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ABSTRACT 

Photobiomodulation (PBM) is a non-invasive phototherapy that has shown promise in the 

treatment of the chronic oral inflammatory disease, periodontitis. This project aimed to 

provide evidence of a well characterised system for the evaluation of the effects of PBM on 

the most abundant cell type in the oral periodontium: primary human gingival fibroblasts 

(pHGFs). 

Two bespoke high throughput light arrays were extensively characterised (2nd generation 

array: 400-830 nm, 24mW/cm² and LUMOS® array: 405-850 nm, 24mW/cm²) using 

techniques including beam profilometry and UV-Vis spectrometry. The biological effects of 

PBM on pHGFs (either single isolates/pooled from 3 individuals) were evaluated following 

application of media or periodontal disease relevant stimuli.  

The effects of PBM were biomodulatory, where application of blue light (400-450 nm, 

24mW/cm², 5.76J/cm²) to ‘healthy’ pHGFs induced increases in markers for inflammation (IL-

8, ROS) but application of PBM to ‘disease’ pHGFs (bacterial stimulus applied) caused 

decreases in markers for inflammation. PBM also modulated mitochondrial activity, where 

pHGFs with a higher mitochondrial content exhibited greater maximal and basal respiratory 

rates.  

These data indicate blue light could be an effective modality in the modulation of 

inflammation in periodontal disease. Results also provide novel evidence that mitochondrial 

content could be a prerequisite in ensuring a response to PBM in vivo. 
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This chapter contains material contained within a publication by Serrage et al, in which I am 

the first author and major contributor. This publication has been submitted to the Journal of 

Photochemistry and Photobiology (see appendices 10.4) and is currently under peer review. 

Sections included from this review are as follows: 1.4.1.2, 1.4.1.3, 1.4.2.1, 1.4.2.2, 1.4.2.3 and 

1.5.2. 

1.1 Introduction  

The potential application of Photobiomodulation (PBM) was first reported by Endre Mester 

in 1967 at Semmelweiss University, Budapest (Mester et al., 1968). Mester shaved the backs 

of mice and exposed the shaved area to the emission of a red laser of wavelength, 694 nm. 

He found the hair on the backs of the irradiated mice grew back more rapidly compared with 

that of the non-irradiated control group. He called this phenomenon ‘photobiostimulation’ 

and to date (April 2019), over 6000 papers have been published regarding the efficacy of PBM 

in treating a number of ailments by inducing analgesia (Merigo et al., 2015), promoting wound 

healing (Kuffler, 2016) and reducing inflammation (da Silveira Campos et al., 2015). 

 PBM encompasses a wide range of terminologies including low level light therapy 

(LLLT), cold laser therapy, photobiostimulation and phototherapy. However, PBM is the 

preferred Medical Subject Heading Term (MeSH) as it encompasses both the biostimulatory 

and bioinhibitory mechanisms involved. In fact, the number of articles citing the use of PBM 

has been growing exponentially since the 1980s, with <10 reported in 1980 to >400 in 2018 

(PubMed, Dec 2018). To date, PBM has shown clinical efficacy in treating a wide array of 

diseases ranging from lower back pain (Yousefi‐Nooraie et al., 2008) to periodontitis (Ren et 

al., 2017) to rheumatoid arthritis (Alves et al., 2013). 
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 There is a large body of evidence indicating that electromagnetic radiation spanning 

the visible to near-infra red spectrum (390-1100  nm) could modulate a broad range of cellular 

activities including cell proliferation, inflammatory signalling and mitochondrial function. 

Indeed, these effects have not only been reported in humans but also in many animal species 

across the animal kingdom (Hamblin et al., 2019). The majority of literature currently reports 

the beneficial effects of wavelengths spanning the red to NIR spectrum (600-1100  nm). 

However, the use of blue light has also gathered interest due to its antimicrobial (De Sousa et 

al., 2015) and anti-inflammatory properties (Alba et al., 2017).  

Nonetheless, controversy still surrounds the application of PBM in practice due to the 

limited knowledge concerning how PBM elicits its molecular effects and also due to a poor 

understanding of photophysics and radiometric parameters which affect the repeatability and 

reliability of PBM studies (Hadis et al., 2016a). The importance of reporting treatment 

parameters in a more consistent and reliable way has been emphasised in several articles and 

guidance for reporting radiometric properties has previously been published (Jenkins and 

Carroll, 2011, Hadis et al., 2016a) although this has not necessarily been broadly adopted 

(Castellano-Pellicena et al., 2018, Fekrazad et al., 2017, Mignon et al., 2018, Tani et al., 2018, 

Veleska-Stevkoska and Koneski, 2018) (Section 1.3). In addition, the biological mechanisms 

underpinning PBM are yet to be fully elucidated. It is proposed that PBM can excite a number 

of cellular chromophores, inducing a cascade of biological effects (Section 1.4). However, the 

proposed photophysical and biological mechanisms have yet to be confirmed through 

experimental investigation. Previous research frequently focuses on a mitochondrial 

dependent mechanism, in which light is proposed to directly upregulate the activities of the 

mitochondrially located electron transport chain (ETC).   
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1.2 Controversies surrounding the application of PBM in vivo 

1.3 Treatment parameters 

It is understood that the parameters employed in PBM can be separated into two discrete 

categories: the ‘medicine’ and ‘dose’ (Huang et al., 2009).  

1.3.1 Medicine 

The medicine category of PBM is split into four independent variables: wavelength ( nm), 

irradiance (W/cm²), pulse structure and the coherence of the light. These are described in 

more detail below. 

Wavelength 

PBM is usually applied at wavelengths from 390-1100  nm (Avci et al., 2013). These 

wavelengths cover a relatively large part  of the electromagnetic spectrum, where ultraviolet 

is <400  nm, visible light is between 400 – 700  nm and near infra-red light is between 700 – 

1400  nm (Hadis et al., 2016a) (Figure 1.1). Interestingly, a number of studies indicate that 

wavelengths between 700 – 750  nm exert little or no biochemical activity and the longer the 

wavelength, the greater the tissue penetration depth. Wavelengths within the blue-violet 

Figure 1.1:  The electromagnetic spectrum in which PBM encompasses the visible to NIR part. 
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section of the electromagnetic spectrum exhibit a penetration depth of ~1mm whilst 

wavelengths closer to the NIR part of the spectrum have a penetration depth up to 6mm 

(Barolet, 2008). However, penetration depth of biological tissue can also vary considerably 

dependent upon factors such as the water content of a biological tissue. Water is cited to 

possess an absorption peak within the NIR range (980 nm (Pope and Fry, 1997, Pegau et al., 

1997)). Indeed, the tissue dependent absorption of NIR light has been documented in the 

literature (Zhang et al., 2016a). The high absorption of NIR by water may indicate that delivery 

of light to tissue possessing a high water content may be impaired.   

Irradiance 

Irradiance is defined as power (or radiant flux, W) per unit area (W/m²) and is often less 

appropriately recorded as power density or intensity. This parameter also considers beam 

area (m²), a key parameter that is often incorrectly measured and authors will often simply 

measure the area of the aperture of a light source and not the area illuminated by light at a 

known distance. Measurement of the beam area using methods such as beam profilometry 

is fundamental in understanding what proportion of a target tissue is irradiated at a desired 

irradiance output. Interestingly, authors also assume the beam from a light source will be of 

uniform distribution (an ideal “top-hat” factor). However, light sources often produce a 

Gaussian distribution in which light is most intense in the centre and weakens towards the 

edges of the beam (Yang et al., 2008). Hence, it is vital to measure both the irradiance output 

and beam area of a light source to fully understand the dose applied to a target. 

Pulse Structure 

Some researchers choose to use a continuous wave light rather than a single short pulse of 

light or multiple pulses within a specific time frame.  Pulse frequency is defined as the number 
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of pulses within a specific time frame and is measured in pulses per second (Hz). Current 

evidence indicates that pulsed light may induce different biological effects to continuous 

wave light (Hashmi et al., 2010). In which biological response to PBM may relate to the 

wavelength and set of pulse parameters applied to induce the activities of a specific 

chromophore.  However, further work is required to validate this. 

Coherence 

PBM utilises lasers, laser emitting diodes (LEDs) and a range of other sources. Lasers are a 

coherent light source where the emitted light (photons) all have the same frequency and are 

in phase (with no difference in the wave pattern) (Rubinov and Afanas'ev, 2005). Coherent 

light will produce a point source narrow beam, and a laser speckle; a random, granular 

interference pattern produced by the diffuse reflectance of the highly coherent laser source 

at the target surface. LEDs on the other hand emit non-coherent light, in which light is emitted 

at different phases and is not monochromatic (Basso et al., 2015). Notably in a review by 

Heiskanen and Hamblin it was reported that there was no significant benefit to using lasers 

over LEDs in practice, where both have been identified as having the ability to induce 

beneficial effects (Heiskanen and Hamblin, 2018a). 

Light source 

PBM can also utilise an array of light sources. This includes both gas lasers and semi-conductor 

lasers including Argon (488  nm, 514  nm), Gallium Aluminium Arsenide (GaAlAs, 612  nm – 

870  nm), gallium arsenide (GaAs, >760  nm), helium neon (HeNe, 633  nm) and an array of 

other elements. LED semiconductors can also be used at lower wavelengths. These light 

sources use elements including Indium and Phosphide (Avci et al., 2013). Some questions 

surround the application of these varying light sources, including, most importantly whether 



 

7 
 

coherence of the light source effects the way in which PBM acts in vivo, in which current 

opinion suggest there is no discernible difference in biological outcomes (Hode et al., 2009). 

However, further evaluation is required to validate this. 

1.3.2 Dose 

 

The dose in PBM is separated into four discrete variables: Energy (J), Radiant exposure (J/cm²), 

irradiation time (s) and irradiation interval (hours, days or weeks).  

Energy  

Energy is often disregarded as an important parameter in PBM as it completely ignores the 

value of irradiance. Energy in PBM is understood to be analogous to photosynthesis as light 

acts directly to increase energy output (Tafur and Mills, 2008). 

Radiant exposure  

Radiant exposure or fluence (J/cm2) is deemed unreliable as it makes the assumption that 

there is an a reciprocal relationship between irradiance and time. A wide range of fluence 

values are utilised during experimentation. Radiant exposure values utilised during 

experimentation vary significantly from one publication to the next. For example, Lev Tov et 

al concluded that application of 830  nm light at radiant exposure values from 80–320J/cm² 

inhibited gingival fibroblast proliferation (Lev-Tov et al., 2013) while conversely Khadra et al 

reported that application of 830  nm light at 1.5J/cm² and 3J/cm² caused significant increases 

in fibroblast proliferation (Khadra et al., 2005). These findings are in line with the ideology 

that PBM elicits its effects in a biphasic manner according to the ‘Arndt-Schultz law.’ This law 

states that a chemical or agent can elicit different effects on a tissue dependent upon the 

dose applied. For example, increasing radiant exposure values can either cause no effect, 
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induce biostimulation or indeed cause damage to cells or tissues (Figure 1.2). Hence, each 

parameter utilised in PBM is understood to cause a response within a narrow therapeutic 

window and the use of values outside this range can negate the potential positive effects of 

a specific wavelength (Huang et al., 2011). 

Irradiation time  

Authors utilise various irradiation times to elicit a range of effects including cell proliferation 

and reduced inflammation. There is little consistency in the exposure times used between 

studies making it difficult to compare studies. For example, Lim et al evaluated the effects of 

irradiation at 635  nm for 60 minutes on Prostaglandin E2 (PGE2, see Section 1.4.2.1) 

production from fibroblasts (Lim et al., 2015). Conversely, Sakurai et al irradiated cultures for 

3-20 minutes at 830  nm (Sakurai et al., 2000). Both authors concluded that light could be 

used to modulate lipolysaccharide (LPS) induced increases in PGE2. However, due to 

Figure 1.2: The ‘Arndt Schulz’ curve, where every treatment or substance applied to a system, 
including PBM, acts in a dose (or fluence/radiant exposure) dependent manner where small doses 
stimulate, moderate doses may have an inhibitory and larger doses may induce a cytotoxic effect 
(denoted by either cell activation or cell retardation in the figure above). Hence, PBM is expected to 
act within in a narrow therapeutic window. However, other variables can be used to induce this effect 
including wavelength, irradiance and time of exposure (Barolet, 2008). 
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differences in the parameters employed, it was difficult to draw any firm conclusions as to 

which parameter combinations could be of greater clinical efficacy.  

 Irradiation interval 

Irradiation interval is also another important parameter. Several authors report a robust 

response from a single irradiation for a short period of time (Hadis et al., 2015), whilst others 

propose that a series of separate treatments should be provided to generate the optimum 

effect (Albuquerque-Pontes et al., 2015, Holder et al., 2012). For example, Holder et al 

reported that application of 635 nm light to dental pulp stem cells 1 day and 4 days post 

seeding induced a greater increase in cell number when compared to cultures irradiated once.  

From the literature it is apparent that there are a set of defined parameters that should be 

recorded during light delivery. However, these are commonly misreported or not reported at 

all. In the future, it will be paramount to illustrate the importance of each of these interacting 

parameters to determine the optimum treatment course to induce an effect in vitro and in 

vivo. 

1.4 Molecular mechanisms of PBM 

The molecular mechanisms of PBM are often cited to be mediated by changes in 

mitochondrial activity. However, there are a number photosensitive molecules located 

throughout our body that can each induce a plethora of signalling mechanisms. Hence, this 

section reports on those currently cited in the literature.  

1.4.1  Primary mechanisms of PBM 

According to the Grotthuss–Draper law, commonly termed “the First Law of Photochemistry”, 

photochemical reactions are dependent on the absorption of light by a system (Albini, 2016). 

Subsequently in this section, a review of the literature of the most frequently proposed 
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cellular photoacceptors (chromophores) that are reported to mediate the biological effects 

in PBM is provided.  

1.4.1.1 Cytochrome c oxidase 

It has been proposed that PBM acts directly on the electron transport chain (ETC) located in 

the mitochondria, specifically complex IV, also known as cytochrome c oxidase (Bisland and 

Wilson, 2006). The ETC is comprised of five complexes: complex I (NADH-CoQ reductase), 

complex II (succinate dehydrogenase), complex III (cytochrome c reductase), complex IV 

(cytochrome c oxidase (CCO)) and complex V (adenosine triphosphate (ATP) synthase). 

Electrons are passed systematically down the chain of these complexes in order to generate 

a proton gradient to provide the activation energy for ATP synthase to catalyse the production 

of ATP (see Figure 1.3 for diagrammatic illustration of the ETC (Sazanov, 2015)).  

CCO is hypothesised to play a particularly important role in PBM due to its structure; it is 

composed of 14 protein subunits, two heme subunits and two copper chromophores (CuA 

and CuB). Chromophores are understood to be key in inducing the downstream effects of 

PBM (Hamblin and Demidova-Rice, 2007). Chromophores or molecular photoacceptors 

possess the ability to absorb photons and exist in two forms: conjugated pi electron systems 

and metal complexes (Rogers et al., 2004). CCO is only one example of many chromophores 

present in the body. Other examples include flavins (see section 1.4.1.2) and myoglobin 

(Arakaki et al., 2010). 

The CCO theory of PBM was first established by Karu et al, as it was observed that CCO 

exhibited absorption peaks located within the blue (404  nm), red (620-680  nm) and NIR (760-

820  nm) spectrum (Karu and Kolyakov, 2005). From this preliminary study, a range of in vitro 
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and in vivo studies have demonstrated the effects of PBM on mitochondrial activity (Hamblin, 

2018a).  

However, despite these finding being published in the early 1980’s the mechanism(s) as 

to how PBM modulates CCO activity are yet to be fully elucidated. Current indications suggest 

light could either induce CCO activity through inducing the dissociation of nitric oxide (NO, 

photodissociation theory of light), changes in the CCO redox potential culminate in the 

acceleration of electron transfer or through superoxide generation (Karu and Kolyakov, 2005). 

Previous publications also reported that red light could catalyse the activation of CCO (Pastore 

et al., 2000). However, these findings are yet to be replicated in other studies (Quirk and 

Whelan, 2016).  

The hypothesis that has gathered the most support is the ‘photodissociation theory of 

PBM.’ In this case it has been proposed that application of photons of lights induces the 

excitation of electrons within CCO, causing the transition of electrons from a lower energy 

orbit to a higher energy orbit (Chung et al., 2012). The residual energy remaining from this 

process catalyses the release of NO from heme and copper centres within CCO, allowing 

oxygen to bind in its place and subsequently allowing the progression of the ETC and thus 

increased ATP synthesis (shown diagrammatically in Figure 1.4 and Figure 1.3 shows how the 

ETC progresses). It is understood that this accounts for the increased levels of circulating NO 

present following light irradiation (Hamblin, 2008). However, an alternative explanation for 

the increase in circulating NO has also been proposed suggesting CCO has the potential to act 

as a nitrite reductase enzyme (see Section 1.4.1.1). 
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Figure 1.3: The mitochondrial respiratory chain or ETC located within the inner mitochondrial 
membrane and comprised of 5 complexes: complex I (orange), complex II (red), complex III (purple), 
complex IV (blue). Electrons are passed down this chain of complexes to provide activation energy for 
ATP synthase (complex V, not shown on figure) to produce the cells energy source: ATP. However, 
complex IV is the rate limiting complex of this chain as its activation is dependent upon its association 
with NO. In which, NO is only displaced when there are sufficient levels of oxygen in the extracellular 
environment or alternatively, through excitiation of heme and copper centres in complex IV by light, 
as described in figure 1.4. This subsequently enables the progression of the ETC. Thus, light is proposed 
to modulate ETC activity through excitation of complex IV.  

IV 
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Figure 1.4: ‘Photodissociation theory of PBM’ in which light acts upon CCO or complex IV enabling the 
release of NO (red, left image) from its heme and iron centres, allowing oxygen (O₂, blue, right image) 
to bind in its place. This process induces increases in the circulating levels of NO due to its release from 
the complex as well as the progression of the ETC (Hamblin et al., 2011)).  
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1.4.1.2 Flavins and flavoproteins 

Blue light (400-500  nm) is known to excite flavins and flavoproteins including flavin 

mononucleotide (FMN) and flavin adenine dinucleotide (FAD) (Swartz et al., 2001). A well-

characterised family of flavin containing complexes are the “cryptochromes” (Yu et al., 2010). 

Notably, cryptochromes have been widely documented to absorb blue light (Bouly et al., 

2007) and are proposed to be involved in the regulation of the circadian rhythm in mammals 

(Sancar, 2004). Notably, FMN is also found within complex I of the ETC (see Section 1.4.2) and 

it is proposed that blue light provides the activation energy for FMN to catalyse the reduction 

of oxygen (O₂) to superoxide (O₂¯∙) (Yang et al., 2017b). Hence, blue light is understood to 

induce increases in the levels of circulating ROS (Cheon et al., 2013). Complex II is also a flavin 

containing cytochrome (contains FADH₂ (GM., 2000)), and also absorbs blue light (Osborne et 

al., 2014). Hence, it is plausible that like red and NIR light, blue light could affect mitochondrial 

activity. Indeed, Serrage et al demonstrated that blue light (400-450   nm, 5.76 J/cm²)  was as 

effective in inducing increases in mitochondrial activity compared with NIR light (810   nm, 

5.76 J/cm² (Chapter 7, (Serrage et al., 2019b).  Indeed, Buravlev et al also indicate that blue 

light (442 nm, 3-31J/cm²) modulates the activities of complex I, II and III (Buravlev et al., 

2014a). However, further work is required to validate this hypothesis to determine whether 

blue light can modulate the activity of Flavin containing complexes of the ETC.  

1.4.1.3 Porphyrins 

Porphyrins, a group of heterocyclic organic compounds found complexed to proteins ranging 

from haemoglobin (Marengo-Rowe, 2006), to cytochrome p450 enzymes (Ener et al., 2010), 

to complex IV of the ETC (CCO) (Veerman et al., 1982) are known to possess a typical Soret 

band at 400-420m and hence possess the ability to absorb blue light (Koren et al., 2011a). 

Blue light of wavelengths between 400-415  nm induces the π to π* transition in porphyrin 
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rings (M, 1978). Wavelengths between 400-420  nm could oxidise porphyrin containing heme 

groups (found within complex IV), whilst a wavelength of 450   nm could induce CuB (a 

component of complex IV) reduction hence inducing complex IV oxidation or reduction, 

respectively (Karu, 2010).  

When evaluating the influence of PBM on mitochondrial electron transport chain activity, 

Evgeny et al concluded that blue light application (442   nm, 30 mW/cm², 3 J/cm²) induced 

significant increases in complex IV activity and cell metabolic activity, compared with NO 

which inhibited cell responses (Buravlev et al., 2015). Also, Ankiri et al reported that complex 

IV possesses a maximal absorption at 410   nm and hence this could be due to porphyrins 

contained within the complex (Ankri et al., 2010b). Similarly, Del Olmo-Aguado et al evaluated 

the effects of blue light on retinal ganglion cell mitochondrial activity. The authors concluded 

that blue light upregulated the activities of complexes III, IV and V of the ETC, but also induced 

significant reduction in cell viability, and induced apoptosis (del Olmo-Aguado et al., 2012). 

These data indicated a possible role of blue light in affecting porphyrin-containing complexes 

of the ETC.  

