the measurement of electromagnetic radia-
tion betwoen spproximake]y 10 and 10000 nm, Wit in
these wavelengihs ame the ulravielet (LW <400 nm), vis-
ihle (~400-T00 nm), near-infrared (7001400 nm) and
infra-red {[R; =400 nm) bands, Since LLLT experiments
typically invelve the application of light in the wisible red
and near- infrared region of the electromagnetic spectrm,
radiometric termms should be employed to describe light
properties and imadistion parameters that adequately de-
pict key information needed for repeatable and reliable
resulis between researchers, manu facturers and clinicians,
which will ulimakely improve clinical outcomes, Table 3
represents a summary of correct key terms, quantities and
units that should be used in LLLT, although commaonhy
incorrect terminelogy is stted. For example, studies will
often report radiant exposure using the term energy den-
sity which actually describes a volumetric parameter rath-
o than the amount of energy applicd 1 a given area [66,
15— 108] or use ambigwows terms such as intensity [ 100],
which in radiometry can lead 0 confusion with ‘radiant
inensity” (the radiant power emitted, reflecied, transmit-
ted or received). Likewise, in LLLT, the temm intensity
does not distinguish whether the light is measured a5 ‘ra-
diant exitance” which iz the amount of light leaving
{emitted) from a surface, or ‘imadiance’ which is the
amount of light arriving {irradiated) onto a surface; a sub-
tle, yet oritical consideration for accuraie measurement of
incident light at a specimen surface such as treated tissue
or cell culture areas (Irradiance and radiant exitance”).
Another example of a commonly used, largely ambiguwous
e is apotsize [39, 62, 91, 103] and the errors that may
afisg in assuming a circular beam area, which may not be
representative of an elliptical laser speckle pattern {Beam
area’). These ambiguwous terms can potentially lead to
misintempretation of desing parameters and poor reproduc-
ihility of data and should be avoided.

Spectral quantides

Radiometric quantities often have a spectral {or wavekength)
varighle, The spoctral variable deseribes the distribution of
fhese quantities with respect to their representative wave-
kengths: e otal imadiance of a light source is defined by
the imadiance at each individual wavelengh, Spectral mes-
aurements are particularly imporant for chemical o biological
applications, & the knowledge of spectral comtent isoflen vital
in cheosing or intarpreting e effects of a particular light
spwrce, This is potentially crifical &5 popular work by Karu
[109] suggests light of appropriaie wavelength i absorbed by
copper complexes within te mitochondrial enzyme, cylo-
chrome ¢ oxidase (OO0), which then causes e release of
boend nitric oxide leading o further downstream cell signal-
ling effects [1 10 [11]. Therefore, there must be an effective
pectral overlap between the absomtion of COD and laser/
LED emision for therapeutic LLLT. Consoquently, not only
i it imporant to characterise the spectral properties of the
light source but ako the absorbance profile of makerials or
tisawe that can potentially absorb the therapeutic window of
amitted light, It follows that accurate measurement and
reporting of gpectral information (peak wavelength, spectral
iradiance, spectral hal f-width and absor ption profiles) would
confirm {or otherw ise) the conclusions made in LLLT studies,

Light, quanddes, units and symbols
Radixnt energy

Elkectromagnetic radiation can be considered as both a wave
and a particle { depending on how itis messured), which trans-
ports encrry through space. This energy can be absorbed by
physical ohjocts and converted into ofier forms such as ther-
mal or electrical energy (solar cells). For example, in phoio-
graphic light meters, incident visible light causes electric cur-
rent flow when the radiant light energy is tramsfemed to elec-
troms & kinetic energy, from which lightpower canbe infermed

Tahle 3 Spmmazy of quantites,
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{'Photodiodes and power meters”). Similarly, for LLLT, light
i tranafermed 0 cells & radiant energy St modulates cellular
responses via OO0 alsoaption and is anelogous o pholeaymn-
thesds, whereby the action of light, and light alone, directly
dimuelates eell responses, Whilst radiant energy i important
[L12], the parameler alone is not enough i determine treat-
ment efficacy since an infinite combination of imadiance and
expoaiie could lead to similar radiant energies. Radiznt enes-
gyis denoted a5 ) and expressed in Jodos (71 Spectral radiant
enary accounts for monochramatic {ach a5 a single wave-
lengh laser) and pohelvanatic sowrces (for example, lights
which emit over a range of wavelengths) and is defined as
radiznt enery per wnit wavelength interval ot wavelength, &
Gl
Oh= = (1
The units of spectral radiant energy are Souwlas por
nanearmefre (1inm)