Cytochrome p450s (CYPs) are also porphyrin-containing complexes that have gained 

interest in phototherapy research, as their activation by blue light has been reported (Muller-

Enoch, 1997). CYPs are a family of proteins that contain heme and are vital for drug 

metabolism. The p450 element of the cytochrome refers to the protein absorption spectra, 

since CYPs exhibit a maximal absorption peak at 450   nm when bound to carbon monoxide 

(Werck-Reichhart and Feyereisen, 2000). CYPs are membrane bound proteins that can be 

located either in the endoplasmic reticulum or the inner mitochondrial membrane. 

Mitochondrially-located CYPs including cytochrome P450 reductase, transfer electrons from 
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nicotinamide adenine dinucleotide phosphate (NAPDH) and thus could play a role in ETC 

activity (Hannemann et al., 2007).  

Interestingly, Becker et al evaluated the effects of blue LED irradiation (453  nm, 23 

mW/cm², 41.4 J/cm²) on the proliferation and gene expression of keratinocytes and found 

that irradiation induced a decrease in cell proliferation. However, the authors also reported 

that blue light induced significant increases in the transcription of ETC-related genes, 

cytochrome P450-related genes and also genes relevant to steroid hormone synthesis (Becker 

et al., 2015). Becker and colleagues also reported that genes relevant to inflammation were 

significantly down-regulated due to this exposure, and proposed that this may be due to the 

induction of steroid hormone biosynthesis via the CYPs pathway. Hence, these data provide 

an additional hypothesis as to how blue light PBM could affect cellular signalling. 

1.4.1.4 Nitric Oxide (NO) containing complexes, related enzymes and compounds 

It is hypothesised that alongside the photodissociation theory of PBM described in Section 

1.4.1.1, light may also act to increase the synthesis or indeed release of NO from a variety of 

cellular sources.    For example, PBM has been documented to induce NO release from a range 

of photolabile sources including S-nitrosothiols (RSNO), nitrosyl haemoglobin (HbNO) and 

dinitrosyl iron complexes. Indeed, these effects have been reported using blue (Rohringer et 

al., 2017), green (Sexton et al., 1994) and red light (Lohr et al., 2009, Keszler et al., 2018). 

Whilst, comparably NIR light is understood to have no significant effect. Indeed, Oplander et 

al reported that blue light at a wavelength range between 420-453  nm induced NO release 

through photodecomposition of S-nitrosalbumin (Oplander et al., 2013). Similarly, 

Mittermayr et al also showed that blue light exposure at 470  nm improved local tissue 

perfusion by inducing NO release from NO-haemoglobin complexes (Mittermayr et al., 2007). 
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A second hypothesis is that CCO has the potential to act as a nitrite reductase enzyme. 

This enzymatic reaction involves the reduction of nitrite to NO and water, catalysed by CCO, 

thus inducing increases in circulating levels of NO (Ball et al., 2011a). Usually, CCO acts as a 

nitrite reductase enzyme only in hypoxic conditions to mediate cytoprotection (Dungel et al., 

2014). However, Ball et al demonstrated green light exposure at 590  nm could induce the 

activation of nitrite reductase (Ball et al., 2011b). Hence, further research is required to 

validate the exact mechanism by which PBM is increasing levels of circulating NO. 

1.4.2 ROS induced secondary mechanisms of PBM 

Reactive oxygen species are derived from oxygen and include hydrogen peroxide (H₂O₂) and 

superoxide (•O2
-). The accumulation of ROS induces a condition known as oxidative stress 

which involves an imbalance between the generation of ROS and antioxidants. Antioxidants 

including glutathione act to catalyse the conversion of volatile oxygen species to less 

damaging by-products including water. There are two forms of oxidative stress; exogenous 

oxidative stress induced by health and lifestyle (such as overexposure to UV light) and 

endogenous oxidative stress, produced intracellularly. Endogenous oxidative stress is caused 

by the generation of ROS as a by-product of internal processes. Aside from causing oxidative 

damage to tissue, ROS also play a key role in maintaining redox homeostasis and in cell 

signalling. There are a number of intracellular sources of ROS including the mitochondrion, 

the endoplasmic reticulum, the peroxisome and various enzymes (Holmstrom and Finkel, 

2014).   

The mitochondrion is regarded as the greatest contributor to endogenous ROS 

production. In particular, ROS are generated through the progression of the ETC (see Section 

1.4.1.1), in which complexes I and III produce ROS as a by-product of ETC activity (Chen et al., 
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2003). As discussed in section 1.4.1, the ETC is a fundamental target for PBM and a number 

of authors have described the absorption of light at a range of wavelengths by complexes I, 

III and IV.  

Complex I is the largest complex in the respiratory chain (Zhu et al., 2016, Lenaz et al., 

2006) and accepts electrons from nicotinamide adenine dinucleotide (NADH) and passes 

them through a FMN and iron-sulphur (Fe-S) clusters to ubiquinone (Ohnishi, 1998). In order 

for complex I to accept electrons from NADH, oxygen catalyses the reduction of NADH to 

NAD⁺ to enable a proton gradient to be established. This reaction then produces superoxide, 

a highly reactive radical. Mitochondrially located manganese superoxide dismutase then 

catalyses the conversion of superoxide to hydrogen peroxide (Buettner, 2011). It is proposed 

that superoxide is generated at the FMN and potentially the ubiquinone binding site (Ohnishi 

et al., 2005). 

 Complex III functions as a dimer and each monomer possesses three heme groups 

bound to cytochromes and an Fe-S cluster (Zhang et al., 1998). Complex III forms its proton 

gradient in a process known as the ‘Q cycle’ (Bleier and Dröse, 2013).  The Q cycle occurs 

through a net movement of two protons and two electrons through a series of processes at 

both ubiquinol-oxidation and ubiquinone-reduction sites and the movement of electrons 

through cytochrome b. Electrons can then be transferred to cytochrome c to enable the ETC 

to progress. Superoxide is generated at the Q₀ ubiquinone reduction site as the Q cycle 

progresses. 

 It is hypothesised that whilst complex I releases superoxide into the mitochondrial 

matrix, complex III releases it into the intermembrane space (Muller et al., 2004). It has been 

shown that 50% of the superoxide produced at Q₀ of complex III is released into the 
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intermembrane space, the other 50% is released into the matrix. It is thought that there is a 

lower peroxidase capacity in the intermembrane space and therefore superoxide may more 

effectively diffuse into the cytoplasm through porins. Whilst, superoxide that has diffused into 

the matrix may be more readily converted into hydrogen peroxide.  

 Hence, it is apparent that mitochondria are a key source of ROS and thus it is important 

to evaluate the production of ROS when investigating the effects of PBM on mitochondrial 

activity in vitro. Indeed, the majority of pathways induced by PBM are reported to be 

regulated by ROS production and thus are further described below. 

1.4.2.1 Nuclear factor kappa-light-chain-enhancer of activated B cells (NFκB) 

ROS production instigates a signalling cascade ultimately leading to the phosphorylation of 

IκB, an inhibitor of the pro-inflammatory transcription factor NFκB. In its inactive state IκB is 

bound to NFκB in the cytoplasm, however, once phosphorylated, IκB dissociates from NFκB 

and is targeted to the proteasome for degradation. This then allows the translocation of free 

NFκB to the nucleus binding to DNA, and initiation of a series of gene transcription changes, 

mRNA production and downstream expression of key cytokines, chemokines and growth 

factors including interleukin-8 (IL-8), IL-6 and vascular endothelial growth factor (VEGF (Elliott 

et al., 2001, das Neves et al., 2017, Cury et al., 2013, Choi et al., 2012)).  

A number of authors report the modulation of NFκB by light irradiation. For example, 

Chen et al reported that irradiation at 810  nm and radiant exposure of 0.003 J/cm² induced 

the activation of NFκB through increased ROS production (Chen et al., 2011a). Similarly, Curra 

et al evaluated the effects of a 660  nm diode laser on NFκB protein levels using an in vivo 

hamster model of oral mucositis (Curra et al., 2015). The authors concluded that PBM reduced 

disease severity through the activation of the NFκB pathway. Conversely, PBM reportedly may 
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reduce NFκB activation and subsequently reduces the expression of pro-inflammatory 

mediators in several diseases (Hamblin, 2017). Interestingly, de Farias Gabriel also reported 

that application of 660  nm (4J/cm²) modulated NFκB activation leading to keratinocyte 

migration, resulting in improved wound healing in a rat model of oral epithelial wound healing 

(de Farias Gabriel et al., 2019).  Hence, modulation of NFκB not only affects pathways related 

to inflammation but also those influencing wound healing. 

Another gene directly regulated by NFκB activation is cyclooxygenase-2 (COX-2). Its main 

role is to catalyse the conversion of arachidonic acid to prostaglandins including prostaglandin 

E2 (PGE2 (Stack and DuBois, 2001)). PGE2 has been reported to be involved in the activation 

of a variety of pathways including cyclic adenosine monophosphate/protein kinase A 

(cAMP/PKA) signalling (Greenhough et al., 2009, Namkoong et al., 2005). To stimulate activity 

of the cAMP pathway, PGE2 binds to prostaglandin E₂ receptor 4 (EP4). EP4 is a G protein 

coupled receptor (GPCR) associated with a stimulatory G protein (Gs). On binding, PGE₂ 

induces a conformational change activating Gs, which then activate adenylyl cyclase to 

catalyse the conversion of ATP (a second molecule whose production is increased by PBM) to 

cAMP (Diaz-Munoz et al., 2012). cAMP then induces the activation of protein kinase A (PKA) 

leading to the phosphorylation of transcription factors including cAMP response element-

binding protein (CREB (Delghandi et al., 2005)). Several authors have reported the effects of 

PBM on NFκB induced signalling. Lim et al reported that irradiation at 635   nm modulated 

both COX2 and PGE₂ protein expression (Lim et al., 2015). Current literature also indicates the 

effects of PBM on a series of signalling proteins/molecules implicated in this pathway, 

including CREB (Lan et al., 2009).  
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Another key molecule modulated by NFκB signalling is VEGF, a growth factor central to 

the promotion of angiogenic events (Toomey et al., 2009, Kiriakidis et al., 2003). Literature 

reports indicate that activation of PGE2 receptor 4 (EP4) induces the upregulation of the 

expression of VEGF and several authors have reported the effects of PBM on VEGF expression 

and activity. Tim et al concluded that 830  nm irradiation of male Wistar rats with induced 

bone defects exhibited significant increases in COX2 and VEGF expression (Tim et al., 2015), 

and das Neves et al also reported an increase in VEGF expression following irradiation of male 

Wistar rats with transverse rectus abdominis musculocutaneous flap at 660  nm or 830  nm 

(das Neves et al., 2017).  Cheng et al also reported application of 450  nm light induced 

significant increases in COX2 and VEGF in a dose dependent manner (0.001-0.1J/cm²) relative 

to LPS treated microglial cells (Cheng et al., 2016). Hence, the effects of blue, red and NIR light 

on NFκB associated pathways have been reported in several studies. However, no studies to 

date have evaluated the effects of green light on these pathways. Hence, it will be of future 

interest to evaluate the wavelength and dose dependent effects of light on downstream 

targets of PBM.  

1.4.2.2 Transforming growth factor-β (TGFβ) signalling 

Transforming growth factor-β (TGF-β) molecules represent a family of growth factors in which 

there are three mammalian isoforms: TGF-β1, TGF-β2 and TGF-β3. They have been 

extensively documented for their crucial role in wound healing processes (Penn et al., 2012) 

and in promoting angiogenesis and fibrosis (Ferrari et al., 2009). They are secreted by a variety 

of cell types in inactive form as latent-TGF-β in which a TGF-β dimer is linked by disulphide 

bonds and is non-covalently bound to a pro-domain known as latency associated peptide 

(LAP). This complex is also commonly referred to as small latent complex (SLC). The 

dissociation of this complex to enable activation of free TGF-β can be induced by a range of 
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activation stimuli including heat and pH changes (Liu and Desai, 2015, Horimoto et al., 1995). 

Notably, one mechanism of particular interest here is that PBM could induce activation of 

TGF-β signalling (Luo et al., 2013, Pamuk et al., 2017, Pyo et al., 2013). In a recent study Arany 

et al employed a laser emitting a wavelength of 904  nm with radiant exposure outputs 

ranging from 0.1-6 J/cm² and concluded that PBM was able to activate latent-TGF-β1 (Arany 

et al., 2007). It has subsequently been hypothesised that light induces an increase in levels of 

ROS including superoxide (O₂⁻) ֺ(de Freitas and Hamblin, 2016) which interacts with the 

methionine 253 amino acid residue on LAP (Jobling et al., 2006). This, in turn, then induces a 

conformational change in LAP, enabling its dissociation from TGF-β1 enabling it to bind with 

high affinity to its cell-surface receptors, including TGF-β receptors (TGFβRI, TGFβRII and 

TGFβRIII). Notably, TGFβRIII binds TGF-β1 and then transfers it to TGFβRI and TGFβRII, which 

are both serine/threonine kinases. In turn, these receptors phosphorylate transcription 

factors including “small mothers against decentaplegic” (Smad). Once phosphorylated Smad2 

and Smad3 bind Smad4, the complex then translocates to the nucleus and interacts with 

transcriptional coactivators including p300, a nuclear scaffolding protein. This signalling then 

enables the binding of the complex with the Smad binding element, leading to the 

transcription of multiple target genes (Jain et al., 2013).  

Interestingly, several authors have also provided evidence for an increase in the activity 

of Smad proteins following irradiation. The Smad family is comprised of the receptor Smads 

(Smad-1, -2, -3, -5 and -8/-9), the inhibitory Smads (Smad-6 and -7) and the co-Smad, Smad-

4. Hirata et al found that irradiation at 805  nm induced increases in phosphorylation of Smad-

1/-5/-8 (Hirata et al., 2010). Interestingly, Dang et al also found an increase in phosphorylated 

Smad proteins, specifically Smad-2 and Smad-4 following irradiation at 800  nm (Dang et al., 

2011). Similarly, Yuchao et al reported application of 475  nm light induced significant 
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increases in Smad2 phosphorylation. Providing evidence that blue light may also show 

efficacy in modulating TGFβ signalling (Li et al., 2018). Hence, these data indicate the possible 

involvement of TGF-β signalling through Smad proteins during the transduction of the 

molecular effects of PBM. However, other pathways are also induced by TGF-β signalling 

including the mitogen associated protein kinase pathway (MAPK (Derynck et al., 2014)). 

Subsequently, it will be interesting to determine how PBM modulates TGF-β signalling 

through these interlinked pathways, and which wavelengths of light can induce them.  

1.4.2.3 Nuclear factor erythroid 2–related factor 2 (Nrf2) signalling 

Nrf2 is a protein in the “basic leucine zipper protein” (bZIP) family and is implicated in 

regulation of the expression of antioxidant proteins (Shelton and Jaiswal, 2013). Increases in 

ROS production lead to the dissociation of Nrf2 from its inhibitor, Keap1, targeting it for 

degradation. This enables Nrf2 to translocate into the nucleus and induce the transcription of 

antioxidant genes, due to the binding of Nrf2 to antioxidant response elements (AREs). To 

date, only a handful of studies have evaluated the effects of PBM on Nrf2 expression and 

activity. Interestingly, Sohn et al reported an increase in Nrf2 gene expression following 

irradiation at 635   nm (Sohn et al., 2015). Similarly, Trotter et al also found that application 

of blue light induced significant increases in Nrf2 expression in vitro (Trotter et al., 2017). This 

acts as a feedback mechanism following NFkB activation so the interaction of these two 

pathways may be important in PBM modulation of chronic inflammatory diseases. Indeed a 

differential upregulation of Nrf2 may be important in such diseases. However, further work 

will be required to fully dissect the effects of light irradiation on Nrf2 signalling.  
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1.5 Wavelength dependent response to PBM 

It is proposed that the effects of PBM are wavelength and dose dependent. Wavelengths 

employed in PBM span the electromagnetic spectrum (Figure 1.1). However, wavelengths 

spanning the red to NIR spectrum are the subject of the highest proportion of literature 

reports due to their high penetration depth and their non-cytoxic effects, even at high doses 

(Huang et al., 2009). However, blue light effects are also gathering considerable interest. 

Hence, this section below aims to evaluate the effects of blue, red and NIR light, with 

particular focus on blue light.  

1.5.1 Red and NIR light  

The biological effects of red and NIR light have been widely reported. It is proposed that red and NIR 

light modulates mitochondrial activity inducing a series of downstream effects including decreases in 

oxidative stress and inflammation (see Section 1.4.1 (Hamblin, 2018a)). A recent study using aged 

Drosophila melanogaster (fruit flies) provided evidence that irradiation with red light increased 

mitochondrial function whilst also decreasing oxidative stress. The exposure to red light was 

accompanied by improved mobility, memory and retinal function in aged flies (Weinrich et al., 2017). 

Indeed, the potential use of red and NIR light to manage disease is rapidly growing, 

with 87 clinical trials being reported across the world currently (clinicaltrials.gov database 

accessed: April 2019). In fact, a Scopus search revealed 4170 articles citing the use of red and 

NIR light PBM both in vitro and in vivo to date (April 2019, Figure 10.1).  Further evaluation of 

recent reviews (systematic and meta-analysis published from the 30/4/2018-19) revealed 19 

articles citing the use of red and NIR light PBM in the management of a wide array diseases 

ranging from symptoms of Parkinson’s disease (Hamilton et al., 2018) to traumatic brain 

Injury (TBI)  (Hamblin, 2018b, Rocha et al., 2018, Salehpour et al., 2018b). These articles were 
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reviewed systematically using the Scopus database and are summarised in Table 10.1 (see 

appendix).  

 Hence, current indications suggest that whilst red and NIR light may prove an effective 

modality in the management of disease it is clear further work is required to elucidate not 

only the molecular mechanisms of PBM but also the treatment parameters that will prove 

efficacious for clinical translation. This may be undertaken through high-throughput 

assessment of an array of wavelengths and doses (radiant exposures) of light on markers for 

mitochondrial activity.   

1.5.2 Blue light 

The majority of literature surrounding the use of PBM cites the use of wavelengths spanning 

the visible to NIR spectrum (600-1100 nm). In comparison the use of violet-blue light (400-

495 nm) is less commonly reported and this may be due to the issue that the margin between 

‘biocompatible’ blue light and damaging ultraviolet light (UV) is not yet fully defined. 

 UV light spans wavelengths of 100-400 nm and can be subdivided into three discrete 

categories: UVA (long-wave, 315-400 nm), UVB (medium-wave, 280-315 nm) and UVC (100-

280 nm). The effects elicited by UV radiation are wavelength and dose dependent, and UVB 

and UVC wavelengths are most commonly associated with DNA damage and mutagenesis 

(Sage et al., 2012). Where, DNA has a peak absorption at 254  nm and subsequent UV 

irradiation leads to the formation of covalent linkages between adjacent pyrimidine bases in 

DNA to form a thymine dimer (B Alberts, 2002). If these dimers remain uncorrected, during 

DNA replication these mutant dimers are either deleted or substituted. However, these 

deletions or substitutions can lead to changes in gene sequence, and for example, can alter 
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expression and function of genes regulating cell division such as p53, which subsequently 

leads to uncontrolled cell division and therefore cancer (Kuluncsics et al., 1999).  

 Comparatively, UVA radiation has a poor efficiency in inducing DNA damage but can 

cause the generation of singlet oxygen through excitation of a photosensitiser that 

consequently reacts with molecular oxygen (ROS (Baier et al., 2006, Rastogi et al., 2010)). 

Whilst, increases in the generation of ROS have been associated with the pathogenesis of 

diseases such as periodontitis (Dahiya et al., 2013), small increases in ROS have also been 

associated with maintaining cellular function by modulating activities such as cell proliferation 

(Day and Suzuki, 2006). Indeed, the induction of ROS production by PBM has been cited to be 

pivotal in inducing the biological effects of light both in vitro and in vivo (1.4.2 (Hamblin, 

2018a). Nevertheless, it is apparent that further work is required to evaluate the dose 

dependent effects of blue light PBM, in which biostimulatory and cytotoxic doses can be 

identified.  

 Indeed another key caveat of the use of blue light is its relatively low tissue 

penetration depth, as discussed in Section 1.3. However, despite this there is a growing body 

evidence supporting the use of blue light to reduce inflammation (Alba et al., 2017) and 

promote wound healing (Masson-Meyers et al., 2016a), as well as being able to limit bacterial 

growth (Veleska-Stevkoska and Koneski, 2018). Hence, a literature review was undergone to 

evaluate the effects of blue light PBM. 

1.5.2.1 Evaluating the effects of blue light PBM  

Review of the literature using the Scopus database revealed 68 articles citing the use of blue 

light (25/01/2008-25/01/2019, Figure 10.5) for a range of applications, including accelerated 

wound healing (Kim et al., 2017a), inhibition of cancer cell proliferation (Choe et al., 2017), 
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prevention of keloid formation (Lee et al., 2017b) and bacterial cell death (Bumah et al., 2015, 

Masson-Meyers et al., 2015, Schafer and McNeely, 2015) (see Appendix, section 10.1 for all 

articles reviewed).  

 Analysis of publications citing the effects of blue light PBM revealed 7% (5/68) 

inhibitory or cytotoxic effects, 21% (14/68) reported no significant biological response whilst, 

72%(49/68) reported stimulatory effects on cultures including modulation of inflammation 

and markers for wound healing. However, information regarding the reporting and recording 

of treatment parameters in the articles reviewed remains lacking. Indeed key parameters 

were not reported in full by authors including exposure time (34%, 23/68), beam area (82%, 

56/68), irradiance (29%, 20/68) and radiant exposure (38%, 26/68).  Notably, 68% (46/68) 

articles reviewed disclosed no information regarding light characterisation methodology. The 

information reported by the other 22 articles were minimal, and the majority of studies only 

reported the power or irradiance output of an LED/laser light source (12/22 (Priglinger et al., 

2018, Rohringer et al., 2017, Ashworth et al., 2016, Takhtfooladi and Sharifi, 2015, Niu et al., 

2015, Teuschl et al., 2015a, Buravlev et al., 2014a, Dungel et al., 2014, Buravlev et al., 2014b, 

Buravlev et al., 2013, Fushimi et al., 2012, Adamskaya et al., 2011)). These findings fall in line 

with those reported by Hadis et al, in which the authors reported 76% of articles reviewed 

failed to report any light irradiation characterisation methods (Hadis et al., 2016b). Hence, 

future studies must prioritise the reliable measurement and reporting of treatment 

parameters to ensure the reproducibility of studies. This approach will enable robust studies 

to determine the efficacy of blue light for therapeutic application. 

 To determine potential treatment parameters for in vitro application, median radiant 

exposure values could be calculated from publications reporting parameters. In fact, a median 
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radiant exposure of 7.8J/cm² (range 1.5-90J/cm²) was calculated for those articles citing the 

biomodulatory effects of blue light in which 63% (17/27) reported the use of radiant exposure 

values <10J/cm². Potentially the application of doses of blue light within this range could be 

applied in vitro to evaluate the molecular mechanisms of PBM.    

Review of the literature has revealed blue light PBM is effective in treating a wide 

array of diseases and ailments from reduction of symptoms in acne (Jung et al., 2015, Alba et 

al., 2017)  to reduced bleeding time following tooth extraction (Veleska-Stevkoska and 

Koneski, 2018). However, the reporting of treatment parameters was minimal and only a 

handful of authors reported the biphasic dose response to PBM.  In their article Masson-

Meyers et al investigated the effect of blue light on wound healing using human dermal 

fibroblast (Masson-Meyers et al., 2016b). The authors reported irradiating cell cultures at 470 

nm (30mW/cm², 3-55J/cm²) and evaluated the effects of light on markers for wound healing. 

It was concluded that radiant exposure values with the range of 3-10J/cm² reduced the 

secretion of IL-6, increased general protein production (which correlates with changes in gene 

expression), induced mean increases in basic fibroblast growth factor (bFGF) but had no 

significant impact on wound healing. Conversely, when utilising a fluency value of 55J/cm², 

the authors reported that irradiation did significantly reduce the rate of wound healing. These 

data suggest whilst low doses of blue light may modulate cellular activity whilst high doses 

may be cytotoxic. However, comparatively a publication also reported that doses of blue light 

(453  nm) up to 500J/cm² induced no cytotoxic effects on human skin cells (Liebmann et al., 

2010). Hence, it is apparent further work is required to not only to evaluate the dose and 

wavelength dependent effects of PBM but also the differential response of cells isolated from 

different locations in the body to blue light.  



 

29 
 

Similarly, Mamalis et al investigated the effect of a blue light LED emitting a 

wavelength of 415  nm at fluency values between 5-80J/cm² on cell viability, proliferation, 

migration speed and ROS production utilising primary human skin fibroblasts (Mamalis et al., 

2015). They found that irradiation at any fluency value had no effect on cell viability but 

induced significant increases in ROS production at every fluency value studied. Conversely, at 

fluency values greater than 10J/cm², there were significant reductions in cell proliferation and 

relative cell migration. Suggesting doses >10J/cm² may be cytotoxic. This may potentially be 

due to increases in ROS production inducing the activation of NFκB pathway and increases in 

the production of pro-inflammatory cytokines such as IL-8 and the activation of p21, a cyclin 

kinase inhibitor protein (He et al., 2005). Ultimately this may divert the cell into a cell survival 

state and arrested state, therefore preventing re-entry into the cell cycle and hence exhibits 

a decreased proliferation capacity (Hwang et al., 2017). Comparatively, application of a dose 

of 5J/cm² induced increases in ROS production but had no significant changes in cell 

proliferation compared with the non-irradiated controls. The current literature indicates that 

small increases in ROS production can promote increases in cell proliferation through the 

activation of NFκB which promote increases in production of growth factors such as basic 

fibroblast growth factor (bFGF) (Boonstra and Post, 2004, Sullivan and Chandel, 2014, Groeger 

et al., 2012).  

Cheon et al also explored the use of blue light irradiation on proliferation of cells 

extracted from Sprague-Dawley rats (Cheon et al., 2013). Rats were shaved and consequently 

two circular excision wounds were created on the rat’s dorsum. Subsequently the wound was 

irradiated with a blue LED emitting a wavelength of 470 nm at an irradiance of 3.55mW/cm² 

for 1 hour a day for 9 days (providing a total dose over nine days of 1.92J/cm²). Consequently, 
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the effects of PBM on cell proliferation as a marker for wound healing was assessed 

histologically. It was found that blue light irradiation induced significant improvements in 

wound healing compared with non-irradiated controls. These data could also indicate that 

low doses of blue light could increases cell proliferation, potentially due to relatively small 

increases in ROS production.  

1.6 Periodontal disease 

In the UK periodontitis is the most common chronic inflammatory disease, affecting 60% of 

those over the age of 65 (Chapple, 2014). In addition, oral disease treatment is estimated to 

cost the NHS £2.8 billion per annum for patient treatment (White et al., 2012). Periodontitis 

significantly impacts adversely on patients quality of life and is associated with a number of 

systemic diseases including type two diabetes mellitus (Preshaw et al., 2007, Taylor et al., 

2013), rheumatoid arthritis (Persson, 2012) and coronary heart disease (H. Bokhari et al., 

2012). Chronic levels of pro-inflammatory mediators including IL-1β and tumour necrosis 

factor-α play a role in mediating systemic disease induced periodontitis, amongst other 

possible molecular mediators including lipids and bacterial virulence factors (Nagpal et al., 

2015, Koshy and Mahendra, 2017, Dominy et al., 2019). 

 Periodontal diseases can be subdivided into gingivitis and periodontitis. Gingivitis is 

inflammation of the gums and is also known as non-destructive periodontal disease as it 

doesn’t result in any soft or hard tissue loss or destruction and is reversible. Gingivitis is 

treatable by ensuring good oral hygiene regimes. Although not inevitable, gingivitis is often a 

precursor to periodontitis in susceptible patients. Gingivitis develops in response to plaque 

formation and is initially associated with Gram positive aerobic bacteria, in contrast 

periodontitis is associated with an established subgingival biofilm mainly consisting of Gram 
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negative anaerobic bacteria (White, 1997). Periodontitis is characterised by a non-resolving 

chronic inflammatory lesion associated with excess inflammation which causes local tissue 

loss (connective tissue and bone). If allowed to progress the associated tissue loss results in 

tooth mobility and ultimately tooth loss.  

1.6.1 Periodontal tissue anatomy 

The main purpose of the periodontal tissues is to provide protection for the tooth from both 

masticatory forces and colonisation by periopathogenic bacteria (Chapple, 2002a). Healthy 

periodontal tissues comprise the gingivae, alveolar bone, periodontal ligament and root 

cementum (Hassell, 1993). The alveolar bone is covered by a muscosal tissue known as the 

gingiva (also known as the lamina propria), which is composed of a type I and III collagen rich 

extracellular matrix. The gingival tissue is separated by a basal lamina, rich in type IV collagen 

which connects to an epithelial layer. Collagen fibrils within the lamina propria attach directly 

to the alveolar bone (Lamont RJ, 2006). The predominant cell type within the gingiva are 

fibroblasts which function to remodel and produce various ECM components. Fibroblasts  are 

also capable of responding to various pro-inflammatory stimuli ranging from bacterial stimuli 

to damage to the gingiva (Bartold and Narayanan, 2006). Immune cells are also present 

including macrophages, endothelial cells and neurons.  

The external surface of the gingiva is covered by three distinct types of epithelium; the 

gingival, sulcular and junctional epithelium (Mah et al., 2014). In which the gingival epithelium 

is ketatinised and covers the external surface of the gingiva. The gingival epithelium aids in 

protecting the gingiva from damage during mastication and acts as a barrier to oral microbes. 

The sucular epithelium is not keratinised and covers the surface from the free gingival margin 

to the gingival sulcus. The junctional epithelium is non-keratinised, thin (which makes it 
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permeable to fluid and cells) and is found between the sulcular epithelium and tooth surface 

(Shimono et al., 2003).  

 The cementum and periodontal ligament are tissues that surround and provide 

support for the tooth. The periodontal ligament comprises a dense extracellular matrix (ECM), 

consisting primarily of types I, III and V collagen, that form fibres facilitating the attachment 

of the root cementum to the alveolar bone. The periodontal ligament suspends the tooth in 

the socket and protects both the teeth and bone from forces occurring during mastication. 

This thin layer of connective tissue comprises primarily of fibroblasts. However, neurons and 

epithelial cells are also present (Bartold and Narayanan, 2006). Periodontal tissue anatomy is 

indicated diagrammatically in Figure 1.5. 
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Figure 1.5 Periodontal tissue anatomy a) schematic of the periodontal tissue in which the a longitudinal 
section is labelled to demonstrate the location of various components of this complex tissue including 
the alveolar bone and dentine. The schematic also indicates the cells comprising the cementum, 
periodontal ligament and alveolar bone. In which fibroblasts in green predominate within the 
periodontal ligament. The periodontal ligament is also abundant in a complex network of collagen 
fibres as shown in red (adapted from (Marchesan et al., 2011)). Histological analysis is employed to 
evaluate tissue structure in vitro as indicated in b). The tissue was stained with 4-hydroxynoneal. D 
indicates dentin and C denotes the cementum, in which white arrows denote cementoblasts at the root 
surface. The green arrow denotes the periodontal ligament. The Epithelial Rests of Malassez are a 
network of epithelial cells and are indicated by red arrows. Blood vessels are also labelled as V and 
fibroblasts as F (from (CONSOLARO, 2010)) 
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1.6.2 Gingivitis 

Clinically, gingivitis is characterised by redness of the gingiva, bleeding, swelling and increased 

flow of inflammatory exudate, also known as gingival crevicular fluid (GCF). The initial 

development of gingivitis is caused by the accumulation of supragingival plaque. Whilst, 

gingivitis is not characterised by host tissue invasion by microbes, it is established that 

bacterial components derived from the plaque can induce an acute inflammatory response 

(How et al., 2016). These bacterial components include molecules such as LPS and bacterial 

DNA, also known as pathogen associated molecular patterns (PAMP). 

 These PAMPs are subsequently recognised by pathogen recognition receptors (PRR), 

including the cell surface receptors Toll like Receptors (TLRs).  There are 10 functional human 

TLRs, in which Table 1.1 indicates the cells they are expressed by and what they recognise. 

TLRs are a crucial element of the innate immune system enabling the recognition of 

pathogens. Oral cell types including gingival fibroblasts (GFs) express TLR1, TLR2, TLR3, TLR4, 

TLR5, TLR6, TLR7, TLR8 and TLR9 (Di Benedetto et al., 2013, Uehara and Takada, 2007). LPS or 

endotoxin is composed of lipid and polysaccharide and is found on the outer membrane of 

gram negative bacteria and is recognised by TLR4. TLR4 stimulates a cascade of events that 

culminate in the activation of NFκB via the phosphorylation of its inhibitor IκB. NFκB then 

translocates into the nucleus to induce the expression of interleukin-8 (IL-8) and various other 

inflammatory mediators. IL-8 is a potent chemokine associated with periodontal disease, 

involved in the recruitment of neutrophils to the site of infection, binding to the chemokine 

receptors CXCR1 and CXCR2 on the neutrophils cell surface (Hazeldine et al., 2014, Sahingur 

and Yeudall, 2015). Indeed cytokines are responsible for the recruitment, differentiation, 

activation and growth of lymphocytes including T-cells (Taubman and Kawai, 2001). In turn, 

this leads to further increases in cytokine secretion, inducing increases in local tissue 
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inflammation, characteristic of gingivitis. However, this inflammation can be resolved, as 

discussed in Section 1.6, through thorough removal of the bacterial plaque inducing 

inflammation.  

 

 

 

 

 

 

Table 1.1: Human leukocytes expressed by the human body  (Murphy, 2012) 
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1.6.3 Periodontitis 

The clinical manifestation of periodontitis is that of soft and hard tissue loss resulting in tooth 

mobility , a probing pocket depth >4mm and possible gingival recession as can be seen in 

Figure 1.6 (Chapple, 2002b)). Whilst, the aetiology of periodontitis, as with gingivitis, is plaque 

accumulation, periodontitis is associated with an agressive host inflammatory response in 

susceptible patients. This aberrant response is driven by recruitment of neutrophils to the site 

of inflammation where they release excess free radicals and ROS which cause the local tissue 

damage (discussed in Section 1.6.2). The onset and progression of periodontitis can also be 

influenced by a number of risk factors including systemic disease, smoking and diet (Najeeb 

et al., 2016, da Silva et al., 2017).  

 The bacterial species found in subgingival plaque are often considered more 

periopathogenic than those found in supragingival plaque (Listgarten, 1988). Indeed, species 

colonising both subgingival and supragingival have been grouped into what are known as 

‘Socransky complexes’ (Socransky et al., 1998, Haffajee et al., 2008). These complexes are 

categorised by how strongly associated they are with periodontitis. Bacteria such as 

Porphyromonas gingivalis and Treponema denticola found in the red complex and are 

deemed as having a strong association with periodontitis. Comparatively, the early colonisers 

(Streptococci species) form the yellow complex and are deemed least pathogenic. Socransky 

complexes comprising subgingival plaque are described in Figure 1.7.  P. gingivalis is a Gram 

negative bacterial species whose presence in the oral cavity has been correlated with 

increases in the severity of periodontal disease (Rafiei et al., 2017).  P. gingivalis not only 

possesses the ability to produce proteases to lyse cells to extract nutrients but also produce 

proteases that degrade cytokines, enabling evasion from the host immune response (Lamont 

and Jenkinson, 1998).   
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Figure 1.6: Clinical manifestation of periodontitis, characterised by the loss of structures surrounding 
and supporting the tooth. In which, this image shows there is evidence of generalised inflammation, 
abnormal gingival anatomy due to tissue destruction, gingival recession, swelling and inflammation 
and abundant plaque and tartare build up (brown deposits on tooth). This is indicative of a poor oral 
health regime.  
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Figure 1.7: Complexes comprising subgingival plaque, also known as Sockransky complexes in which 
bacterial species colonising the oral cavity are divided into groups (indicated by different colours 
above) based on virulence. Where species comprising the ‘yellow’ complex are primary colonisers and 
are all Streptococcus species including Streptococcus gordonii (S. gordonii). In turn, the vicinity of the 
yellow complex to the green, purple and orange complexes indicates the association of streptococcus 
species with various species including Veilonella parvula (V. parvula, purple complex), Capnocytophaga 
species (C. gingivalis, C. sputigena, green complex) and Fusobacterium species (F. nucleatum subsp, F. 
periodonticum, orange complex). Those species comprising the purple complex are also early colonisers 
with a low to moderate pathogenicity whilst those within the green complex are facultative anaerobes 
exhibiting moderate pathogenicity. In comparison, species comprising the orange complex exhibit the 
ability to produce exotoxins and are also known as bridging species, exhibiting the ability to 
coaggregate with more pathogenic species comprising the red complex including Porphyromonas 
gingivalis (P. gingivalis). The red complex comprises species commonly associated with periodontal 
disease. This is described in further detail by Socransky et al (Socransky et al., 1998). 
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1.6.4 Oral biofilm and the onset of disease 

Plaque is characterised by the coaggregation of several bacterial species to form a complex 

bacterial biofilm. Bacterial colonisation can vary greatly from one individual to the next and 

can also vary considerably depending on the regularity and efficiency of oral hygiene 

procedures and the variety of bacteria within the biofilm. Plaque can form either 

supragingival or subgingival, with subgingival plaque more strongly associated with 

periodontitis.  

Oral biofilms are formed through complex interactions between bacteria colonising 

the oral cavity. Their formation involves a series of environmental shifts including pH changes 

to facilitate the colonisation of an array of microbes ultimately leading to formation of a 

diverse ecosystem protected from insult via the production of the extracellular 

polysaccharide (EPS) matrix from species such as Streptococcus mutans (S. mutans) 

(Jakubovics and Kolenbrander, 2010, Koo et al., 2010). Oral pH is generally maintained at 6 

but consumption of food or drink can lower pH to 5. Oral pH can be regulated by a range of 

factors including host immune response, plaque biofilm composition and levels of ions 

including phosphate, calcium and hydroxide (PO₄³¯, Ca²˖ and OH-). The initial step in the 

formation of an oral biofilm is the adhesion of primary colonisers including Streptococcus and 

Actinomyces species to the salivary pellicle through salivary receptors such as proline-rich 

protein and α-amylase (O'Toole et al., 2000, Zhou et al., 2016). Primary colonisers can then 

interact through adhesins to enable coaggregation with late colonisers (Kolenbrander et al., 

2010). For example, the primary coloniser Streptococcus gordonii (S. gordonii) possesses a cell 

surface receptor containing a serine rich repeat enabling its adhesion to the salivary pellicle. 

In turn, P. gingivalis expresses short fimbriae known as Mfa1 that enables its interaction and 

hence coaggregation with S. gordonii (Nobbs et al., 2011, Gerits et al., 2017). Interestingly 
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other species also mediate the colonisation of P. gingivalis including Fusobacterium 

nucleatum (F. nucleatum) through expression of the outer membrane protein FomA 

(Jakubovics and Kolenbrander, 2010). Thus, F. nucleatum plays a pivotal role in inducing oral 

biofilm maturation. Interactions between these bacterial species are displayed in Figure 1.8. 

Other bacterial species prevent colonisation by periopathogenic bacteria such as F. 

nucleatum and P. gingivalis. For example, Streptococcus intermedius can downregulate the 

expression of Mfa1, hence preventing the coaggregation of S. gordonii with P. gingivalis 

(Christopher et al., 2010a). It is understood that the oral microbiome is comprised of over 600 

species (Dewhirst et al., 2010b, Sulyanto et al., 2019) and these species interact under given 

conditions to aid the progression of the oral biofilm formation. The disruption of this 

progression is important in the prevention of the onset of several oral diseases, including 

periodontitis (Chandki et al., 2011). 
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Figure 1.8 Illustration of the interactions of several bacterial species colonising the oral cavity using 
the medium of outer membrane proteins, pili and fimbrae. Bacterial species included are Streptococcus 
gordonii (Strep. gordonii), Streptococcus sanguinis (Strep. Sanguinis), Actinomyces Naeslundii (A. 
naeslundii), Fusobacterium. Nucleatum (F. nucleatum), Porphyromonas gingivalis (P. gingivalis), 
Treponem  denticola (T. denticola) and  Aggregatibacter. Actinomycetemcomitans (A.a).  (from Nobbs 
et al (Nobbs et al., 2011)). 
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1.6.5 The role of gingival fibroblasts in periodontal disease 

Gingival fibroblasts (GFs) are mesenchymally derived cells that are the most abundant cell 

type in the periodontium (Ara et al., 2009a). GFs are characteristically spindle shaped in 

morphology and exhibit the ability to remodel extracellular matrix (ECM) components 

through upregulation of ECM remodelling enzymes including matrix metalloproteinases 

(MMPs) and upregulating the production of ECM components (Williams et al., 2016). The ECM 

is a network predominantly composed of collagen (Yoshizaki and Yamada, 2013). GFs are a 

fundamental cell type used in the study of oral diseases due to their abundance and their 

ability to modulate the oral immune response (Bartold and Narayanan, 2006). GFs also exhibit 

the ability to recognise fluctuations in inflammation in the gingival microenvironment for 

example, due to the presence of bacterial cells or damage to the gingival ECM (Scragg et al., 

1999). Indeed, studies have shown that healthy GFs exhibit different responses to stimuli 

when compared to inflamed GFs. In which the response of GFs to  pro-inflammatory stimuli 

including Porphyromonas gingivalis lipopolysaccharide (P. gingivalis LPS) are time and dose 

dependent (Kang et al., 2016).  In response to pro-inflammatory stimuli GFs produce cytokines 

including IL-6 and IL-8 and hence GFs are termed immunocompetent (Belibasakis et al., 2005). 

Hence, GFs are reported to be a key source of pro-inflammatory cytokines including 

prostaglandin-E₂ (PGE₂) and IL-6 within the oral cavity and thus play a fundamental role in 

modulating the oral immune response (Sakaki et al., 2004, Imatani et al., 2001). One unique 

characteristic displayed by GFs is the fact that this cell type does not develop tolerance to pro-

inflammatory stimuli including LPS, whilst comparatively cell types such as monocytes do 

exhibit tolerance (Ara et al., 2009a). Which may suggest that GFs could play a crucial role in 

driving the persistent chronic inflammation, characteristic of periodontal disease (Naylor et 

al., 2013).  
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Fibroblasts isolated from different locations display differential responses to stimuli. 