Radizont flice or radiznt power

‘Flux" or ‘power” describes the time rate of flow of radiant
enrgy. This is a parameter that is wsually reported within
LLLT literatire throwgh manufactirers” information of mes-
sured wsing power/energy meters {Tables | and 2},
Metphorically, this deseribes the ‘potency” of the light and
although ingorant dos not provide adequate information
conceming spectral and spatial distribution of the encrgy or
the actual irradiance delivered tothe targetsite, Lack of spatial
information assumes wnifemm imadiance over the output anes
[113, 114], which canbe far from accurate, egpecially consid-
ering the tree imadiance across an active beam area (Fig. 2).
This may differ accor dng to the type of light source, ¢ 2. the
commen ¢ [l iptical prefile of lasers (Fig. 2b) or the non-unform
irr adi ance distr btion of LEDs (Fig 2c)and the distance from
the light tip to the target anea, Although power or radiant fhix
should be reported, it only partially describes imadistion pa-
rameters fat are necessary for complete infommation relevant
i LLLT research, Radiant power or flux has wnits of Jowdss
por second (Is) or wate (W) and & defined as:

dg

$= — 2]

The radiant flux per unit wavelength interval at wave-
length, Ais given the tem spectral radiant flux and is defined
&

) s
b= = ()

and messured in welte per matam et (Winm),

) Spinger

Beam area

Beam area i oflen refemed to &5 'spot-size” inthe LLLT liter-
ature [319, 62, 91, 103]. However, the term beam area should
b prefemed over spotsize and feported in st contime e,
The term spot 5 wally descriptive of a cincular shape and
size b ambigwous although wnits may ramove ambiguity, As
mentioned previously, lasers may emit an elliptical beam,
which would significantly affect the area caleulation (Fig. 2)
and lead to misinterpretation of irradistion parameters, In
cases where the beam area is non-circular, or of circular
Crussian, the beam area andior diameter can be accuraiely
determined using techniques such as beam profilometry
which will be discused in 'Light meswrement/detecions”,
Monetheless, this review finds that a significant number of
LLLT studies fail to repsort bosam area (Tables | and 2, a key
parameter that should be reporied in all LLLT studies.

The radiant beam area acting on a target site is likely o
significantly influence hickgical responee in both it vie, it
vk and clinical studies, Alhough systemic and local re-
Fponses i LLLT irmad iafion have boen reporied [115] b e,
bearm afea is ako important for desing and radiometric calcu-
lations, fr vitre, & localised effect of light irradiation is 1kely
o result ina significant biclogical response. Consequently, if
the beam area i much smaller thanthe target culture anca, then
only a proportion of the hoat celk will be imadiated, atenuat
ing the meauned biokgical regponse and possibly resulting in
a false-negative result, Therefore, a suggpested good practice
woukd be to ensure the whaole culture well is irradiated evenly
with & rownd, flat top beam.,

Trnraianee and rodicnl eoboree

The radiant flux per unit area received by a aurface from any
direction can be termed imadiance (Fig. 3a). However, some-
times this is confusingly termed power density or itensity in
the LLLT literature, and this does not distinguish betw eon
irradiance or light amiving (imadiance) or that leaving a sur-
face (exitance). [madiance is defined as:

di
E= L 4

T [4)
where dib is the radiant flux and dd is differential area The
measuned flux can abo be that leaving the awrface from any
direction due to emission andior reflection (Fig, 3b) and is
given the em radiant exitance and defined as:

dd
M= G)
where g is the radiant flux leaving and 44 is differential anea
where dip is leaving from. A possible use of this erminelogy
in LLLT could be to describe reflection off bielogical thsue
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Fig.2 Pxamples of spatial
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Irradiance can be mexsured in space and is usually mes-
aured in wall per squene centimere, This inchdes the sur-
facesof physical ohjects, i g, tizaee or ool culture samples, and
the space occupied between them, ie. air or trough tissue
thickness, This is particularly inysortant when charactenizing
light that are highly divergent, &5 found in typical LED
sourees, of through tisue which & highly scatiering.