For example, in 3D culture it has been shown that gingival and breast skin fibroblasts are 

phenotypically distinct. Where, GFs exhibit elevated levels of molecules crucial in ECM 

remodelling and regulation of inflammation compared to dermal fibroblasts and thus are 

hypothesised to be conducive in the quick resolution of inflammation and ECM remodelling 

(Mah et al., 2014).  This phenomenon is known as fibroblast heterogeneity and it has also 

been shown that fibroblast sub-populations derived from different locations in the oral cavity 

exhibit distinct phenotypes (Smith et al., 2019). In which fibroblasts such as gingival and 

periodontal ligament fibroblasts exhibit differential surface marker expression and also have 

different morphologies (Phipps et al., 1997). Additionally, a number of authors have reported 

the differential response of GFs isolated from different individual’s to stimuli (Tipton et al., 

1991), including when evaluating the effects of PBM in vitro (Basso et al., 2015). Hence, GFs 

are not only an excellent model cell type for the study of periodontal disease pathogenesis 

but also for use in dissecting the individual dependent response to stimuli. This property could 

prove useful when exploring possible tailored treatments for periodontal disease using PBM, 

in which, inter-individual differences in response to PBM have been reported (Qamruddin et 

al., 2018).   

1.6.6 Use of PBM in oral disease management 

The use of PBM has been widely documented in the management of oral disease. In fact, a 

Scopus search identified 999 articles which cite the use of PBM in dental applications 

(30/4/2019-30/4/2013). However, in order to succinctly evaluate the utility of PBM in 

dentistry, reviews (systematic reviews and meta-analysis) reporting the use of PBM in 

management of oral disease were evaluated. A Scopus search employing the key words and 

exclusion criteria described in Figure 10.2 was undertaken.  
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 The search revealed 42 relevant reviews, in which a high proportion reported the use 

of PBM for the management of oral mucositis (OM, 12/42, (Anschau et al., 2019, Bensadoun, 

2018, de Pauli Paglioni et al., 2019, Fekrazad and Chiniforush, 2014, He et al., 2018b, Peralta-

Mamani et al., 2019, Robijns et al., 2017, Sonis et al., 2016, Spanemberg et al., 2016, Sung et 

al., 2017, Zecha et al., 2016a, Zecha et al., 2016b)) or for orthodontic applications (17/42, see 

Appendix, Table 10.2 (Carvalho-Lobato et al., 2014, Ge et al., 2015, Kacprzak and Strzecki, 

2018, Meng et al., 2017, Seifi and Vahid-Dastjerdi, 2015, Swidi et al., 2018, Yi et al., 2017, 

Eslamipour et al., 2017, Fleming et al., 2016, Li et al., 2015, Srivastava and Mahajan, 2014, 

Tania et al., 2015, Amid et al., 2014, Skondra et al., 2018, Kamel et al., 2014, Mathews et al., 

2015, Prados-Frutos et al., 2016)) including accelerated orthodontic tooth movement. OM is 

a debilitating side effect of chemotherapy treatment, characterised by the development of 

ulcerative lesions in the oral mucosa. OM affects 29-66% of chemotherapy patients and is 

frequently painful, with few therapies proving efficacious in the management of this disease  

(Lalla et al., 2008). However, whilst these reviews do highlight the biomodulatory effects of 

PBM, many authors do still address the current ongoing issues reported in the literature. 

Indeed, there remains poor experimental design where parameters are not measured or 

reported, rendering it difficult to compare studies and draw conclusions regarding possible 

parameters to have an effect on cellular activity for application in vivo.  

 A similar issue is apparent in reviews reporting the use of PBM in the management of 

periodontal disease (Ren et al., 2017, Porteous and Rowe, 2014), gingival healing following 

surgery (Akram et al., 2018), dentine hypersensitivity (Moraschini et al., 2018) and burning 

mouth syndrome (Pandeshwar et al., 2016).  Carroll et al also evaluated the use of PBM in 

dentistry and concluded that whilst there is evidence supporting the its use, there still remains 
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a lack of consistency in the reporting and recording of treatment parameters and also a lack 

of knowledge as to how PBM elicits its cellular and tissue effects (Carroll et al., 2014). 

 Hence it is apparent further in vitro and in vivo evaluation of PBM are required. Not 

only providing clear guideline as to how to report and measure treatment parameters but 

also in further dissecting the molecular mechanisms of PBM. This will then ensure clarity as 

to which possible parameters could induce effects clinically.  

1.6.7 The biomodulatory effects of PBM on GFs. 

As discussed in Section 1.6.5, GFs are a key cell type in the pathogenesis of oral disease and 

subsequently have commonly been used to study the use of PBM in its management. Indeed, 

a systematic review of relevant literature using the Scopus database and key words illustrated 

in Figure 10.3 identified 40 articles (see appendix, Table 10.3) that have been published 

detailing the effects of PBM on GFs (Almeida-Lopes et al., 2001b, Azevedo et al., 2006, Basso 

et al., 2013a, Basso et al., 2015, Basso et al., 2012b, Basso et al., 2013b, Basso et al., 2016a, 

Basso et al., 2016b, Chen et al., 2011a, Choi et al., 2012, Damante et al., 2009, Frozanfar et 

al., 2013, Gkogkos et al., 2015, Hakki and Bozkurt, 2012, Khadra et al., 2005, Kreisler et al., 

2002, Kreisler et al., 2003, Kreisler et al., 2001, Kreisler et al., 2005, Liang et al., 2015, Lim et 

al., 2015, Lim et al., 2013, Lim et al., 2007, Marques et al., 2004, Nomura et al., 2001, Ogita et 

al., 2014, Pansani et al., 2014, Pansani et al., 2017, Park and Hong, 2014, Pourzarandian et al., 

2005, Sakurai et al., 2000, Saygun et al., 2008, Schartinger et al., 2012, Takema et al., 2000, 

Wang et al., 2015, Yoshida et al., 2013, Yeh et al., 2017, Eslami et al., 2017). Notably 73% 

(29/40) of the articles reviewed reported the use of primary human GFs (pHGFs).  

Of these 40 articles, 80% reported the use of a laser for light application (32/40) and 

70% (28/40) reported the use of NIR laser light at wavelengths ranging between 780-2940 
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nm. High power lasers are frequently used in dentistry for a range of applications including 

tooth whitening, treatment of gum disease (by photodynamic therapy) or ablating decay in 

teeth affected by cavities (Verma et al., 2012). However, as discussed in Section 1.3 there are 

limitations to the use of lasers in PBM which includes their cost and their being no discernible 

difference in biological outcomes following application of either light source.  

Interestingly, the most commonly applied wavelength for the study of PBM on GFs 

was 780 nm which was reported by 22% (9/40) of the articles reviewed.  Only 1 article 

reported the use of blue light (460  nm (Yoshida et al., 2013)) and 13 reported the use of red 

light (Almeida-Lopes et al., 2001b, Azevedo et al., 2006, Choi et al., 2012, Damante et al., 

2009, Lim et al., 2015, Lim et al., 2013, Lim et al., 2007, Park and Hong, 2014, Saygun et al., 

2008, Schartinger et al., 2012, Wang et al., 2015, Yeh et al., 2017, Eslami et al., 2017). 

Evaluation of the reporting of treatment parameters revealed the majority of parameters 

were not reported in full including beam area (25%,10/40), power (75% 29/40), irradiance 

(25% 10/40) and radiant exposure/fluence (83% 33/40).  

Review of the literature citing the effects of PBM on GFs identified 83% (33/40) 

reporting the significant biological effects of PBM, whilst 8% (3/40) cited cell toxicity and 10% 

(4/40) reported no significant effect on GF cellular activity. The majority of articles reporting 

biological effects provided evidence that light application either induced significant increases 

in cell proliferation (Park and Hong, 2014, Almeida-Lopes et al., 2001b, Azevedo et al., 2006, 

Basso et al., 2012b, Basso et al., 2016b, Khadra et al., 2005, Kreisler et al., 2002, Pansani et 

al., 2014, Pourzarandian et al., 2005) or reductions in markers for inflammation, including IL-

1β (Basso et al., 2013a, Basso et al., 2015, Lim et al., 2015, Lim et al., 2013, Lim et al., 2007, 

Nomura et al., 2001). Notably the highest proportion of authors either cultured cells in low 
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serum (0-5% foetal bovine serum, FBS) or applied a pro-inflammatory stimulus such as LPS to 

induce conditions to mimic those exhibited in disease (57%, 19/33). Interestingly, for those 

articles reporting positive effects, a median radiant exposure of 3J/cm² was calculated (range: 

1.5-155J/cm²).  

When evaluating articles reporting no significant effect, all articles determined the 

effects of NIR light (780-904  nm) on cell proliferation at a median radiant exposure of 4J/cm² 

(range: 0.5-60J/cm²) of GFs cultured in 10% FBS (Frozanfar et al., 2013, Marques et al., 2004, 

Pansani et al., 2014, Liang et al., 2015). Hence, it may be hypothesised that application of a 

stimulus to induce stress to cell cultures may be a prerequisite for induction of cell 

proliferation by NIR PBM in vitro. Alternatively those doses used in the studies reported above 

may not have been within the narrow therapeutic window of PBM and thus no effect was 

induced. Hence, it will be important to evaluate the dose dependent effects of NIR PBM in a 

reproducible model, where all parameters are accurately measured and disclosed by the 

author.    

Of the three articles reporting negative effects, only one reported the radiant 

exposure used. The authors concluded that application of 810  nm light was dose dependent 

where increases in radiant exposure output to cultures (24.6-792.8J/cm²) correlated with 

significant reductions in cell viability (Kreisler et al., 2001). Whilst radiant exposure was not 

disclosed for the other two articles, one used pulsed light, in which higher doses can be 

delivered within shorter irradiation periods and the other used blue light, which is reported 

to induce cell cytoxicity at doses >55J/cm² (see Section 1.5.2, (Kreisler et al., 2001, Yoshida et 

al., 2013)).  
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This systematic review therefore provides evidence that the literature supports the 

use of GFs as an appropriate model for the evaluation of effects of PBM in vitro. Indeed, the 

majority of authors report a response from cultures, either biostimulatory or bioinhibitory. 

However, it is apparent that further work is required to ensure the reproducibility of these 

studies as the majority of authors still fail to report key irradiation parameters. Interestingly, 

Ren et al also conducted a systematic review evaluating the effects of PBM on oral fibroblasts 

(Ren et al., 2016).  The author concluded that better experimental design and more 

appropriate study models are required to validate current findings.  

1.7 Evaluation of the effects of PBM in vitro 

Whilst the effects of PBM have been widely documented to promote tissue healing 

(Adamskaya et al., 2011, Ankri et al., 2010b, Avci et al., 2013) and reduce inflammation (Chung 

et al., 2012) through modulation of ROS production (Hamblin, 2018a) in vivo, the cellular 

mechanisms induced by light to cause these modulatory effects are yet to be fully elucidated. 

Often, authors employ assays cited to act as markers for tissue healing, such as cell metabolic, 

viability and proliferation assays (Czekanska, 2011).  Hence, this section aimed to explore 

assays commonly used to evaluate these markers, to determine their reliability for in vitro 

assessment of the effects of light.  

1.7.1 The use of cell viability assays in PBM studies 

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay is 

regarded as a good indicator of cytoxicity due to its sensitivity and its applications in high-

throughput screening of an array of different parameters. MTT is a monotetrazolium salt 

which are heterocyclic organic compounds and were first prepared in 1894 for their use in 
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biological redox systems and viability assays. Unlike other assays, MTT has a positive charge 

and readily penetrates eukaryotic cells (Riss et al., 2004).  

In 1963, Slater et al indicated that MTT was metabolised by a succinate-dependent 

reduction by rat liver homogenates at two sites along the mitochondrially located electron 

transport chain, namely coenzyme Q and cytochrome c (Mosmann, 1983, Slater et al., 1963). 

However, other studies including one by Berridge et al have contradicted this hypothesis, 

suggesting that MTT is a glycolytic rate dependent reaction that requires ATP and NADH for 

its metabolism (Berridge and Tan, 1993). Evidence for this is presented by the inability of the 

cell to metabolise MTT without the presence of d-glucose and is supported by the sensitivity 

of MTT responses to cytochlasin B, an inhibitor of glucose transport in cells. Other support for 

this comes from the fact that cells without mitochondria are readily able to metabolise MTT. 

However, this occurs at a much slower rate than in wild-type mitochondria containing cells. 

Also, inhibitors of the mitochondrially located electron transport chain: azide and rotenone 

have little or no effect on the metabolism of MTT (Shearman et al., 1995). However, MTT can 

also be reduced by non-mitochondrial dehydrogenases or flavin oxidases. These data indicate 

that the reduction of MTT is not isolated to the mitochondria. However, this evidence does 

not rule out the possibility that complex II of the ETC (succinate dehydrogenase), contributes 

in some way to MTT metabolism (Liu et al., 1997). 

The current literature however indicates that MTT is taken up by cells through 

endocytosis and is reduced by N-ethylmaleimide (NEM)-sensitive flavin oxidase. MTT then 

requires ATP and NADH to be metabolised in the cell, to form the insoluble precipitate, 

formazan, a crystal that is deposited granularly predominantly in a perinuclear localisation. 

Formazan accumulates in cells but is also deposited near the cell surface and in culture 
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medium. It is proposed that formazan formation directly correlates with cell metabolic 

activity as the more MTT metabolised, the more NADH is reduced and therefore the more 

formazan is produced. Interestingly, formazan is not formed in the mitochondria (Berridge et 

al., 2005). The chemical reduction of MTT to formazan is shown in Figure 1.9. 

Current indications suggest that MTT is reduced by microsomal enzymes that require 

reduced pyridine nucleotides. Although, previously it was proposed that succinate 

dehydrogenase metabolises MTT, it is now recognised that although this complex can 

contribute to MTT metabolism alone, this reduction is low and contributes minimally to total 

cellular MTT reduction. Hence, the molecular mechanism of MTT is yet to be fully understood. 

However, the assay is regarded as a suitable method for screening an array of variable 

parameters in a high-throughput format.  

 

 

 

Figure 1.9: Structures of MTT and the coloured formazan product produced due to the reaction 
(Riss et al., 2004). 
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1.7.1.1 The use of MTT in photobiomodulation studies 

One application of particular interest here is the use of MTT in assessing the effects of 

photobiomodulation in vitro. MTT is used widely to assess these effects, indeed when 

inputting the key words ‘MTT’ and ‘PBM’ or ‘Low Level Light therapy’ or ‘PBM’ or 

‘Photobiomodulation’, into the Scopus database, 106 documents use these terms in 

combination (April 2019).  

To evaluate the use of MTT in PBM studies, a systematic review of publications 

describing the use of light to modulate gingival fibroblast activity was undertaken (as 

described in section 1.6.7). Of the 42 publications reviewed investigating the effect of light on 

gingival fibroblasts 21 reported the use of cell proliferation assays (see Appendix Table 10.3 

(Basso et al., 2015, Basso et al., 2012b, Basso et al., 2013b, Basso et al., 2016a, Basso et al., 

2016b, Chen et al., 2000a, Damante et al., 2009, Frozanfar et al., 2013, Khadra et al., 2005, 

Kreisler et al., 2002, Kreisler et al., 2001, Kreisler et al., 2005, Liang et al., 2015, Lim et al., 

2015, Ogita et al., 2014, Pansani et al., 2014, Pansani et al., 2017, Park and Hong, 2014, 

Pourzarandian et al., 2005, Schartinger et al., 2012, Wang et al., 2015, Yoshida et al., 2013)). 

Of these, 57% (12/21) indicated the use of an MTT assay (Basso et al., 2013a, Basso et al., 

2012b, Basso et al., 2013b, Chen et al., 2000a, Damante et al., 2009, Frozanfar et al., 2013, 

Khadra et al., 2005, Lim et al., 2015, Pansani et al., 2017, Park and Hong, 2014, Schartinger et 

al., 2012, Wang et al., 2015). Other analyses applied included the Alamar blue, WST-8, BrdU 

and Cell-titer 96 assays. In the other 21 publications reviewed, a high proportion also assayed 

the effect of light on ‘cell proliferation’, however these analyses were mainly performed by 

manual cell counting (12/21 (Almeida-Lopes et al., 2001b, Azevedo et al., 2006, Chen et al., 

2011a, Khadra et al., 2005, Kreisler et al., 2001, Pourzarandian et al., 2005, Saygun et al., 2008, 

Wang et al., 2015)). Other authors reported the effects of light upon the regulation of cell 
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growth factor and cytokine production (7/21 (Choi et al., 2012, Hakki and Bozkurt, 2012, Lim 

et al., 2013, Lim et al., 2007, Marques et al., 2004, Nomura et al., 2001, Sakurai et al., 2000, 

Takema et al., 2000)). 

 Of the publications identified which cited the use of the MTT assay, authors of these 

employed a range of irradiation parameters, including different light sources and wavelengths 

used. For example, Basso et al utilise an InGaAsP laser emitting a wavelength of 780  nm with 

exposure times of between 40 and 560s (Basso et al., 2013b) whilst, Schartinger et al utilised 

a GaAlAs laser diode emitting a wavelength of 600  nm with irradiation for 15  minutes, once 

a day for 3 days (Schartinger et al., 2012). Although different parameters were employed in 

these studies, both reported that light induced significant increases in cell proliferation.  

 Conversely, when using an InGaAsP laser emitting a wavelength 780  nm with 

exposure times between 40 and 240s, Pansani et al found that the irradiation exerted no 

significant effect on cell proliferation compared with untreated gingival fibroblasts (Pansani 

et al., 2014). Unlike the majority of studies, the authors applied the specific cell proliferation 

5-bromo-2’-deoxyuridine (BrdU) assay. BrdU is an analog of the pyrimidine thymidine and is 

incorporated into the DNA sequence during the synthesis stage of mitosis. The more synthesis 

that occurs, the more BrdU is incorporated and hence this is deemed a good marker for cell 

proliferation (Taupin, 2007) . 

 Hence, it is apparent from this literature review that a large proportion of authors cite 

the use of MTT when exploring the effects of PBM on GFs. Therefore, it is appropriate to 

employ this assay to aid comparison with current literature. However, it is also important to 

note that MTT is not a specific assay for cell proliferation but as described above indicates 

metabolic and mitochondrial enzyme activity which can be related to cell number. Notably 
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therefore, MTT may be used alongside other assays including alamar blue, WST1, BrdU or 

through manual cell counting to further elucidate the effects of PBM on cell activity.  

1.7.2 PBM modulation of ROS production 

The effects of PBM on ROS production have been widely reported. Hence, the following 

section aimed to discuss assays commonly used to evaluate the effects of PBM on ROS 

production.  

1.7.2.1 The use of dichlorodihydrofluorescein diacetate (H₂DCFDA) to evaluate ROS 

production in vitro 

There are a range of assays that are reliably reported to measure ROS production, however 

few have the ability to be applied in a high-throughput microplate format. One assay that is 

popular for this application is the H₂DCFDA assay due to its relative ease of use. H₂DCFDA is a 

cell permeable probe that is hydrolysed intracellularly to  dichloro-dihydro-fluorescein 

(DCFH), a carboxylate anion (Kalyanaraman et al., 2012). DCFH is subsequently retained in the 

cell and oxidised by two electrons to from the fluorescent product dichloroflourescien (DCF), 

the generation of which can be quantified fluorometrically. Further detail regarding the four-

step process in which H₂DCFDA is hydrolysed to DCF is described in Section 2.2.11.3.  

 However, despite its popularity there are still some issues surrounding the use 

H₂DCFDA. Whilst, the majority of authors claim that H₂DCFDA can detect intracellular H₂O₂, 

this has been refuted by several other authors as it is claimed that DCFH does not directly 

react with H₂O₂ to form DCF. Indeed, the hydrolysis of DCFH to DCF involves a number of free 

radicals including hydroxyl radicals and peroxynitrite. Furthermore, cytochrome c, a heme 

protein that enables transfer of electrons from complexes III to IV of the ETC, has also been 

cited to catalyse the production of DCF (Dikalov and Harrison, 2014). Interestingly, serum in 
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media has been shown to interfere with the reliability of the assay and therefore it is 

potentially important to avoid use of media and buffers that may cause false results (Tetz et 

al., 2013). 

 While it is apparent that H₂DCFDA comes with its limitations and cannot be used to 

determine the levels of specific ROS species, it may represent a useful assay for identifying 

changes in oxidative stress in general.  

1.7.2.2 The use of H₂DCFDA in PBM studies 

The Scopus database was employed to conduct a systematic review citing the evaluation of 

ROS production induced by PBM. Evaluation was undertaken for literature published from 

30/1/2015-30/1/2019 (see Figure 10.4 for further details regarding article selection criteria). 

These dates were selected to ensure a manageable but representative number of articles 

were identified and reviewed. The search revealed 41 publications (see Appendix, Table 10.4) 

in which the majority of authors employed H₂DCFDA to evaluate ROS production (51%, 21/41 

(Djavid et al., 2017, Dong et al., 2015, Engel et al., 2016, Fuma et al., 2015, Giacci et al., 2015, 

Khan et al., 2015, Lee et al., 2017a, Liang et al., 2015, Lim et al., 2015, Salehpour et al., 2018a, 

Santos et al., 2017, Serrage et al., 2019b, Spitler et al., 2015, Wang et al., 2017c, Zhu et al., 

2017, Migliario et al., 2018b, Ribeiro et al., 2016, Rupel et al., 2018)). Other assays used to 

evaluate ROS production included thiobarbituric acid reactive substances (2/41 (Tatmatsu-

Rocha et al., 2016, Amaroli et al., 2019)), flow cytometry (3/41(Alexsandra da Silva Neto 

Trajano et al., 2016, Mamalis et al., 2016, Diniz et al., 2018)) and CellROX (3/41 (Mignon et 

al., 2018, Alves et al., 2016, Bartos et al., 2016)). Further details regarding the use of ROS 

assays are described in Table 10.4. 
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 Of the 21 articles reporting the use of H₂DCFDA, 10 reported an increase in light-

induced ROS production whilst the same number reported a decrease. Interestingly, of those 

10 reporting a light-induced decrease in ROS production, 70% utilised experimental models 

with increased oxidative stress prior to light application, and the majority utilised LPS to 

stimulate the ROS generation (4/7). The use of stimuli to induce oxidative stress was not cited 

by authors reporting that light induced increases in ROS production.  

 Interestingly, in their article, Tatmatsu-Rocha et al explored the effects of PBM at 904  

nm on ROS production in a models for both ‘health’ and ‘disease’ using Swiss male mice 

(Tatmatsu-Rocha et al., 2016). In their model for disease, the author induced diabetes using 

streptozotocin injection and subsequently wounds were created on the dorsum of the mice 

using a surgical blade. The author concluded that light application reduced ROS production 

relative to non-irradiated mice. Comparatively, when exploring the effects of PBM in a model 

for ‘health’, diabetes was not induced nor a wound created, instead the dorsum of the mice 

was again irradiated at 904  nm. Tatamatsu-Rocha found that application of light to ‘healthy’ 

mice induced increases in ROS production. These finding corroborate with current indications, 

suggesting that light acts in a biomodulatory manner, whereby light application to ‘healthy’ 

cells and tissue induces small increases in ROS production (Santos et al., 2017), whilst PBM 

decreases ROS production in inflamed or diseased tissue  (Hamblin, 2017, Huang et al., 2013).  

 This short review therefore highlights the common use of H₂DCFDA in PBM research. 

Therefore, future studies may use this assay to aid comparison with current literature whilst 

also employing other assays to corroborate findings such as antioxidant assays. It will also be 

important to explore the biomodulatory effects of PBM on both models for disease and health 

in vitro.  
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1.7.3 Evaluating the mitochondrial dependent effects of PBM in vitro.  

The effects of PBM are understood to be mediated through changes in mitochondrial 

activity whether this is through increases in ETC activity (Section 1.4.1), increases in 

mitochondrial ROS production (Section 1.4.2) or increases in the release or synthesis of NO 

from mitochondrial sources (Section 1.4.1.4). However, literature regarding the 

mitochondrial content dependent effects of PBM remains lacking.  

 Interestingly, mitochondrial content can vary considerably dependent upon the cell 

type evaluated (Cole, 2016). Indeed it has been reported that there are approximately 1000 

mitochondria per liver cell whilst there are around 300 mitochondria per human lung 

fibroblast cell (Robin and Wong, 1988). Similarly, mitochondrial number has been cited to 

vary considerably between individuals (Mengel-From et al., 2014). Hence, this could explain 

the reported variability in response to PBM both in vitro and in vivo.  

One way to explore this hypothesis in vitro would be to employ cell types that are 

closely related but commonly cited to possess different mitochondrial numbers. Indeed, the 

muscle-derived cells, myoblasts and myotubes, fit this criterion. Myoblasts have been 

reported to be an appropriate model for mimicking the process of skeletal muscle cell 

differentiation in vitro (Rashid et al., 2015) When exposed to appropriate conditions 

myoblasts differentiate into myotubes in vitro (Bentzinger et al., 2012) and mature myotubes 

are reported to have a significantly higher population of mitochondria than myoblasts 

(Schoneich et al., 2014, Kraft et al., 2006). Hence, these model cell types could theoretically 

be employed to evaluate the mitochondrial content dependent effects of PBM.  
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1.8 Thesis aims 

 

Whilst there is a wealth of evidence supporting the use of PBM to treat disease, controversy 

still surrounds its application therapeutically due to poor reporting of irradiation parameters 

and a lack of knowledge as to how PBM elicits it’s molecular and cellular mechanisms. This 

thesis therefore aims to address the key flaws in current literature, firstly providing evidence 

of a well characterised system for PBM research and secondly to provide indications as to 

which molecular targets are induced to cause PBM effects in vitro.  

The objectives which underpin these aims are described in detail below: 

Objective 1: To provide evidence of two well characterised systems for exploration of the 

effects of PBM in vitro. The first being a novel LED array in a 96-well plate format, emitting 

wavelengths from 400-830 nm and an average irradiance of 24mW/cm². This array was 

developed and designed in house by Hadis et al (Hadis et al., 2017a). The second was a 

bespoke LED array in a 24 well format (designed in collaboration with LUMOS™, Axion 

Biosystems, US) emitting wavelengths from 405-940 nm and had a variable irradiance output 

(Chapter 3).  

Objective 2: To evaluate whether PBM can modulate markers for mitochondrial activity and 

which parameters of light prove most effective in doing so using the most abundant cell type 

in the periodontium: human gingival fibroblasts (Chapter 4).  

Objective 3: To investigate the effects of light in vitro following the application of periodontal 

disease relevant stimuli including LPS, F. nucleatum, P. gingivalis and salivary biofilm. This will 

involve evaluation of both markers for mitochondrial activity and inflammation (Chapters 5 

and 6). 
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Objective 4: To further elucidate the mitochondrial dependent mechanism of PBM. To first, 

characterise an assay to measure changes in mitochondrial activity in real-time (Seahorse 

cell mito stress assay, Agilent, California, US) and secondly to evaluate whether response to 

PBM is mitochondrial content dependent (Chapter 7).   
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2 MATERIALS AND METHODS 
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2.1 Materials 

2.1.1 2nd generation array 

The 2nd generation LED array was developed and designed in house as described by Hadis et 

al (Hadis et al., 2017a),  utilising CADsoft’s EAGLE software, in which 60 centrally located 5mm 

epoxy encased LEDs (Roithner Laserthek, Vienna, Austria) were designed to be placed within 

a 96-well microplate. LEDs were located centrally in the 96-well plate format to limit 

evaporation from wells at the perimeter of the plate in vitro due to cell incubation conditions 

as shown in Figure 2.1. It is understood that this evaporation can alter cell growth rates and 

responses and is a process known as an “edge effect”, hence the array was designed to limit 

the impact of any confounding variables (Das et al., 2017).  

The array contained ten channels, each emitting different wavelengths of light (n=6 

per wavelength), which ranged from 400-830 nm (see Figure 2.1) and a standardised irradiance 

value of 24mW/cm². However, columns five and seven (emitting wavelengths of 605 nm and 

670 nm) were not used during experimentation, as it was not possible for these wavelength 

channels to deliver the required irradiance value of 24mW/cm².  Variable resistors were also 

attached to each wavelength channel to enable independent voltage control to ensure 

uniform irradiance delivery across the array. A bank of resistors acted to limit current for 

when the potentiometer was set to zero, this was to ensure the safe operation of the device 

and limit excessive voltage delivery to the LEDs, therefore preventing damage to diodes. The 

2nd generation array also had its own bespoke sleeve which was formed of a black 96-well 

microplate with the clear bases removed (Corning, Sigma-Aldrich, Missouri, US). This was 

used as a collimator to limit potential bleed between different wavelength channels. The 

collimator also allowed accurate concentric alig nment of LEDs to allow optimal irradiation of 
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cells seeded into the 96-well black clear bottom plate. A bench top power supply (Iso-Tech, 

IPS-603, UK) was used to power the arrays using appropriate stable voltage and current values 

(Hadis et al., 2017b, Palin et al., 2015).  

 

 

 

 

Figure 2.1: LED array layout and experimental setup where a) shows the black clear bottom plate 
with clear bases removed and b) shows how this plate is placed upon the array and indicates 
switches where individual wavelength channels can either be switched on or off.  c) shows a 
schematic diagram illustrating the wavelengths used across the array, channels not used during 
experimentation are highlighted in red and d) shows the experimental setup for the LED array, where 
a black clear bottom plate is placed upon the array to enable irradiation of cultures from the base of 
the well in vitro, where all wavelength channels are highlighted for reference.   

switches 
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2.1.2 LUMOS array 

A second array, the LUMOS™ optical stimulation system (AXION® biosystems, Atlanta, US) 

was designed by collaborators to incorporate 96-LEDs into a 24 well format, in which there 

were 4 LEDs located per well emitting wavelengths of light at 405 nm, 660 nm, 850 nm and 

940 nm (as indicated in Figure 2.2). The sources of the individual LEDs and dimensions are 

displayed below (Table 2.1): 

Table 2.1: The wavelengths of light, dimensions of LEDs used and the designation and company they 
were sourced from input into the LUMOS™ stimulation system. 

Wavelength ( nm) Dimensions (mm) Source 

405 1.7x1.3 Lumileds Luxeon Z UV, 
Philips, Eindhoven, 
Netherlands 

660 1.6x1.6 CREE XQE, Cree Inc, US 

850 1.9x1.3 Lumileds Luxeon IR, Philips  

940 1.9x1.3 Lumileds Luxeon IR, Philips  

The LUMOS™ system comprised a docking station and LUMOS™ head in which the LEDs 

were incorporated as shown in Figure 2.2. During irradiation, unlike the 2nd generation array 

described in section 2.1.1, the LUMOS™ head was placed directly above a 24 well culture 

plate (as shown in Figure 2.2e). A USB cable was then connected to a computer with the 

programme Axion Integrated Studio (AxIS Navigator 1.40). This software enables the control 

of the independent stimulation of each well at up to four wavelengths, in which different 

wavelengths are denoted by different colours (blue: 405 nm, red: 660 nm, green: 850 nm 

and orange: 940 nm). Other key features include the ability of the software to control the 

irradiance output of each LED (denoted in the axis programme as % intensity).  
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Figure 2.2: The LUMOS LED array system. a) Indicates AxIS navigator software interface where 
features are labelled including the ability to select LEDs for irradiation and selection of output 
wavelengths and b) provides evidence of the ability of the AxIS software to either irradiate cultures 
with a single wavelength or a combination of multiple wavelengths. Where, bi) shows the layout of 
LEDs on the software and the layout of the four SMDs on the array. Figure bii indicates the selection 
of blue light and the output of blue light from the array, biii) shows the selection of red light and the 
output of red light from the array and biv) shows the selection of blue and red light and the output 
from the array. c) shows the layout of the LUMOS™ head, which allows alignment with a 24 well 
plate. d) shows the LUMOS™ docking station, where the power switch is labelled and e) indicates 
experimental setup where the LUMOS™ head is aligned with the lid of a 24 well plate (4titude, US) 
which enables direct irradiation of cultures in each well from the top.  
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2.1.3 Light diffuser 

To enable beam homogeneity of the LUMOS™ system, diffuser film was acquired 

(Inventables, Chicago, US). The diffuser film was matte on both sides and was of the 

dimensions: 0.002inx8.5inx11in. All properties of the diffuser material listed were reported 

by the manufacturer.   

2.1.4 Light collimation device for Seahorse studies 

An opaque dental silicone impression material (Impregum™ Penta Soft, 3M, Minnesota, US) 

mask was created to be fitted onto the bottom of a Seahorse XFe96 microplate to eliminate 

light bleed at the base of the wells where cells adhere and to ensure cultures were only 

irradiated at a single desired wavelength  (Agilent, California, US).  The impression material 

was injected into the base of the Seahorse XFe96 microplate and moulded. The material was 

then left for 10 minutes to set and consequently removed until required for experimentation. 

The distance between the LEDs and cell growth surface was fixed at 3mm in each well. The 

mask was fitted to a Seahorse XFe96 microplate during irradiation (see sections 2.2.8 and 

2.2.11.4 and Figure 2.3 for experimental design). 

2.1.5 Reagents 

2.1.5.1 Dulbecco’s modified eagle medium (DMEM) 

DMEM high glucose with phenol red (BioSera, Nuaillé, France) was employed for cell culture 

which was supplemented to a final concentration of 1% w/v glutamine (L-glut), 1% v/v 

penicillin-streptomycin (P/S), 1% v/v Amphotericin B and 10-2% v/v foetal bovine serum 

dependent upon the specific experimental protocol (FBS, all Sigma-Aldrich). Growth medium 

was checked for sterility by placing an aliquot of the solution overnight in a tissue culture 

incubator (37ºC, 5% CO₂) and subsequently inspected for turbidity. Phenol red-free DMEM 
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medium (Gibco, Massachusettes, US) supplemented with sodium pyruvate (1% v/v, Sigma-

Aldrich) and 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES, 25mM, Sigma-

Aldrich) was used to culture cells in appropriate plasticware (see Table 2.4 for details of 

plasticware employed during experimentation). All media was supplemented to a final 

concentration of 10% v/v with FBS directly before application to cells. All media was stored at 

4ºC and warmed to 37ºC in a water bath prior to use (Sub Aqua Pro, Grant, Cambridge, UK).  

2.1.5.2 Phosphate Buffered Saline solution (PBS) 

Phosphate buffered saline was prepared to wash cells prior to application of ROS assay, to 

dilute reagents and to make wash buffer to wash plates during the ELISA procedure (2.2.10.2). 

PBS comprised of 0.775% w/v NaCl (Sigma-Aldrich), 0.02% w/v KH₂PO₄ (Sigma-Aldrich), 0.15% 

w/v K₂HPO₄, Sigma-Aldrich). Components were then dissolved in 1L of distilled water and pH 

was adjusted to 7.4 using 1M NaOH. Following this the PBS was autoclaved (121°C  , 100kPa, 

1 hour) to ensure sterility for use in tissue culture experiments and stored at room 

temperature until required for experimentation. 

2.1.5.3 Trypsin ethylenediaminetetraacetic acid (Trypsin-EDTA) 

Trypsin-EDTA was used to detach adherent cells from tissue culture plasticware in order to 

produce a single cell suspension for cell counting, archiving and passaging (see sections 

2.2.6.2, 2.2.6.3, 2.2.6.4).  Trypsin-EDTA comprised a final concentration of 0.25 % w/v sterile 

filtered porcine trypsin and 0.02% w/v EDTA·4Na solution in Hanks’ balanced salt solution 

with phenol red (Sigma-Aldrich). Aliquots (20ml) were stored at -20ºC and warmed to 37ºC 

prior to use. 
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2.1.5.4 Escherichia coli Lipopolysaccharide (E. coli LPS) 

E. coli LPS (026: B6, Sigma-Aldrich) was used to stimulate cells to produce a pro-inflammatory 

response via NF-kB activation prior to analysis using ELISA, MTT, NO and ROS assays (Kent et 

al., 1998, Andreakos et al., 2004). 1mg/ml of Lyophilised E. coli LPS was resuspended in 1ml 

of PBS and vortexed until completely dissolved (Vortex Genie, UK). The solution was then 

further diluted in PBS to 100µg/ml and aliquoted (1ml/aliquot) into 1.5ml siliconized 

Eppendorf tubes (to minimise LPS attachment to the plasticware, Eppendorf, Hamburg, 

Germany). Aliquots were frozen at -20ºC until required.  

2.1.5.5 Cryogenic cell storage solution 

Cryogenic storage of cells was performed by resuspension of cell pellets (generation of cell 

pellets described in section 2.2.6.2) in DMEM containing 10% FBS. The solution was then 

aliquoted (1ml/aliquot) into a 1.5ml Eppendorf (Eppendorf), followed by the careful addition 

of 100µl of 10% v/v dimethyl sulfoxide (DMSO, Sigma-Aldrich), cell cultures were then stored 

immediately as described in section 2.2.6.7. 

2.1.6 Bacterial culture 

2.1.6.1 Stocks 

Bacterial stocks of Porphyromonas gingivalis (P. gingivalis, ATCC 33277) and Fusobacterium 

nucleatum sp. Polymorphum (F. nucleatum, ATCC 10953) were originally purchased from the 

American Type Culture Collection (ATCC, USA) and stored at -20ºC until required for use. 

Following growth of bacteria on fastidious anaerobe agar as described in sections 2.1.6.4 and 

2.1.6.3, a sterile loop was used to collect colonies grown on plates and placed in a cryogenic 
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storage vials containing 25 cryogenic storage beads and cryogenic storage fluid (Thermo 

fisher, Massachusettes, US). Following inoculation, the cultures were mixed in the vial 

through inversion and subsequently incubated at room temperature for 15 minutes. This 

enabled adherence of microorganisms to the porous beads. Cryopreserving fluid was then 

poured away and samples were stored at -80°C until required.  

2.1.6.2 Fastidious anaerobe agar 

Fastidious anaerobe agar plates were purchased containing neomycin, 5% v/v horse blood, 

proteose peptone, liver digest, yeast extract and NaCl (OXOID, Thermo Fisher) were stored at 

4ºC. At least two hours prior to inoculation with bacterial colonies, plates were placed in an 

anaerobic cabinet to normalise temperature and deoxygenate plates (Don Whitley Scientific 

Ltd, UK) to provide conditions for anaerobic bacterial growth (37ºC, humidified atmosphere). 

2.1.6.3 Brain heart infusion (BHI) broth 

Brain heart infusion (BHI) broth was prepared at 2.65% w/v in distilled water and was 

comprised of 10% horse serum, brain infusion solids, beef heart infusion solids, proteose 

peptone, glucose, NaCl and Na₂HPO₄ (OXOID). The solution was then autoclaved (121ºC, 

100kPa, 1 hour) and stored at 4ºC until required. Sterility of broths was determined by eye, 

in which an increase in turbidity prior to inoculation of bacteria suggested contamination.  

2.1.6.4 Sabouraud dextrose broth (SAB) 

SAB, (3.7% w/v, OXOID) was prepared in distilled water and autoclaved (121°C  , 100kPa, 1 

hour). SAB comprised 1% w/v mycological peptone, 2% w/v dextrose and was stored at 4ºC 

until required for use.  

2.1.6.5 Artificial saliva media 
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An artificial saliva medium was produced (also known as McBain media  (McBain et al., 2005), 

containing mucin (0.5%w/v), Bacto Peptone (0.2%w/v), BBL-Trypitcase Peptone (0.2%w/v), 

Bacto yeast extract (0.1%w/v), sodium chloride (0.035%w/v), potassium chloride (0.02%w/v), 

calcium chloride (0.02%w/v), PIPES (50mM), HEPES (50mM) and sucrose (1%w/v) (Sigma-

Aldrich), dissolved in deionised water. Following this, 1%v/v of hemin (final concentration, 

Sigma-Aldrich) was added and the pH adjusted to 7.8 utilising NaOH. The media was then 

autoclaved for 20 minutes at 121°C  . Vitamin K was then added to a final concentration of 

0.0002% v/v (Sigma-Aldrich). Media was then stored at 4°C until required for use. 

2.2 Methods 

2.2.1 Array characterisation 

2.2.1.1 Experimental setup for array characterisation 

2.2.1.1.1 Second generation LED array 

For LED array characterisation, a black clear bottom 96-well plate (Corning, Sigma-Aldrich) or 

Seahorse XFe96 microplate fitted with mask (see section 2.1.4) was used to overlay the 

surface of the bespoke 96-well LED array described in section 2.1.1. Each well was 

concentrically aligned with the LED inset beneath through the application of a sleeve 

developed through removal of the clear bases of a 96-well black clear bottom plate (Corning, 

UK) and the consequent application of either plate format on top of this (see Figure 2.3 for 

experimental design). Spectral characteristics (2.2.1.2), beam profiles (2.2.1.4) and thermal 

output (2.2.1.5) of the array were then assessed.  
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Figure 2.3: Experimental setup for LED array characterisation where a) shows LED array without plate-
overlaid b) array overlaid with 96-well black clear bottom plate c) mask constructed from opaque 
dental silicone impression material described in section 2.1.3 and d) seahorse plate fitted with mask 
and placed upon LED array. Further detail describing array design can be found in section 2.1.1. 



 

70 
 

2.2.1.1.2 LUMOS™ optical stimulation suite 

During in vitro experimentation, the LUMOS™ head is designed to be placed directly upon the 

lid of a 24 well plate (see Figure 2.2, 4titude, US). However, evaluation of beam profiles and 

spectral characterisation (see section 2.2.1.4 and 2.2.1.2) could not be performed when LEDs 

could not be visualised, where in vitro the LUMOS™ head would be placed upon the lid of a 

24 well plate (see Figure 2.2 for experimental setup in vitro).  Hence, the LUMOS™ head and 

plate were inverted to ensure various optical parameters from the LUMOS™ array including 

irradiance and average beam area could be assessed. Following inversion, two discrete 

experimental setups were applied in which an inverted 24 well plate with or without the 

addition of a diffuser material (see section 2.1.3) was placed upon the array. The experimental 

setup can be seen in Figure 2.4. These experimental setups were applied to determine whether 

the addition of a diffuser would improve beam homogeneity (2.2.1.4), whilst also evaluating 

to what extent the addition of this material affects irradiance output (2.2.1.2). 

Figure 2.4 Experimental setup for evaluation of spectral properties and beam profiles output from the 
LUMOS™ array where a) indicates inverted LUMOS™ head  with the application of a diffuser material 
on half of the array and the other half possesses no diffuser material. Figure 4b shows the setup with 
the addition of an inverted 24 well plate (4titude, US). 
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2.2.1.2 Spectral characterisation 

A UV-Vis spectrometer (USB4000, Ocean Optics, UK) was used to assess emitted spectral 

irradiance and wavelength values from each individual well on the 2nd generation array (n=6 

LEDs per wavelength channel measured) or LUMOS™ array (n=24 LEDs per 

wavelength/percentage intensity output measured). 