Commonly, imadiance is not verified by researchers and
enly reparied from manufacturers” quoded vahees or is caleu-
e using values gained from inadequate measurament tools
(Tables | and 2) Manufacterers” values are typically mea-
aured at the aperture or fibre tip, but because e beans ane
highly divergent, they are not wseful for studies where the
beam may be projecied to a arget such as in an in vitro study.
Manufacturers” specific methods of measuranet ane ako
rarely divulged, Trradiation, /n wvo or in in i culiures,
likely occurs through tissue or cultwe plastics at distanos
greater thean 0 mm. Therefore, replicating and measuring key
light parameters at, or through, relevant targets at specific
distances and geometry is far more accuraie and clinically
and experimentally relevant than wsing manufacturers” data
alone,

Spectral imadiance & the radiant fhx per unit wavelength
interval atwavelength A and canbe defined for both imadiance
and radiant exitance with the following equations:

g, = &)

olg 1%

M,

(7

Spectral irradiance is measured in walfs per sguare
CENIIMREIre per mamometng,

Exposirg durafion

Altwugh the moest straightforward irradiation parameier o
measure, exposure time (5] is not always reporied in the liter-
ature, Sixteen per cent { 12774) of anticles reviewed in this
Audy failed to report exposure duration (Tables | and 2),
which is lkely due & common misconoeption that wave-
lengh, flux (radiant energy) and fluence are all that are nec-
essary to replicate a successful treament [29], Exposure

) Speinger

duration i a key component of "dose’, which is the product of
imadiance and expoare tme and should abways be soparately
de fined {Section *Radiant exposure and exposine necijrocity”).

In addition to reparting exposure time, when multiple ex-
posures are performed, the number of treatment sites, the
number of exposunes and the interval between exposunes
should also be reported in order o Fully deser ibe the eatment
prodocol [29, 30].

Radiznr gxporing and @posune reciprodly

The encrgy delivered por unit area of celk during light stim-
ulation for LLLT & ake an imporiant parameier since the
efficacy of the treatment would depend on the imadance de-
livered over a given area The quantity anreal messured in
Joudes per square centimetre and & often incomectly termed
enerey density, swuld only be wed for volumetric encroy
deposition (T eni ), The proper terminology for the total
amowntof energy delivered per unitanea i ‘radiantexpoaire’,
o more commonly emed fluence in the LLLT liersature,
where Ff (the radiant exposure or fluenoe) & defined & the
integral of the imadiance from Eq 4

r
H= Ifm (8)
[\

However, many researchers merely quote radiant exposwre
(zic, encrgy density) as an expression of dese within the liter-
ature with missing imadiance {“"."ﬂ'l‘lz':l o exposure duration
(3] valwes (or even both; Tables | and 2). This is poentially
uneliable, & it asumes aninverse comelation between the
effect of irmadiance and exposure duration.

The Bunsen-Roscoe ‘Law of Reciprocity” states that phao-
chemical reactions will be independent of imadiance and
exposure time with the effect being directly proportional s
the total energy delivered [116—1 18], Althowgh it can be as-
sumed that this law i valid for photechemical reactions within
a certain dose range, pheihickgical responses of cclls and
tisawe wsual ly involwe a sequence of inleracting biological ne-
actions making a linear dose-time relationship less 1kely, A
e feciprocal relationship betwe en imadiance andtime would
achieve similar therapeutic effect regardless of how radiant
exposune was achicved (e.g. 2005 a 100 mWiem® would ex-
hikit similar therapeutic effects compared with 200 5 at
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1 mWiem® or 80 s at 25 mW.l'mz’J. However, althowgh an
effective radiant exposwe fora specific cell typse is an impor-
tant, and a lrgely unknown quantity in LLLT, the individual
parameter s{imadiance and time) ane critical and shouldako be
defined. Wetably, if the imadiance is too low andior the deliv-
ery time too short, any significant beneficial effoct may ot be
realised or even reduced [19, §1]. Funhermore, if the imadi-
ance is oo high or the imadiation time is i0 long, any signit-
icant benefit may also be altributed to heat, or evensometimes
prodduce inhibitory, rather than ferspeutic effecs [19, 68]
Thus, any wse ful conoept of Exposiie feciprocity may mot be
applicable in biolegical sysiens such as LLLT, sinoe treatme nt
mndalities may only be effoctive withina window of specific
irradiation parameters [ 19]. However, using similar radiant
exposung by varying the combination of imadiance and time,
and its effect on stimulatoryinhibitory cell responses & not
fuly understondand warrant a systematic approachto further
understanding of the phobbiomodulation of different cell
typecs.,

FPulve frequency

The pulse frequency is the number of pulses of a repeating
signal in & specific time frame and is usually meazired pubse
e second (Hz ], this pulse operation of bsers or LEDs is not
classified as & continuous wave, This type of operation &
beneficial for heat dissipation and 0 achieve high peak ims-
diances, but since there & an on'of peried, dosing parameters
auch as radiant energy and radiantexposure are affecied which
may affect the efficacy of LLLT [52, 64, 68]. Far example, if
the imadiation was pulsed to deliver light at 0.5 5 intervalk,
thenonly half the energy would be delivered companed with
continuwous delivery at similar imadiance and exposure time,
Thus, when pulsing regimes are utilised, the peak iradiance
should be defined along with pube frequency and the ondff
durations & previously recommended [29, 307],

Light me asurement d etectors
Spectiofradialmeters

A spectrometer is an instrument wed o measie the proper-
ties of light over speci fic portions of the electromagnetic spec-
trum and provides a wse ful sysiem toanmalyse spectral charac-
eristics eritical for LLLT research. Spectromeiers are coupled
with flexible, ranspanent optical fibres of varying d ameters
made from high-quality glass that fnction & wave guides or
light guides to transmit light between the two fibre ends,
Opaline cosine comectors ane wsually altached, which have
diffusing maierial apertures allowing light measurement nor-
il to its surface with [80° fiel of view (Fig. 4a). Whilst
oosing carnector probes provide a cheap, versatile, robust and
reliable metod of light measurement, the measune ment

accwracy is limited when analysing large light sources due o
its small collection area and its 1B0® field of wiew,
Altermatively, integrating spheres of varying diameter and part
sze (depondent upon the souroe size) can be wsed, which
consist of hol lw spher ical cavities covered with diffuse white
reflective cpating, Spheres can be used to capture and measune
light radisted in all directions from the light source as light
scatiered by the interior of the inkegrating sphere 5 evenly
distributed over all angles (Fig. 4b). However, meaainements
g integrating spheres ane limited by the size of the sphere
and the size of the light source intended to be measuned,
Nevertheless, the fibres and cosine comecior {or inkegrating
sphere) collectively become an optical probse, which can be
calibrated using a photometric standard or calibrated light
source to National Institwte of Standards and Technology
(NIST) standards providing an accurate mearement sysiem
known as a spectrotadiometer,

Lightis captuned throwgh the cosine o fector of ine grating
phere and trave b through the eptcal fibre into the specom-
cter. The core of the spectometer is formed by a difffaction
grating which splits radiant light inte its spectral components
and projects the difracied elementsonlo a detector, Computer
software is wsod to calculale all radiometric, photome tric and
cokous inetric quantities from spectral data. Two types of spee-
rometers exist, an amay tpe, which has & fixed difffaction
grating and a detector amay, and a scanning spectromeier,
which has a single detector and a retating dif fraction grating
{Fig. 4c). Spectrometers are popular light meswement ays-
ens for many aspect of photonics research although rarely
wsed in LLLT studies (Tale 2). Howewer, thene are other lim-
itations of fibre-coupled sapoctrometers which use cosine oor-
rectors and inegrating sphe res, primarily that power unifor-
mity within the incident beam is asumed and the power dis-
wribution of light acress the exit diameier of large light sources
canmt be mezasuned [114]. For example, using a typical cosine
comector diameler of 4 mm to measure an incident beam di-
ameber of 10 mm, te outer & mm of the beam will not be
capiuned by the sensor, Light souross wsed for LLLT typically
have a Gawesian distritation and theme fore i the imadiance is
measured centrally, power is assumed to be equal over the
whole area and the measured irradiance would be
overestimated. Emor is increased with the increasing ratio of
beam diameter to probe diameter (or vice versa) and re-
searchers noed to cautiously intempret data in such situations,
Ideally, rescarchers should employ methods that will ade-
quakly measure all of the light by consdering the projected
eam area on a target and the distanoe fatthe beam is applied
from, For example, if LLLTstudies are per formed by iradiat-
ing culture dishes or tissue samples from a specific didance,
then e experimentz] i ght meazme me ntmethods should sim-
ulate this o accuraiely anabyse light properties at the taget site
{irradiance ], i meazre ight received by cells, not what the
light sutputs, The effects of absorption, scattering and