The UV-Vis spectrometer was coupled to a 200µm optical fibre and an opaline glass 

CC3 cosine corrector (see Figure 2.5, 3.9mm diameter of collection area; 6mm outer diameter; 

Ocean Optics, UK). The spectrometer was calibrated to a National Institute of Standards and 

Technology (NIST) traceable light source (Micropack DH200/Ocean Optics, UK). Spectral 

irradiance measurements from each individual LED were recorded utilising OceanView 

software (Ocean Optics, UK). For each LED within the array, absolute irradiance was recorded 

through integration of spectral irradiance within the LED emission region. In order to maintain 

an average emitted spectral irradiance (~24mW/cm²), the array could be calibrated utilising 

potentiometers to regulate voltage emitted from each channel emitting a single wavelength 

as described in section 2.1.1. This was done by monitoring irradiance in real time employing 

OceanView software whilst adjusting screws controlling voltage output. These were adjusted 

until the highest common spectral irradiance value was output across the array. Figure 2.5 

shows how emitted irradiance and wavelengths were recorded. 

 To ensure irradiance values comparable to the 2nd generation array were outputted 

from the LUMOS™ array (24mW/cm²), the unit of power output (% intensity) utilised by the 

software coupled to the array (see section 2.2.1.1.2) were correlated against irradiance. This 

involved manual input of % intensity values into the software ranging from 5-100%. The 
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irradiance output of all 24 LEDs at various % intensity outputs and wavelengths were then 

monitored using OceanView Software. 

 

 

 

 

Figure 2.5: Experimental set up used to measure wavelength and irradiance values. A 96-well clear 
bottom plate was placed over the surface of the array. There was concentric alignment of each LED 
with the lower surface of the overlaid 96-well plate.  A 200µm optical fibre and an opaline glass CC3 
cosine corrector (a) coupled to a UV-Vis spectrometer (b, Ocean optics, UK) was placed in each well of 
the LED array and OceanView software (Ocean Optics, UK) recorded spectral irradiance and 
wavelength output.  
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2.2.1.3 Real time irradiance measurements 

Real time irradiance was assessed to determine whether there were any fluctuations in LED 

irradiance output over longer periods of irradiation as previously reported in the literature 

(up to 240s, (Pansani et al., 2017, Kreisler et al., 2001, Khadra et al., 2005)) that could 

potentially alter radiant exposure values emitted from each LED (the product of irradiance 

and irradiation time (J/cm²)). To assess this, a UV-Vis Spectrometer (Ocean Optics, UK) was 

coupled to an optical fibre and a cosine corrector, as previously described in section 2.2.1.2. 

The spectrometer was set to measure changes in irradiance utilising OceanView software by 

integrating peak areas of each LED (e.g. where integration occurred over a range between 

380 nm and 420 nm for an LED emitting a peak wavelength of 400 nm). Using the ‘strip-chart’ 

element of OceanView software, real time measurement of changes in intensity emitted from 

LEDs were determined. The measured intensity counts could then be converted into 

irradiance values. Percentage change in absolute irradiance values could then be calculated 

and analysed in Excel software (Microsoft, US). 

 

 

 

 

 

 

 

 



 

74 
 

2.2.1.4 Beam profile  

A charge coupled device (CCD) camera beam profiler (SP620, Ophir, Spiricon, Jerusalem, 

Israel) was employed to measure spatial distribution of irradiance. Wavelengths between 400 

nm – 940 nm were measured through a target screen (N-BK7 ground glass diffuser, Thorlabs, 

New Jersey, US) to ensure reliable indication of the spatial distribution of irradiance at the 

plane of the adherent cells (n=3) (Palin et al., 2015). The orientation of the 2nd generation 

array meant the target screen could not be incorporated with either plate format. Hence, the 

target screen was placed at the same distance from the light source as the bottom surface of 

either 96-well plate (~3mm), to enable reliable evaluation of the beam profiles at the plane 

of the adherent cell cultures. For reference, images were also taken with either plate format 

but without the target screen. These images provide an indication of light delivered to the 

whole well and not just at the plane of the adherent cells and hence are not a reliable 

indication of the distribution of light delivered to cells in monolayer.   

A camera was used with a 50mm CCTV lens (Ophir, Spiricon) and focused directly upon 

the point at which cells would adhere to the well culture surface, in which the corresponding 

LED below was directly emitted through. A maximum CCD sensor area was used, this involved 

the enlargement of the beam image projected on the sensor by using spacer rings (Ophir, 

Spiricon; 20mm) between the sensor and lens. A series of calibration steps were also 

undertaken to ensure accurate measurements of the spatial distribution of irradiance and to 

enable definition of the beam area emitted from each LED. The first calibration step 

undertaken was that of optical scaling to record precise measurements of beam. This utilised 

a ruler of known dimensions to calculate a scaling factor to enable pixel dimension calibration. 

This step enabled accurate measurements and therefore determination of values including 

beam diameter. Before imaging in each measurement, the UltraCal function in the Beam Gage 
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Software (Ophir, Spiricon) was used to correct for any background light or pixel response. A 

neutral density filter was also applied to enable real time visualisation of variations in 

irradiance values across each well. Previously determined power values (PD300 photodiode, 

Ophir Spiricion) were used for power calibration. The diameter of the light beam (D4omega 

or second moment, ISO reference 11145 3.5.2) was determined automatically by the Beam 

Gage software and was used to calculate the irradiance based on the inputted power values 

Figure 2.6 shows the experimental set up of the beam profiling equipment. 
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Figure 2.6: Beam profiling experimental set up in which CCD camera beam profile (6a) was placed 
33mm from the culture plate. The culture plate was placed on a platform of known height (6b) to 
enable alignment of the camera with each LED. Data from each LED was captured individually, whilst 
surrounding LEDs were covered by opaque tape. This therefore enabled accurate capture of an 
image and hence enabling reliable calculation of beam area and power. 



 

77 
 

2.2.1.5 Thermal analysis 

The effect of light irradiation on media temperature was assessed to ensure that changes in 

temperature would not affect the biological outcomes from the experimental studies. Phenol 

red free DMEM media (Thermo fisher) was aliquoted into a 96-well clear bottom plate 

(200µl/well), Seahorse XFe96 microplate (100µl/well) or 24 well clear bottom plate 

(500µl/well). The media was warmed to 37ºC to mimic experimental conditions in vitro and 

subsequently each plate was irradiated with the specific array and temperature changes 

measured in real time. All measurements were obtained in triplicate.  

A K-type thermocouple (Maplin, UK; diameter 1.21mm) was fixed into a SubMiniature 

version A (SMA) adapter (6mm outer diameter, 4mm diameter). Access holes were made in 

the lid of an identical plate at the centre of each well to enable direct insertion of the 

thermocouple into media containing wells. Measurement of changes in temperature induced 

by irradiation were monitored  at room temperature (~25ºC) and irradiated for up to 240s 

(24mW/cm², 5.76J/cm²). Real-time measurement of changes in temperature were then 

assessed continuously at an acquisition rate of 2Hz for 240s using a multimeter (Iso-Tech, IDM 

207, UK) and logged through data capture software (Virtual DMM, UK). Figure 2.7 shows the 

experimental set up used for the thermal analysis instruments for the 2nd generation array.  
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Figure 2.7: Set up used for thermal analysis experiment in which holes were generated in the lid of a 
96-wells plate to enable input of a thermistor (a) to allow measurement of changes in temperature 
throughout irradiation for time periods of up to 4 minutes (24mW/cm², 5.76J/cm²). 

a 
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2.2.1.6 Absorption measurements 

To assess media and plasticware characteristics, a broadband deuterium-tungsten NIST 

traceable light sources (Micropack DH2000) was employed. Media containing phenol red +/- 

FBS or media without phenol red +/- FBS was assessed (DMEM, Thermo fisher). The base of a 

single well of a 96-well black clear bottom plate was also investigated for its absorption 

characteristics. Light was guided through a 600µm optical fibre and passed through air, an 

empty well of a 96-well plate, a cuvette containing distilled water (1000µl) or a cuvette 

containing media. The system was calibrated to enable the storage of a ‘light spectrum’ of an 

equivalent volume of distilled water for media measurements and the equivalent amount of 

air for plasticware measurements. For further calibration, a ‘dark spectrum’ was stored with 

the light source switched off. This then enabled the system to normalise with the effects of 

surrounding ambient light. 
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2.2.2 Bacterial growth and preparation 

2.2.2.1 F. nucleatum growth 

F. nucleatum polymorphum (2.1.6.1) was inoculated onto an fastidious anaerobe agar plate 

with neomycin (see section 2.1.6.2) and incubated for 5 days in an anaerobic chamber 

(Whitley anaerobic workstation, Don Whitley Scientific Ltd, UK). BHI was prepared as 

described in section 2.1.6.3. Prior to inoculation, the broth was placed in an anaerobic 

chamber to acclimatise to oxygen deprived conditions to ensure reduction of oxygen tension 

in media to prevent toxicity to strict anaerobes for 24h. The broth was then inoculated with 

representative colonies of F. nucleatum, incubated for up to 10 days, aliquoted into 50ml 

Falcon tubes (Thermo fisher) and centrifuged at 3000rpm for ten minutes (Durafuge 100, 

Precision, Expotech, Texas, US). Confirmation of F. nucleatum in samples is described in 

sections 2.2.3 and 2.2.4. The supernatant was discarded, and pellet re-suspended in PBS and 

centrifuged again. This step was repeated twice. Bacterial concentration was then 

determined using a spectrophotometer at 600 nm (Jenway 6300, Bibby Scientific Ltd, Stone, 

UK), this gave an optical density (OD) reading. Bacterial concentration was then determined 

and diluted to desired volumes in PBS and heat killed as described in section 2.2.2.4.  
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2.2.2.2 P. gingivalis growth 

P. gingivalis (2.1.6.1) was plated using a sterile loop on Fastidious anaerobe agar with 

neomycin (see section 2.1.6.2). Prior to inoculation the plate was then pre-incubated in an 

anaerobic chamber (Whitley anaerobic workstation, Don Whitley Scientific Ltd, UK) for 2 

hours.  The plate was then incubated for 7 days and monitored daily to determine colour 

changes in colonies (where colonies developed from a light grey phenotype at days 3-4 to a 

dark brown phenotype 2 days, characteristic of P. gingivalis). SAB was prepared (see section 

2.1.6.4) and subsequently placed in the anaerobic chamber for 24h prior, following this, the 

broth was inoculated with identical colonies. The cultures were then incubated in the 

anaerobic chamber for up to 10 days. Over this time-course, drops of the broth were tested 

on an agar plate to ensure there was no contamination in broth cultures. Once the broth was 

turbid, it was aliquoted and centrifuged (Durafuge 100, Precision, Expotech, USA) at 3000rpm 

for ten minutes. The supernatant was then discarded and the pellet was resuspended in PBS. 

The solution was then centrifuged a further two times. The pellet was then resuspended once 

more in PBS and bacterial concentration was determined by reading OD values at 600 nm 

using a spectrophotometer (Jenway 6300, Bibby Scientific Ltd, UK). Bacterial species in 

solution were confirmed using methods described in sections 2.2.4 and 2.2.5. Bacteria were 

then diluted to desired concentrations and heat killed for in vitro study as described in 

section2.2.2.4  
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2.2.2.3 Biofilm culture methods 

2.2.2.3.1 Saliva Collection 

To culture saliva, at least 5 to a maximum of 20 internal periodontally healthy (a dentist was 

recruited prior to the start of the trial to ascertain periodontal health of employees) Philips 

employees were recruited (Ethics approved by internal committee for biological ethics (ICBE-

2-18519,), Philips research, Cambridge, UK). Prior to saliva collection, employees were asked 

to use a toothpaste (standard fluoride, non-antimicrobial toothpaste, no brand specified to 

avoid differences in marketed brands between countries) provided to them for a week and 

participants were asked not to utilise any antimicrobial mouthwashes. Volunteers were also 

instructed not to perform any oral hygiene measures 24h before saliva collection. For saliva 

collection, participants were asked to brush their teeth without toothpaste and subsequently 

saliva was collected from volunteers through passive drool into a universal up to a maximal 

volume of 20ml. The samples were then pooled in a laminar type II flow hood on ice (Thermo 

fisher). DMSO was subsequently added to a final concentration of 7% v/v and pooled saliva 

was aliquoted into 1ml cryovials. The samples were then stored at -80°C  until required for 

use. 

2.2.2.3.2 Preparation of poly (methyl methacrylate) (PMMA) substrates 

PMMA is a substrate used commonly in dentistry to fabricate dental restorations. PMMA is 

also a useful substrate in biofilm culture (Spicer et al., 2013, Bertazzoni Minelli et al., 2011). 

PMMA chips or substrates were employed in this study to culture a mixed species biofilm. 

Substrates were cleaned with 1.2% Extran (Millipore, US), followed by 10 minutes ultra-

sonication. Substrates were subsequently rinsed with deionised water; excess deionised 

water was then drained away (repeated three times). The substrates were then rinsed in 



 

83 
 

methanol and excess liquid was removed (step repeated twice). Substrates were then allowed 

to dry in laminar air flow hood. 

2.2.2.3.3 Salivary Biofilm Culture 

Approximately 10 PMMA substrates were added to an empty Petri dish (Sigma-Aldrich). 

Following this 20ml of artificial saliva media (see section 2.1.6.5) and 500µl of pooled saliva 

were added to each dish.  Dishes were placed in an anaerobic chamber (Whitley DG250 

anaerobic workstation, Don Whitley Scientific, West Yorkshire, UK) on a plate rocker at a 

speed of 50 cycles/min (Stuart Scientific, UK). Following this, media was replaced twice a day 

for seven days. Bacterial composition, height of the biofilm and ratio of live to dead bacteria 

was investigated using confocal microscopy (TCS SP5 X, Leica Microsystems, Milton Keynes, 

UK) (see section 2.2.2.3.4) every other day. Following seven days of growth, the biofilm was 

removed from PMMA chips (see section 2.2.2.3.5) and heat-killed (see section 2.2.2.4). 

Protein content was subsequently quantified to enable application of the biofilm at relevant 

concentrations to cell cultures (2.2.2.5). 

2.2.2.3.4 Biofilm imaging 

A live-dead stain was utilised to image bacteria and investigate biofilm composition in which 

two stains, each exhibiting fluorescence at different wavelengths enabled differentiation 

between live and dead bacteria, where a green stain was used to image live bacteria whilst 

the red stain was used to image dead bacteria (Life Technologies, UK). The stain was 

composed of SYTO 9 green nuclei acid stain (1.67mM, ex/em: 485 nm, 498 nm) and propiduim 

iodide red nucleic acid stain (1.67mM, ex/em: 535 nm, 617 nm). The stain was consequently 

added to a PMMA chip, in which biofilm was growing upon (300µl) and incubated for 30mins 

at 37°C  and 5% CO₂ (Galaxy 48R CO₂ incubator, Eppendorf). Imaging was undertaken using a 
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confocal microscope (Leica Microsystems, Milton Keynes, UK) at magnifications of 10x and 

100x. An argon laser was utilised at 25% of its maximum emittance excite photons in the 

biofilm, enabling fluorescence. Images were analysed utilising LAS software (Leica 

Microsystems, UK). LAS software could also be utilised to form Z stack images to formulate 

3D images. IMARIS software was then utilised to formulate 3D images of the biofilm (Bitplane, 

Zurich, Switzerland). This then allowed investigation into the changes in the biofilm from day-

to-day.  

2.2.2.3.5 Preparation of biofilm for assays 

The biofilms were removed from PMMA chips by placing the chips in 1.5ml Eppendorf tubes 

(Eppendorf, UK) and adding 1ml of PBS to each sample. The substrates were sonicated for 30 

minutes (In-ceram, Vitasonic, VITA Zahnfabrik, Bad Säckingen, Germany). Following 

sonication, the PMMA chips were manually scraped with cell scrapers (CytoOne®, STARLAB 

group, Germany) and the suspension was pooled in a 50ml Falcon tube (Thermo fisher). The 

suspension was then centrifuged (10,000rpm, 10 min, 4ᵒC, centrifuge 5804R, Eppendorf) and 

washed with PBS three times.  

2.2.2.4 Heat-killing of bacteria 

Following preparation of bacterial suspensions in PBS, the samples were placed in a water 

bath (Sub Aqua Pro, Grant, UK) at 80°C for 1 hour. Once heat killed, a small sample of the 

culture was inoculated onto a blood agar plate (section 2.1.6.2) for 24h to determine viability. 

Aliquots of dead bacteria at known concentrations were then stored at -20ºC prior to use. 

2.2.2.5 Bicinchoninic acid (BCA) protein assay 

The BCA assay was used to assess protein content in the heat-killed biofilm and F. nucleatum 

in suspension (Thermo fisher) to subsequently determine optimal and standardised protein 
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concentrations to stimulate inflammation in tissue culture in vitro. This method quantifies the 

amount of Cu²⁺ reduced to Cu¹⁺ by protein in alkaline solution, commonly known as the biuret 

reaction. The formation of Cu¹⁺ (or the cuprous cation) is then detected colourmetrically at 

562 nm utilising the reagent bicinchoninic acid (BCA). The purple colour of this assay is formed 

by the chelation of two BCA molecules with one Cu¹⁺ ion. In order to quantify protein 

concentration, initially a standard curve was formulated utilising bovine serum albumin (BSA) 

as a standard and producing a range of dilutions in PBS (stock from 20-2000µg/ml diluted in 

PBS. PBS was used a negative control. BCA reagents A and B were mixed at a ratio of 50:1 

respectively. 25µl of the standards and unknowns were then added to a 96-well plate 

followed by the addition of 200µl of the BCA reagent mixture to each well. The plate was then 

mixed thoroughly and incubated for 30 minutes at 37°C. After this, the plate was cooled to 

room temperature and absorbance read at 562nm using a spectrophotometer (ELx800 

absorbance microplate reader, Biotek, Swindon, UK). 

2.2.3 Identification of Bacteria 

Bacteria was identified by streaking colonies onto a blood agar plate and investigating colony 

morphology as described in section 6.2. Bacterial identity was also validated using Gram 

staining and PCR analysis. 

2.2.3.1 Gram Staining 

Gram staining is utilised to distinguish Gram positive bacteria from Gram negative bacteria 

(Silhavy et al., 2010) based on different bacterial wall characteristics. Gram positive bacteria 

are stained purple with crystal violet due to the presence of their outer peptidoglycan layer 

whilst Gram negative bacteria only possess a lipid membrane which is removed by acetone 
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along with the purple crystal violet stain. Hence, in order to distinguish between the two, 

Gram negative bacteria are counter stained pink with carbol fuschin. 

2.2.3.1.1 Crystal Violet Solution  

Crystal Violet (C0775 Sigma-Aldrich) was dissolved to a concentration of 10% w/v in 95% v/v 

Ethanol. 20ml of this solution was then mixed with 80ml of 1% v/v solution of ammonium 

oxalate (A8545 Sigma-Aldrich). 

2.2.3.1.2 Carbol fuschin 

Carbol fuschin (351874U BDH, Sigma-Aldrich) was diluted in distilled water to a final 

concentration of 10% v/v. 

2.2.3.1.3 Gram staining method 

Using an inoculating loop, a few colonies were transferred from an agar plate to a microscope 

slide. A drop of saline solution was then pipetted onto the slide and spread around, this 

caused the emulsification of bacterial colonies.  This suspension was then dried by passing 

the slide though a flame three times, this allowed fixation of the bacteria onto the slide. The 

slide was then covered with crystal violet for 30s and rinsed with tap water. Following this, 

iodine (diluted to 20%v/v in distilled water, L6146 Sigma-Aldrich) was applied for 15s, then 

rinsed, acetone was then briefly applied and washed immediately. Carbol fuschin was then 

applied for 15s and once again rinsed. The slide was then dried and viewed using a light 

microscope (Zeiss Primotech, Zeiss, Germany). Images were then captured using the Zeiss 

Labscope app (Zeiss, Germany) which was coupled to the microscope using an IPad (Apple, 

US).  

2.2.4 PCR identification 

Bacterial species-specific DNA was amplified using PCR. 
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2.2.4.1 Bacterial PCR 

A volume of 1µl of bacterial suspension in nuclease-free molecular grade water was mixed 

with 12.5µl of Biomix red (Taq polymerase) (Bioline, Meridian bioscience, Ohio, US), 10.5µl 

molecular grade water, 0.5µl forward primer and 0.5µl reverse primer. P. gingivalis and F. 

nucleatum DNA was amplified using this method, where F. nucleatum primers were employed 

as negative controls for P. gingivalis amplification, whilst the converse was used for F. 

nucleatum amplification. Water was also used as a negative control, whilst a 16s universal 

primer was used as a positive control as all bacteria possess a 16s rRNA gene with highly 

conserved sequences and hence would confirm bacterial DNA presence in samples. Primer 

sequences are provided in Table 2.2. Amplification was undertaken in an Eppendorf 

thermocycler (Eppendorf). This process consisted of a denaturing step at 98ᵒc for five minutes 

which lysed the bacteria followed by a number of repeated steps including denaturation at 

98ᵒc for 15s, primer annealing at 55ºC for 30s and extension at 72ᵒc for 20s. These three steps 

were repeated for 30 cycles. A final extension was then undergone at 72ᵒc for 5 min, the 

samples were then cooled to 15ºC.  PCR products were then analysed using a 1.5% agarose 

gel electrophoresis, where 10μl of each product PCR product were loaded onto the gel 

alongside a 1Kb ladder (Bioline, 2.2.13.2.1).  
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Table 2.2:  Primer sequences used for identification of bacterial species are these derived from the 16S 
gene region 

Bacterial 
species 

Symbol Primer Sequence PCR product 
(bp) 

Reference 

F. nucleatum FN F:5’‐CTAAATACGTGCCAGCAGCC‐
3’ 
R: 3’‐CGACCCCCAACACCTAGTAA‐
5’ 

334 (Takeshita 
et al., 
2017) 

P. gingivalis PG F: 5’‐ATAATGGACAACAGCAGGAA‐
3’ 
R: 3’‐
TCTTGCCAACCAGTTCCATTGC‐5’ 

414 (Takeshita 
et al., 
2017) 

16s rRNA gene 16suni‐
bact 

F: 5’‐AGAGTTTGATCATGGCTCAG‐
3’ 
R: 5’‐ACCGCGACTGCTGCTGGCAC‐
3’ 

~1350 (Srinivasan 
et al., 
2015) 

 

2.2.5 16s rRNA sequencing 

2.2.5.1 Single Bacteria 

Following amplification of the 16s gene isolated from individual bacterial sources as described 

in section 2.2.4, the band containing 16s DNA was visualised using a UV light source and 

excised from the agarose gel. Samples were then processed and analysed by Source 

Bioscience (Nottingham, UK), and bacterial species present in samples were confirmed. 