) Speinger
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reflection by media, cell culture plastioware and other
makerialstisswe on spectral imadiance at the target site ane
critical and should be carefully considered, ie. for cell ¢uliure
waork, the irradiance delivered on the culture area through
plagicware should be measmed to accurately determine the
iradiance delivered tocelk,

Spectrameters can ako be wed to mesue abaomption char-
ackeridtics of apecific cellular chramophones or photoroece petors
bocalized in e mitochondria that sre regonsible for the absayp-
tion of light, A light source amitting multiple wavelenghs is
focused an i & sample whichatienwsdes light trough shsomption,
scadiering and refloction of e incident light, The action gocira,
aphet of relative effoctivencs of diferent wavelengths, which is
believed o mimic the absogtion specium of OO0, has been
reported by Faru etal. [119] and indicates several effective bands
relating i the copper complexesof OO0, Ths, by recarding this
attemedion of light for various wavelengths, an absonption spoc-
tum can be obkined and potential herapeutic windows for
LLLT can be identified for gpecific tisue,

) Speinger

Fhosndiodes and power malers

A photodiede (detector) is fresponsive to optical input from
TUW to near infrased radiation and operates as a photoclectric
converter generating & current that i proportional 1o the inci-
dent light, A photon of sufficient encrry creates an electon
hele pair by a mechanim known & fe inner photoclectric
effect that s dependent upon the ¢ Ficiency of the photediode,
Oueamtum efficiency is dependent upon many factors, but in
general if the energy of the photon is greater than the energy
s of the device, these photons will be absorbed very near the
sur face where the recambination rate i high and will contrib-
e o a photoeument, Thus, the photecurrent produced by the
photediode is proportional to the power of the 1ight which can
be measuned directly by a ‘power meter” which wses an oper-
ational amplifier eircuit known as atramkimpedance amplifier.,

Altheugh this type of measurement sysem is most popular
within LLLT literatwre {Table 1), measurements from these
devices should be interpreted cawtiously, The spectral
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Fig. 5 A 2D beam pmfike image
of a LLLT laser device:a
mage of the acsul tip aren used
forlight delivery, bthe atal
ativebeum area and $e lomston
of e beam within e fitre optic
tip and ¢ the laser ‘spedde’ beum
pxtem of $e devices and s
atvebeaum diametesarea

sensitivity differs with wavelength due to the quantum effi-
ciency of the photodiode and generally has a better response at
longer wavelengths. Thus, if broadband light sources are mea-
sured, the power emitted at short and longer wavelengths
maybe be under- or over-estimated, respectively,
Photodiodes alio assume power uniformity across the beam
and do not the refore effectively character ise the distribution of
light for the same reasons described previously
(‘Spectre{radio)meters”). Although reproducible measure-
ments can be made at the sub-picoampere regime, the re-
gonse time 5 limited by the sensor size, which slows as
surface area increases. Furthermore, the detectors are usually
made from fragle or sensitive materiaks such as silicon (Si;
190-1 100 nm), germanium (Ge; 400-1700 nm), indium gal-
lium arsenide (InGa; 800-2600 nm), lead(Il) sulphide
(<1000-3500 nm) or mercury cadmium telluride (400—
14000 nm) which can be prone to damage and there fore mea-
surements usually must be made without contact with the
detector. Consequently, even small distances are likely to re-
sult ina loss of power due to divergence which will reduce the
measured power. More s0 and unlike spectrometers,

A

6A48e+04 mW/cm

5.57e+4 mW/ien’
SAle+ 04 mW/em®
4.71e+04 mW/em®
425e+04 mW/cm®
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2848+ 03'mW/cm
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2 .

photediodes do not provide spectral information and are usu-
ally only limited 1o power readings (W) and crude imadiance
measurements (W."anz) based on the sensor size or inputied
tip or beam area values. However, photodiodes are relatively
nsensitive 1 temperature fluctuation (not critical for LLLT as
low powered sources are used) and their main and unique
advantage lies in their ability to measure very small optical
powers which s specifically useful for basic light characteri-
sation in LLLT studies,

Thermopiles

Themopiles are essentially thermal sensors, which are best
suited for measuring constant wave (CW) laser power, aver-
age power in pulsed lasers or the energy of long pukes.
Themopiles are robust, reliable and are a well-established
method 10 measure light energy. They can be considered as
an arvay of miniature thermocouple junctions connecied in
series as differential pairs. These differential pairs make up
cold and hot junctions that are connected by aliemating n-
type and p-type matkernials. Themopiles operate by using

) Springer
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e mype rature di ferences to create avoltage, which is come lated
1o the temperature gradient between the hat and cold junctions
and proportional to e light encroy. These aystems are partic-
ularly wseful for measwr ing high powered sources (1 Watt)
which can damage other types of sensors. Thermopiles are
made from materials such & antimony (Sh), bismuth (Bi),
poly-silicon gold (Au) or alumininium (Al) and operate over
a broad spoctral range { AW-20K} ). Themopiles tend o
e more accurate than phetodiedes but messunement sensitiv-
ity is reduced at low power. Since thermopiles werk by using
emperatire gradients, they can be wed to map irradiance
distributionand etfer uni form spatial response that iswnaffect-
ed by changes in beam gze, position or uniformity unlike
photdicdes and spectrometer beased sysiems which rely on
inputted beam area values for imadiance caleulation,
However, altwugh this type of sensor validly characienises
the distribution of light and provides an accurate measure of
important light propertics such a5 imadiance and beam anea,
like the photdiode, it dots not provide spectral infommation,
Furthermore, response times ase show (generally a few soc-
onds), which could be problenatic in time-dependent experi-
ment and thus are only really capable of measuring average
powers, In addition, since the measunement is based on heat
exchange, rapid fluctations in housing temperatune will de-
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Charge coupled device comenes and beam profilometey

A charge coupled device (CCTY) isan integrated circuit elched
o a silicon surface farming light senstive elements called
pixels, Photons incident on thissurface generate charge that is
converted into a digital copy of the light pattern. Following
appropriate calbration, beam profilometry is very wseful for
characterization and quantification of power digribution and
iradiance of a given light source and has the advantages of
both photodiedes (pood response time and unaffected by tem-
peratune) and thermoepiles (unaffected by beam diameter, good
sensitivity and spatial distribution of power and irradiance,
which can be wsed over a large range of power outpuls),
Light can be collecied through lenses and direcied onto the
CCD sensor which then creates a digital image of the beam,
Calibration using pre-determined power values may then be
wied to caleulate the averape power delivered to each pixel
within the defined beam area to create a mapped imadiance
image [120]. This is known & the top-hat factor and can be
wsed o characterise the degree of spatial [114, | A-122] and
apeetral [123] uniformity of the power distibution. For sys-
e calibration, if the total measuned power is caleulated
{using, for example, a pholedicde or hemopile], the power
received by each pixel in the deiector’s dinde amay can be
calitrated to generate a2- or 3-dimensional map of imadiance
distribution across the active beam area. Therefore, the beam
arca can be accurately caleulated rather than enly measuring
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the light delivery tip diameter by crude methods such as cal-
ipers. For example, if the tip size of a LLLT laser device is
nuch larger (7.5 mm diameter) than the actual beam diameter
(=011 mm diameter; Fig. 5), emoneous imadiance values ane
inevitably obtined if the active beam area is aswmed to be
the same & the tp dismeter Thus, the need for fandardised
beam area caleulation is required in LLLT, preferably using
the 150 standard method (D40 o second moment width; TS0
11145 352 [122]) or 14* as sugoesied previeusly [29, 30],

Although CCD cameras and beam profilers are widely
used for & vanety of applications incleding dental rescarch
[114], this methoed has only been utilised ina limited number
of LLLT studies [82, 120]. However, whilst beam profilers
provide a relatively accurate measeranent systeam, they ane
alzo unable to readily provide spectral information and ane
senstive i apectral variation. Accurate and reliahle test cen-
tres for LLLT research would have a suite of camplimentary
equipment including spectrometers of integrating spheres,
photediodes and beam profilers.