Sequences were then analysed using the blast nucleotide portal (blastn, 

https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE_TYPE=BlastSearch&BLAST_SPEC=TargLociBlas

t) to determine the presence of P. gingivalis in PCR rRNA gene products.  

2.2.5.2 Multispecies biofilm 

2.2.5.2.1 DNA extraction 

To assess the composition of species within the biofilm, three samples of DNA were extracted 

from salivary biofilm suspension (see section 2.2.2.3 for details). A masterpure Gram positive 

DNA extraction kit (Lucigen, US) was used. Firstly, 2ml of the suspension was centrifuged at 
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3000rpm for 10 minutes (Durafuge 100, Precision, Expotech, USA). Following this the 

supernatant was discarded and the pellet resuspended in 150µl of TE buffer (10mM Tris-HCl 

solution containing 1mM EDTA, provided by manufacturer) and mixed by vortex (Vortex 

genie). 1µl of Ready Lyse solution (lysozyme) was then added to the suspension and incubated 

at 37ᵒc overnight. A 1:150 solution of proteinase K diluted in 150µl of gram positive lysis 

solution was then added to the suspension and incubated at 70ᵒc for 15 minutes, cooled to 

37ᵒc and subsequently cooled on ice for five minutes. 175µl of MPC (abbreviation not defined 

by manufacturer) protein precipitation reagent was then added to the solution and vortexed 

for 10s. Debris was then pelleted through centrifugation at 4ᵒc for 10 minutes at 10000g in a 

micro centrifuge (Eppendorf). The supernatant was transferred to a further Eppendorf and 

1µl of RNase A was added to the solution and incubated at 37ᵒC for 30 minutes. 500µl of 

isopropanol (Sigma-Aldrich) was then added to the solution and inverted 40 times, DNA was 

the pelleted for 10 minutes (4ᵒC at 10000g) and isopropanol removed leaving the pellet. The 

pellet was then washed three times with 70% ethanol and the DNA was consequently 

resuspended in 35µl of TE buffer. For 16s sequencing, the samples DNA concentration was 

measured spectrophotometrically (Eppendorf Biophotometer Plus, Eppendorf) and diluted to 

2ng/µl accordingly. 

2.2.5.3 DNA sequencing 

Library preparation and sequencing was kindly undertaken by Nabil Quraishi at Andrew Beggs 

Laboratory (Institute of Biomedical Research, University of Birmingham, UK). Paired-end 16S 

community sequencing was undertaken using the Illumina platform (Caporaso et al., 2012), 

in which primers targeted the variable 4 (V4) region of 16s small subunit ribosomal ribonucleic 

acid (SSU rRNA)  for amplification (spanning 16s gene regions 515F-806R). Primers were in 

the 5’-3’ direction and are indicated as follows: 
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• Forward: GTGCCAGCMGCCGCGGTAA  

• Reverse: GGACTACHVGGGTWTCTAAT 

For amplification, a series of sequences were added to the 515F forward primer, 

including a 5’ Illumina adapter (a short DNA sequence that ‘fishes’ for an unknown DNA 

sequence), a Golay barcode (added for error prevention and recognition of sequences 

computationally), a forward primer pad and a forward primer linker (both of which used to 

link the adapter to the primer sequence). Similarly, for the 806R reverse primer, a reverse 

complement of the 3’ Illumina adapter, a reverse primer pad and a reverse primer linker were 

included in the mixture.  

Samples were added to a PCR mixture as follows: PCR-grade water (13µl, Sigma- 

Aldrich), PCR master mix (2X, 10µl, Platinum Hot Start PCR master mix (2x), ThermoFischer, 

UK), Forward primer mixture (10µM, 0.5µl), reverse primer mixture (10µM, 0.5µl), DNA 

sample of interest (1µl). Following this, PCR samples were placed in a thermocycler 

(Eppendorf) under conditions described in Table 2.3. Samples were amplified in triplicate and 

pooled (75µl). Amplicons from each sample were then ran on an agarose gel as described in 

section 2.2.13.2, in which the amplicon size was between 300-350bp. 16s amplicons were 

then quantified utilising the Quant-iT PicoGreen dsDNA reagent and kit according to the 

manufacturers protocol (Invitrogen, UK). Equal concentrations of amplicon from each sample 

(240ng) were pooled. The amplicon pool was then cleaned using the MolBio UltraClean PCR 

Clean-Up kit (Qiagen, Netherlands) according to the manufacturer’s instructions. 

Concentration of DNA was measured as per section 2.2.12.2. Equimolar concentrations of 

each amplicon were subsequently pooled and sequenced on the Miseq platform (Illumina). 
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 Paired-end DNA sequencing was then used to align DNA sequences containing 

repeated regions of sequence to produce a set of overlapping DNA fragments (contigs) and 

hence enabled de novo sequencing. This method also enabled detection of DNA 

rearrangements including deletions and insertions.   A total of 497,176 sequences were 

identified in the 3 samples sequences, with a median number of 165,725 sequences per 

sample.  

2.2.5.3.1 Sequence processing 

 

Nabil Quraishi (Institute of Biomedical Research, University of Birmingham, UK) undertook all 

sequence processing, in which raw sequencing (fastaq) files were input into Quantitative 

Insights into Microbiological Ecology (Qiime) version 2 pipelines. A data pipeline consists of a 

series of processing elements arranged to enable the output of each element to be the input 

of the next, analogous to a physical pipeline. These bioinformatic pipelines were employed to 

pre-process sequences to ensure there were no errors in the sequences and thus analyse 

sequences. Sequences were scored for quality and those that did not achieve a score of 99% 

were discarded. Sequences of less than 300bp were also discarded. Following pre-processing 

of samples, sequences were mapped to the SILVA rRNA database (Max Planck Institute for 

Marine Microbiology and Jacobs University, Bremen, Germany). Following mapping, an Excel 

file (Microsoft, US) providing data indicating the relative abundance of different bacteria at 

different taxonomic levels was produced and thus analysed. 

Table 2.3: Conditions used for PCR amplification of bacterial DNA 
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2.2.6 Cell Culture 

2.2.6.1 Tissue Culture Techniques 

All tissue culture experiments were performed in a type II laminar air flow hood (Guardian 

MSC T1200, Monmouth Scientific Ltd, Somerset, UK) using aseptic techniques. All materials 

and reagents used were sterilised using either using an autoclave (121°C, 100kPa, 1 hour, 

MLS-3781L, Sanyo, Japan) or 0.22µM filter (Millipore, US). Cells were incubated at 37ᵒc in 5% 

CO₂ unless otherwise indicated. In order to maintain the viability of cells, DMEM high glucose 

media (Biosera, Lab Tech International Ltd, Uckfield, UK) was utilised. For irradiation 

experiments supplemented DMEM without phenol red was used (Fischer Scientific, 

Loughborough, UK) (see section 2.1.5.1). 

2.2.6.2 Primary human gingival fibroblast (pHGF) isolation and subculture 

Primary pHGFs were obtained from gingival tissue withdrawn during surgical extraction of 

impacted third molars in adult subjects and grown from explants (prepared and characterised 

by Cleo White, School of Dentistry, University of Birmingham). Detail regarding age, sex and 

ethnicity of gingival fibroblast donors was not disclosed during this study. Ethical approval for 

this study was granted by the University of Birmingham Ethics Committee (RG_12-020). The 

pHGFs were frozen at -80ᵒc until required. For the majority of studies, pHGFs isolated from 

three individuals which were relatively high responders to irradiation were pooled (B16, B19, 

B13) and used at p5-p8 unless otherwise indicated where a pHGF B15 isolate was also 

evaluated.  

pHGFs were grown in a monolayer using DMEM growth media supplemented with 

FBS, P/S and L-glutamine to aid growth (see sections 2.1.5.1 and 2.2.6.1). Growth media was 

changed every 2-3 days. Once cultures reached ~80% confluence (7-10 days post seeding), 
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they were passaged. Confluence levels were estimated visually under light microscopy (Zeiss 

Axiocam erc 5s, Carl Zeiss Microscopy Ltd, Cambridge, UK). In order to passage cultures, 

existing media was aspirated, unsupplemented DMEM media was then added to wash cells. 

Following this, media was removed and 5mL 0.25% w/v trypsin-EDTA added to the monolayer 

and incubated for 5 minutes at 37ᵒC in order to detach cells from the plasticware surface (see 

section 2.1.5.3). Once detachment was determined by microscopic examination an equal 

volume of warmed supplemented DMEM media was added to stop the action of the trypsin. 

The solution was then transferred to a 50ml Falcon tube (Thermo fisher). The cells were then 

pelleted for 6 minutes at 850rpm, at 4ᵒC using a centrifuge (Durafuge 100, Precision, 

Expotech, USA). The resulting supernatant was then aspirated and discarded and the pellet 

resuspended in 1ml of DMEM media. Cells were counted and checked for viability (>99%) 

using a hemocytometer, as described in section 2.2.6.5. Cells either were then re-seeded into 

specific cultureware for subsequent studies or cryopreserved dependent on requirements.  

2.2.6.3 Myoblast subculture 

A mouse myoblast cell line was purchased (C2C12 (ATCC® CRL-1772™), ATCC, LGC standards, 

UK) and grown in monolayer utilising DMEM supplemented with FBS, P/S and L-glut from 

passage 4 (p4).  Growth media was changed every 2-3 days. Three days post-seeding, cells 

reached 80-90% confluency and were passaged. Cells were initially washed with PBS and 

trypsin-EDTA was subsequently applied as described in section 2.2.6.2. Five minutes post-

application, the trypsinised cells were mixed with an equal volume of media supplemented 

with 10% FBS and centrifuged at 900rpm for 5 minutes (B4i, Jouan, US). The supernatant was 

discarded, and pellet resuspended in an appropriate volume of supplemented media. Cells 

were counted and viability assessed (see section 2.2.6.4). Myoblasts either were then re-

seeded into cultureware or cryopreserved dependent upon requirements. 
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2.2.6.4 Myotube differentiation 

Following myoblast subculture, myotube differentiation was undertaken. Initially, myoblasts 

were cultured as normal between passages 6-11. Once cells had reached ~70% confluency, 

differentiation media was applied to cells containing DMEM supplemented with 2% v/v horse 

serum (Sigma-Aldrich) and 1% v/v P/S (2.1.5.1). Media was replaced every 2-3 days to aid 

growth. The differentiation of myotubes was determined using light microscopy (Zeiss 

Axiocam erc 5s, Carl Zeiss Microscopy Ltd, Cambridge, UK). Myoblasts and myotubes exhibit 

significant morphological differences, myoblasts are single nucleated cells with a radial 

branching, whilst myotubes are formed through the fusion of myoblasts to form 

multinucleated fibres ((Ali, 1979) Figure 2.8). Following 6 days of differentiation, the myotubes 

were utilised in experiments. 

2.2.6.5 Cell counting and viability assessment 

Following trypsinisation, an equal volume of cell suspension was added to trypan blue (0.4%, 

Sigma-Aldrich) diluted in deionised water. Assessment of cell numbers and viability was then 

Figure 2.8: a) representative image of single nucleated myoblasts, exhibiting typical morphology  and 
b) shows the  multinucleated fibres of myotubes in which it is apparent there are significant differences 
in the morphology of these two cell types and thus can be evaluated using light microscopy. Images 
were taken using an iPhone 7 (Apple, California, US), in which the camera lens was porinted directly 
down the lens of a light microscope at a magnification of 10x (Zeiss Axiocam erc 5s, Carl Zeiss 
Microscopy Ltd, Cambridge, UK). 
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undertaken using light microscopy at 10 x magnification (Axiovert 25, Zeiss, Cambridge, UK). 

The application of trypan blue enabled differentiation between live and dead cells, where 

dead cells appeared blue under the microscope. A hemocytometer (improved Neubauer, 

Sigma-Aldrich) was used to determine the number of cells per ml of media using the following 

calculation (n=4 per cell suspension): 

Number of cells per ml = number of cells counted in 1mm2 x 2 (dilution factor)x 104 

Cells were then distributed at a range of densities into appropriate cultureware dependent 

upon the subsequent studies to be performed.  Table 2.4 shows the cell densities used for 

experimental application based on the results of cell growth curve studies. In all experiments, 

cells were incubated overnight (37°C, 5% CO₂) prior to the application of any stimulus. 

2.2.6.6 Automated cell counting 

2.2.6.6.1 Tecan Spark® cell counting chip 

To evaluate the effects of PBM on pHGFs over a time-course, Spark® (Tecan, Switzerland) cell 

chips™ were employed to enable high-throughput analysis of cell number in 96-well plates. 

Cell chips™ are designed to enable automated counting of cells using the Spark® and 

dashboard method editor interface.  The Spark® employs bright-field imaging technology in 

which cell number can be quantified due to the contrast in the absorption spectra of cells 

compared with the surrounding media. Once cells were extracted from respective plates as 

described in section 2.2.6.2, an equal volume of cell suspension and trypan blue was aliquoted 

onto a cell chip™ (20µl of each and 10µl of the subsequent suspension was loaded onto the 

Table 2.4: Cell seeding densities used dependent upon the plasticware selected for experimentation. 
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cell chip™).  A maximum of 4 cell counting chips were then counted systematically through 

placement in the Spark® cell chip™ adapter (Figure 2.9). The cassette was then placed in the 

Spark® microplate reader.   Following this, Spark® dashboard software was utilised to 

automatically quantify cell numbers in chips. Reliability of automated cell counts using the 

Spark® were assessed compared to manual cell counting described in section 2.2.6.5. Results 

are displayed in Figure 2.10. 
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Figure 2.9: Experimental setup for automated cell counting using cell chip™, where a)  shows a single 
cell chip with two loading chamber for cell suspensions and b) shows three cell chips™ placed in a cell 
chip™ adapter loaded with cell suspension mixed with trypan blue. This then allows the cell chip adapter 
to be placed in the microplate holder of the Spark® (c). Subsequently, a protocol can be setup using the 
Spark® control dashboard method editor, which is coupled to the Spark® machine. The cell chip™ 
adapter can be selected on the plate setting and the number of chambers containing cell suspensions 
can be selected (up to 8). A cell counting protocol is then selected where settings can be changed to 
view specific cell sizes and to adapt the focus of the live cell viewer, to ensure the Spark® is reliably 
reading cell number (d). Subsequently the Spark® reads the number of cells in a defined area and 
records live images of cells within a suspension (e). 
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2.2.6.7 Cryopreservation and recovery of cells 

Cryopreservation of cells for future experimentation was achieved by first producing a pellet 

of the desired cell type (see sections 2.2.6.2 and 2.2.6.3). Following this, supplemented DMEM 

media was added to the resuspended pellet, followed by the addition of DMSO (10% v/v, 

Sigma-Aldrich). Aliquots were then dispensed into cryovials (Eppendorf) and stored in 

Nalgene® Mr. Frosty overnight (Sigma-Aldrich). Nalgene® Mr Frosty is used to provide a 

freezing gradient to prevent formation of intracellular ice crystals and therefore cell death. 

This technique therefore implements optimal conditions for cell preservation. The following 

day the frozen cells were transferred to liquid nitrogen for long-term storage. 

Figure 2.10 Cell counts when using manual counting vs Spark® automated cell counting. A suspension 
of cells (pHGF pool p6) were isolated from two confluent flasks. The suspension was then diluted in 
media containing 10% FBS to achieve a four point dilution series (100% v/v: undiluted suspension, 75% 
v/v: the suspension is diluted with an equivalent 25% media, 50% v/v: 50% dilution and 25% v/v: 25% 
suspension, 75% media). All points were measured in triplicate and correlation analysis revealed a 
Pearson correlation coefficient of 0.980.    
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Cells were revived from cryopreservation by rapid warming of cryovials to 37ºC in a 

water bath (Sub Aqua Pro, Grant, UK). Cells were then resuspended in an additional 9ml of 

supplemented DMEM media and centrifuged as described previously to pellet the cells 

(2.2.6.2 and 2.2.6.3). The supernatant was then discarded and pellet resuspended in an 

appropriate volume (dependent of culture ware utilised) of supplemented DMEM media 

(Table 2.4). The resulting cell suspension was then distributed into cell culture flasks. The cells 

were then monitored for adherence using a light microscope (Axiovert 25, Zeiss, Cambridge, 

UK) following incubation overnight. Once adherent, media was changed to remove any 

residual cryopreservant and non-viable cells. 

2.2.7 Dose response experiments 

Dose response experiments were used to determine the minimum concentration of a given 

pro- inflammatory stimulus (described in Table 2.5) required to induce reactive oxygen species 

(ROS) production (see section 2.2.11.3) and promote interleukin-8 (IL-8) secretion detectable 

by these assays at an appropriate range of sensitivity (see section 2.2.10.2.1). Following, 

seeding of pooled pHGFs (as described in section 2.2.6.2) into 96-well plates (see seeding 

densities in Table 2.4) and incubation overnight (37°C  , 5% CO₂), pHGFs were washed with PBS 

once (room temperature, see section 2.1.5.2 for PBS composition). Media was subsequently 

replaced with DMEM media containing 10% FBS (negative control) or media containing 10% 

FBS plus an inflammatory stimulus. The following inflammatory stimuli were individually 

applied: Escherichia coli lipopolysaccharide (E. coli LPS, 026:B6, see section 2.1.5.4), whole 

heated-inactivated Fusobacterium nucleatum (F. nucleatum, see section 2.2.2.1) or 

Porphyromonas gingivalis (P. gingivalis, see section 2.2.2.2) or a mixed species biofilm (MSB, 

see section 2.2.2.3).  A range of stimuli concentrations were used to challenge the pooled 

fibroblasts and the pro-inflammatory response determined at 24h post stimulation. Following 
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examination of the minimum concentration required to induce a significant increase in the 

inflammatory response measured, a single concentration was then selected for future 

analysis as indicated in Table 2.5.  

 

2.2.8 Experimental protocol for irradiation of cultures in vitro. 

Following fibroblast sub culturing (2.2.6) and the application of the appropriate media 

treatment (with/without a pro-inflammatory stimulus (2.2.7)), either the 2nd generation array 

or LUMOS™ array was used to irradiate cultures dependent upon the experimental 

application (2nd generation was used for high-throughput analysis of parameters whilst the 

LUMOS™ array was used to determine the effects of combining wavelengths in vitro). 96-well 

plates were placed directly above the 2nd generation array (as described in sections 2.1.1 and 

2.2.1), with concentric alignment between the well and LED directly beneath. Cultures were 

irradiated for up to 480s at wavelengths between 400-830 nm (24mW/cm², 0.72-11.52J/cm², 

see Figure 2.1 for details regarding wavelength range of LED array). For irradiation with the 

LUMOS™, the LED array head was placed upon the lid of a 24 well culture plate and irradiated 

for 240s at either 405 nm, 850 nm or both (24mW/cm², 5.76J/cm², see Figure 2.2). 

Table 2.5: Pro-inflammatory stimuli applied to cell cultures, the concentration range applied in 
preliminary studies and the final concentration applied when evaluating the effects of PBM 
following inflammatory stimulus application.   
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2.2.9 Cell proliferation and metabolic activity assays 

2.2.9.1 Automated confluency assay 

To assess cell confluency a Tecan Spark® (Tecan Group Ltd, Switzerland) multimode 

microplate reader was employed as described in section 2.2.6.6.1.   

Pooled pHGFs were seeded as described in section 2.2.6.2.  A standard curve was created 

through seeding of a range of cell concentrations from 3000-10000 cells/well (n=3 per plate). 

Plates were then incubated overnight (37ºC, 5% CO₂). Following overnight incubation to 

enable cells to adhere, the bacterial stimulation or negative media control was applied (Table 

2.5) and subsequently cultures were irradiated at wavelengths of 400 nm, 450 nm and 810 

nm as described in section 2.2.8. Cultures were then incubated for a further 8-168 h. 