Safety requirements for LLLT

Whilst the perceivable dangers of LLLT are mainly related o
retinal damage {both clinician and patient) and skin bum
{mainly relaed to shora UY wavelengths), the safety of
LLLT is well documented in & numbser of ftandands such as
US Code of Federal Regulations, American National
Standards Institute and the Inlemational Standands hamual,
and other laser safety books and review anicles [21, 22]
This includes *The Guidelines for Skin Exposure to Light"
in the Intemational Standands Manual TEC-B25) which sties
fhat an exposure of less than 200 mWiem® is safe, and the
marketing and the use of ferapeutic LLLT & approved by
the Food and Drug Adminktration. Preventative measunes
ach as safety gopgles shoukl alwsays be wtilised & minimise
any risks and therapeutic devices may wtilise high-powened
light sources (=500 mW) may be spread over larper aneas i
fall within the recommended imadiance exposure limits, The
opcration of high-powered light seuros may abio be compen-
saied by puking which may reduce the ridk of any adverse
effect caused by heating as disoussed previeusly.

Recommends tions

LLLT hes generated markedy increasing interest in a wide
variety of hiomedical disciplines, However, researchers fre-
quently report LLLT studies that have inade quate information
regarding light propertics and use ambiguous teminoks gy,
Thus, it i increasingly difficult i compare and contrast shudy
outcomes, which hinders the progress in this field.
Rescarchers working in LLLT should utilise a minimal set of
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fandard criteria for light measurement and reporting of radio-
metric data that are necessary for a repeatable scientific study
and are sufficient o compare and contrast study oulcomes.,
These include ten key parameter; wavelength, power, imadia-
tiom time, heam area (ot the skin or culture swrface), radiant
eneTgy, radiant exposire, pubie parameiers, number of treat-
ments, inerval between treatments and anatomical location,
which will improve the information available to other re-
searchers, A similar approach is wlilsed in oter biomedical
resanch ansas such as mesenchymal stromal siem cell (MSC)
rescanch which hes a set of standarnd eriterion o fosier a more
uniform characterisation of MSC and facilitate better ex-
change of dats among investigaters [124],

The messurement of light is fundamentally impontant for
LLLT rescarch, thus researchers should not merely rely on
manufactuers information which is what is reporiedly mou-
tinely practiced in many LLLT studies (Tables | and 2.
Instead, researchers should wse a combination of complimen-
tary methods that will accwately describe the ten key param-
eters previously mentioned . For example, todescribe the spoc-
tral oulput of & light source, spectrometer-based systems
dhould be used, improving accuracy by empleying inke grating
pheres o capture all of the light rather than cosine cormectorns.,
Similarly, to describe spatial distribwion of power and irad-
ance, beam profilers of thermopiles could be employved.
Further, a5 good practice, light property information should
be fully reperied ina stndardised form as recammended pre-
viously [22, 29]. The erminology should alko be consisient
from study to study, which will make comparizon and exper-
imental repetition more graightforward. For example, instead
of power density, the femm iradiance shoul be uwsed; instead
of energy density, use radiant exposwe or fluence, and 0 on
(Table 3} Finally, the units should also be appropriztely
msigned, &g, walls per square centimetre of milliwalt per
square centimetre for imadiance depending on the output of
the light spunce, Although these recammendations will prob-
ably require modification as new kowledge, technology and
techniques unfold, they provide a mininal standard criteria
that will facilitate a better exchange of information within
LLLT which could “drive" this fickd forward,

Conclusions

It is apparent that & relative by poor appreciation of radiome ric
properties exists within the literature associated with LLLT.
Proper radiometric meazwraments ane fundamental for this ar-
e of rescarch and altough it may appear straightforwand,
concepls and appropriake measurement techniques are cam-
monly misundersiood, or ignored. Purthermore, the literature
auffers greatly from missing information such & wavelength,
power, pulse parameiers, beam area, beam profile informa-
tion, imadiance, exposune time, radiant exposure and evidence

of calibrated measurement tools, making reliability question-
able and reproducibility difficult all of which weakens the
Arengh of conclusions potentially giving rise to false or nil
result, The persistence of mbunderstanding, inadequate ex-
perimentation and inaccurate reporting of radiometric data
within LLLT literature has, and will continwe 0 affect the
relighility of LLLT information shared between scientists,
manufacturers and clinicians, Ul mately, accurate measwne-
ment and reporting of light properties is esential to fully
understand the paential beneficial bislogical mechanizms of
LLLT, which could be achieved by fallowing the reconmen-
dafions of this review,
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