Following these intervals levels of confluence were assessed through development of a 

method using Spark® dashboard method editor. This involved selection of the appropriate 

plasticware (96-well black clear bottom plate, Sigma-Aldrich). Following this, a plate layout 

was formulated to include a (i) a standard curve of cells seeded at decreasing densities, (ii) 

samples ordered by treatment (+/- inflammatory stimulus and  +/- irradiation) (iii)  a series of 

blank wells as a negative control. This plate layout is depicted in Figure 2.11. Levels of cell 

confluence were then assessed through selection of a pre-set algorithm to measure cell 

confluence on the Spark® dashboard. The Tecan employs bright field imaging in which light 

emitted from an LED is guided through aperture to illuminate samples from the top of the 

plate. Adherent cells can then be imaged due to variations in levels of light absorption of cells 

compared to the surrounding media. This allows determination of the well area populated 

with cells in comparison to no cell thereby allowing % confluence to be calculated. Levels of 

confluence were measured across the whole well. Cells were maintained at a temperature of 
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37ºC during the experiment (Figure 2.11). Once levels of confluence were assessed, the wells 

used to produce a standard curve were washed and trypsinised using Trypsin-EDTA as 

described in section 2.1.5.3 (20µl/well). After 5 minutes incubation at 37ºC, cells were mixed 

with an equal volume of media containing FBS and cell counts were performed using Tecan 

cell chips as described in section 2.2.6.6.1. This approach was undertaken in order to enable 

calibration of levels of cell confluence with cell number to produce a standard curve. This 

allows determination of number of cells per well of the standard curve as described in 4.2. 
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Figure 2.11: Spark® dashboard method editor interface where a) shows how specific parameters were 
selected for analysis including the plate type used, the plate layout, the selection of the cell confluence 
detection and application of this detection method to evaluate cell confluency across the whole well. 
Temperature was also set to 37ºC to ensure cell cultures were in physiological conditions, to ensure 
fluctuations in enviro nmental temperature did not induce stress. b) indicates plate layout, where wells 
outlined in red were those seeded with decreasing densities of cells (n=3), green outlined wells were 
set as blanks and the central 60 wells were denoted as samples, where all cells were seeded at 
7000cells/well. 
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2.2.9.2 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) assay  

To assess cell metabolic activity, an MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5-

diphenyltetrazolium bromide) (Sigma-Aldrich) assay was utilised. MTT is regarded as a good 

indicator of cell metabolic activity and viability due to its sensitivity and is routinely applied in 

high-throughput screening as described in section 1.7.1.1. 

2.2.9.2.1 Assay procedure 

Following preparation of cells as described in sections 2.2.7 and 2.2.8, the MTT solution at 

0.05g/ml was aliquoted at 20µl/well 8/24h post-irradiation. Cells were subsequently 

incubated for 4h (37ºC, 5% CO₂). MTT solution was removed from wells and 50µl of dimethyl 

sulphoxide (DMSO, Sigma-Aldrich) was added per well. Formazan crystals were dissolved for 

10 minutes at room temperature on a plate rocker. Absorbance was then read at 570 nm 

using a colorimetric micro-plate reader (ELx800 Universal Micro-plate reader, Bio-Tek 

Instruments, Vermont, US). 
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2.2.10 Cell Supernatant assays 

2.2.10.1 Cell supernatant preparation 

Following sub culturing (see section 2.2.6) and the application of the appropriate stimuli (see 

sections 2.2.7, 2.2.8), supernatants were collected 8/24hrs post-irradiation based on initial 

experimentation in which the optimum time points to review the effects of PBM on ROS 

production were assessed (see section 2.2.11.3). Supernatants were transferred to a 96-well 

plate (Sigma-Aldrich) and centrifuged at 1500rpm for 10 minutes (Universal 320R, Hettich, 

Germany). Supernatants were consequently stored at -20°C until required for analysis. 

2.2.10.2 Enzyme-linked Immunosorbent assay (ELISA) 

2.2.10.2.1 Interleukin-8 (IL-8) and basic fibroblast growth factor (bFGF) 

pHGF supernatants (prepared as described in section 2.2.10) were assayed for human total 

IL-8 and bFGF by ELISA according to the manufacturer’s protocol (Human IL-8/CXCL8 Duoset 

ELISA and human bFGF Duoset ELISA, both R and D systems, Biotechne, Minnesota, US). Prior 

to use, reagents were diluted to specified working concentrations as described in Table 2.6. 

Plates for ELISA were initially coated with capture antibody diluted in PBS at 

100µl/well and incubated at room temperature (RT) overnight. Subsequently, the plates were 

aspirated and washed three times with 0.05% v/v Tween 20 (Sigma-Aldrich) in PBS (wash 

buffer) utilising a plate washer (Biotek). Individual plate wells were then blocked with 300µl 

1% v/v Bovine Serum Albumin (BSA) in PBS for 1 hour at room temperature. Wells were then 

washed three times. Following this, two fold serial dilutions of the standards were performed 

using reagent diluent (1% v/v BSA in PBS, used as a buffer in this assay). This then enabled the 

construction of a seven point standard curve at ranges described in Table 2.6a (bFGF) and 

Table 2.6b (IL-8). Cell culture supernatants were also diluted as necessary to ensure 
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concentrations of IL-8 or bFGF in samples were in the range of the standard curve. 100µl of 

standards, samples and blanks were then aliquoted onto the plate in duplicate and incubated 

for 2 hours at RT. Subsequently, the wash step was repeated. The biotinylated detection 

antibody was diluted in reagent diluent and 100µl/well aliquoted. Plates were incubated for 

2 hours at RT. Plates were then washed/aspirated as previously described. Streptavidin-

horseradish peroxidase (HRP) solution was diluted in reagent diluent and 100µl/well applied 

before incubation for 20 mins at RT in the dark. A final wash step was performed and a 1:1 

mixture of H₂O₂ (Colour reagent A) and tetramethylbenzidine (Colour reagent B) was added 

to wells for 20 mins at RT in the dark. Further colour development was halted through the 

addition of 2N H₂SO₄. (R and D systems, UK).  A deep yellow colour was produced by this 

reaction and secretion of IL-8 and bFGF into supernatants could be quantified utilising a 

spectrometer (ELx800 Universal Micro-plate reader, Bio-Tek Instruments, UK) at 450 nm and 

570 nm. The readings at 570 nm were subtracted from readings at 450 nm to eliminate any 

background variances. 

Mean readings for each standard concentration and blank were employed to generate 

a line of best fit. Concentrations in samples could then be calculated based on the equation 

of this line and were multiplied by any dilution factor employed during experimentation. 

2.2.10.2.2 Tumour Growth Factor-β 1 (TGF-β1) 

pHGF supernatants (prepared as described in section 2.2.10.1) were assessed for total TGFβ 

by ELISA as per the manufacturer’s instructions (Human TGF-β1 Duoset ELISA, R and D 

systems). Reagents were diluted as indicated in Table 2.6c. 

Initially, capture antibody was applied at 2µg/ml, diluted in PBS and incubated 

overnight. Subsequently the plates were washed (2.2.10.2.1). Blocking buffer was then 
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applied (5% Tween 20 in PBS, R and D Systems, UK) for one hour. Prior to application of 

standards, supernatants were activated in order to catalyse the conversion of latent-TGFβ1 

to immunoreactive TGFβ1. This was process firstly involved addition of 1N HCL (20% v/v, R 

and D systems, UK) for 10 minutes at room temperature. Samples were then mixed 

thoroughly and 0.5M HEPES (14% v/v, R and D systems, UK) was added. Once activated the 

plate was washed as described previously. Standards were applied at concentrations between 

2000-31.3pg/ml, diluted in reagent diluent 1 (1.4% v/v in 1 x wash buffer). Samples were 

subsequently aliquoted at 100µl/well. The plate was then incubated for two hours at room 

temperature before being washed three times. The detection antibody was then applied at 

50ng/ml per well and incubated for two hours at room temperature. The plate was then 

washed as before and Streptavidin HRP was applied (1:40 dilution with reagent diluent 1) and 

incubated for 20 minutes in the dark at room temperature. Following this, plates were washed 

and colour developing reagent was applied (100µl/well, Colour Reagent A: Colour Reagent B 

at 1:1 ratio as per section 2.2.10.2.1). After 20 minutes incubation in the dark at room 

temperature, the stop solution applied and absorbance read using a colorimetric plate reader 

at 450 nm and 570 nm (ELx800 Universal Micro-plate reader, Bio-Tek Instruments, UK). 
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Table 2.6 Presents the dilutions of reagents to working concentrations where a) shows dilutions for 
bFGF ELISA, b) IL-8 ELISA and c) TGF-β1 ELISA. 
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2.2.10.3 Nitric oxide (NO) assay 

To assess the secretion of NO from pHGFs, a nitrate/nitrite colorimetric assay kit was 

employed (Cayman Chemical, USA). The assay quantifies relative concentrations of nitrite and 

nitrate in cell supernatants. In vivo NO undergoes a series of reactions to be metabolised to 

the final biproducts of nitrite (NO₂⁻) and nitrate (NO₃⁻) as the equations below illustrate: 

NO + O₂⁻ + H⁺ = ONO₂⁻ + H⁺ = NO₃⁻ + H⁺ 

2NO + O₂ = N₂O₄ + H₂O = NO₂⁻ + NO₃⁻ + 2H⁺ 

NO + NO₂ = N₂O₃ + H₂O = 2NO₂⁻ + 2H⁺ 

Hence, it is reported that the sum of both NO₂⁻ and NO₃⁻ secretion is an appropriate measure 

of total NO production.  

The nitrite/nitrate assay procedure involves a two-step process in which first NO₃⁻ is 

converted into NO₂⁻ utilising nitrate reductase. The second step involves addition of Griess 

Reagent 1 (sulphanilamide) and Griess Reagent 2 (N-(1-naphthyl) ethylene diamine). The 

addition of these compounds produce a deep purple azo-compound, the formation of which 

can be quantified photometrically. The Griess reaction is illustrated in Figure 2.12. Further 

detail regarding experimental protocol are illustrated in sections 2.2.10.3.1 and 2.2.10.3.2. 

Figure 2.12: Chemical reaction of the Griess reagents in which Griess reagent 1 reacts with nitrite to 
form a diazonium salt and Griess reagent 2 catalyses the conversion of the diazonium salt to a purple 
azo product that can be quantified using a spectrophotometer at 540 nm or 550 nm. 
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2.2.10.3.1 Total Nitrate and Nitrite quantification 

For quantification of total nitrate and nitrite in cell supernatants, first cell supernatants were 

prepared as described in section 2.2.10.1. Prior to application of cell supernatants, a nitrate 

standard curve was prepared, in which a stock of lyophilised nitrate standard is first 

reconstituted in 1ml of nitrate/nitrite assay buffer (assay buffer stock diluted in 100ml of 

deionised water prior to use in assays). Consequently, the reconstituted standard is diluted 

at 10% v/v in assay buffer to achieve a concentration of 200µM. The nitrate standard is then 

diluted further to achieve a 7 point standard curve at a concentration range between 0-35µM 

(in the final 200µl assay volume, following application of Griess reagents).  Following 

preparation of standards, 200µl of assay buffer was added to blank wells (where no further 

reagents were added to these wells) and 80µl of cell supernatants were added to all other 

wells. Subsequently, 10µl of enzyme cofactor (nitrate reductase cofactor reconstituted in 

1.2ml assay buffer prior to use) and 10µl of nitrate reductase mixture (reconstituted in 1.2ml 

assay buffer) was added to wells containing samples/standards. Cofactors were added to 

enable recycling of nicotinamide dinucleotide diphosphate (NADP+) to NADPH, to prevent the 

interference of NADP+ with Griess reagents.  The plate was consequently incubated for two 

hours at room temperature and following this Griess Reagent 1 was added at 50µl/well to 

wells containing samples/standards. Griess reagent 2 was then added directly after at the 

same volume. The plate was then incubated for ten minutes at room temperature to enable 

colour development and absorbance was subsequently read using a plate reader at 550 nm 

(ELx800 Universal Micro-plate reader, Bio-Tek Instruments, UK). 

2.2.10.3.2 Nitrite quantification 

For nitrite quantification, cell supernatants and assay buffer were prepared as described in 

section 2.2.10.3.1. Prior to application of cell supernatants, nitrite standards were prepared 



 

111 
 

in which firstly, the lyophilised nitrite standard was reconstituted in 1ml of nitrite/nitrate 

assay buffer and a 7 point standard curve was prepared as described in section 2.2.10.3.1 to 

achieve concentrations between 0-35µM in a final assay volume of 200µl (following 

application of Griess reagents). Following preparation of standards, 200µl of assay buffer 

were loaded into blank wells and 100µl of samples into chosen wells. Subsequently after 

this, 50µl of Griess Reagent 1 followed by 50µl of Griess reagent 2 were added to 

sample/standard containing wells. The plate was then incubated for 10 minutes to allow 

colour to develop and absorbance was then read at 550 nm using a plate reader (ELx800 

Universal Micro-plate reader, Bio-Tek Instruments, UK). 

2.2.10.3.3 Total Nitrite and Nitrate measurements 

Following measurement of absorbance from samples and standards described in sections 

2.2.10.3.1 and 2.2.10.3.2, data was exported to excel (Microsoft, US) and standard curves 

were created to enable quantification of either nitrate, nitrite or total nitrite and nitrate in 

samples. Equation 1 illustrates formulae used to calculate concentrates of 

nitrite/nitrate/nitrite and nitrate in samples.  

 

 

Equation 1: Formulae employed to calculate nitrite, nitrate or total nitrite and nitrate concentrations 
in samples. 
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2.2.10.4  Antioxidant assay 

A total antioxidant assay (TOAC) was utilised to measure the relative levels of antioxidants in 

cell supernatants compared with the analog of Vitamin E, Trolox. When applied to a mixture 

containing horseradish peroxidase (HRP), Trolox quenches the signal through neutralisation 

of free radicals in solution. The longer this quenching occurs for, the greater the antioxidant 

capacity of a given substance. 

2.2.10.4.1 Assay procedure 

Running buffer (PBS containing Bovine serum Albumin (BSA, 0.005% w/v, Sigma-Aldrich) and 

Signal reagent (signal reagent buffer ((Potassium Chloride (0.75%w/v), Boric acid (0.62% w/v), 

Trisodium citrate dihydrate (0.1% w/v) and Sodium hydroxide (0.08% w/v) (Sigma-Aldrich), 

reagent A (0.006% w/v (sodium chloride (0.556% w/v), sodium benzoate (0.02% w/v), 

Trisodium citrate dehydrate (0.009% w/v), 4-iodophenol sodium salt (0.00762% w/v), sodium 

Luminol (0.0075% w/v) and reagent B (sodium chloride (0.523% w/v), sodium perborate tetra 

hydrate (0.048% w/v), sodium benzoate (0.02% w/v), Trisodium citrate dehydrate (0.009% 

w/v)) (Sigma-Aldrich) were warmed to 19ºC using a heat block.  A 1:200 solution of 

horseradish peroxidase (HRP) in running buffer was also prepared and warmed to 19ºC. Once 

at temperature, 100µl of signal reagent and 8µl of HRP were added to 1ml of running buffer. 

The mixture was briefly vortexed (vortex genie, scientific industries Inc, US) and subsequently 

placed in a tube luminometer (Berthold, Berthold Ltd, UK). Luminescence was read using ICE 

software (Berthold, Berthold Ltd, UK). Following luminescence measurements, 20µl of 

standards or samples (cell supernatants, for supernatant preparation see section 2.2.10.1) 

were loaded into the reaction mixture and vortexed briefly. The tube was again placed in a 

tube luminometer and luminescence was measured for up to 400s. A standard curve was 
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created utilising Trolox at concentrations between 80-20µM to enable calculation of the 

antioxidant capacity of cell supernatants. 

2.2.11 Mitochondrial activity assays 

2.2.11.1 Adenosine triphosphate (ATP) assay 

A luminescent ATP detection assay (Abcam, UK) was utilised to detect total levels of cellular 

ATP. The ATP assay is based on the production of light due to luciferase and luciferin. The light 

emitted during this reaction is proportional to ATP concentration intracellularly. This reaction 

is summarised in the following equation: 

ATP + D-Luciferin + O2 → Oxyluciferin + AMP + PPi + CO2 + Light 

2.2.11.1.1 Assay procedure 

At 24h post-irradiation an ATP assay was conducted, cells were prepared using protocol 

described in section 2.2.8. Initially, an ATP standard was diluted in ultra-pure water (ddH₂O, 

Sigma-Aldrich) to produce a 20mM stock, which was stored at -20ºC until required. This was 

used to generate a standard curve. This involved diluting the ATP standard in substrate buffer 

(lyophilised substrate resuspended in 5ml of substrate buffer, no details provided regarding 

composition) to produce a 100µM standard. The standard was diluted in phenol red free 

DMEM (see section 2.1.5.1) to produce an 8 point standard curve at concentrations of 

between 10µM-0.01pM.  Subsequently, detergent (used to lyse cells, provided in 20ml 

aliquots, no details regarding composition provided, Abcam, UK) was added to cell cultures at 

50µl/well and plates were placed on an orbital shaker at 600-700rpm for 5mins. Following 

this, substrate solution was added at 50µl/well and the microplate placed on a shaker at 600-

700rpm for 5mins. The plate was incubated in the dark for 10 minutes, to prevent absorption 

of ambient light, which can be emitted during luminescence experiments. Luminescence was 
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then measured using a Luminometer (Microlumat plus, Microplate Luminometer LB96V, 

EG&G Berthold, Berthold Ltd, UK).  

2.2.11.2 Tetramethylrhodamine, ethyl ester (TMRE) assay 

A TMRE assay was utilised to measure changes in mitochondrial membrane potential 

(Cayman Chemical, Michigan, US). TMRE is a cell permanent, positively charged red-orange 

dye that readily accumulate in mitochondrion due to its relative negative charge. Through the 

progression of electron transport chain (due to increased mitochondrial activity), protons 

with a positive charge (H⁺) move across the mitochondrial membrane, inducing membrane 

depolarisation, causing the mitochondrion to possess a relative positive charge. This 

therefore prevents the accumulation of TMRE, producing a decrease in relative fluorescence 

and hence TMRE is a good indicator of membrane depolarisation. 

2.2.11.2.1 Assay procedure 

Initially, Carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP) was applied to a single 

column of wells on the plate at 10µM, diluted in phenol red free DMEM media to act as a 

positive control. Concentration of FCCP required to induce membrane depolarisation was 

determined through the construction of a standard curve at concentrations between 40-

2.5µM FCCP (6 point standard curve). The plate was then incubated for 45 minutes (37ºC, 5% 

CO₂). TMRE was then applied to cell cultures (see sections 2.2.6.2 and 2.2.8 for cell 

preparation) at 500 nm. Concentration of TMRE utilised during experimentation was 

determined through construction of a standard curve at concentrations between 15.6-500 

nm. The plate was then incubated for 30 minutes, washed 3 times with assay buffer and 

subsequently incubated at room temperature for 10 minutes. Consequently, fluorescence 
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was read at excitation/emission: 530/580 nm utilising a fluorimeter (Clariostar, BMG Labtech, 

UK). 

2.2.11.3 ROS assay 

Total ROS production was assessed using the cell diffusible fluorescent probe 2', 7’-

dichlorodihydrofluorescein diacetate (H₂DCFDA, Thermo fisher). H₂DCFDA is generalised ROS 

marker but has the greatest affinity for the free radicals CO₃⁻ and NO₂⁻ and reduced 

glutathione. In turn these radicals aid the reduction of H₂DCFDA to 2′, 7′-

dichlorodihydrofluorescein (DCFH₂) which leads to the generation of Dichlorofluorescin 

(DCFH). The generation of superoxide catalyses the reduction of DCFH to DCF. DCF in turn 

reacts with light to fluoresce allowing the production of ROS to be quantified. Figure 2.13 

indicates the four-step process in which H₂DCFDA is hydrolysed in vitro. 

2.2.11.3.1 Assay procedure 

Following irradiation and subsequent incubation of pHGFs for 8/24h (37°C  , 5% CO₂, as 

described in sections 2.2.6.2 and 2.2.8), media was aspirated from wells and cultures were 

Figure 2.13: The 4 step process in which H₂DCFDA is hydrolysed in the cell to form a fluorescent product 
(indicated here by (DCF)*). DCF is a secondary marker for ROS production due to the fact that its 
hydrolysis is firstly dependent upon intracellular and extracellular esterase’s. However, the final three 
steps are dependent upon reactive oxygen species (ROS) produced by the cell. 
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washed three times with PBS (room temperature). This was to remove any excess media that 

may interfere with the activity of the ROS probe. H₂DCFDA florescent probe was applied at 

50µl/well (10µm) and incubated for 30 minutes (37ºC, 5% CO₂) in the dark. A fluorimeter was 

utilised to quantify the production of ROS (Twinkle LB 970, Berthold Industries Ltd, and UK). 

The fluorimeter had an excitation wavelength of 485 nm and emission wavelength of 535 nm. 

Microwin software (Siemens, Germany) was used to the read the plate, raw data was then 

saved and analysed in Excel software (Microsoft, US). 

2.2.11.4 Seahorse assay 

To assess the effect of light on real-time mitochondrial activity, a Seahorse XFe96 Analyser 

was employed. The Seahorse analyser measures the cells oxygen consumption rate (OCR) as 

a marker of mitochondrial activity (and therefore respiration). This is undertaken through the 

sequential injection of compounds to determine a series of key parameters including basal 

respiration, ATP production, proton leak, maximal respiration, spare respiratory capacity and 

non-mitochondrial respiration. 

2.2.11.4.1 Cell Preparation 

Cells were seeded at 10,000 cells/well in phenol red free medium and incubated overnight. 

Subsequently myoblasts and myotubes were irradiated for 30s (24mW/cm², 0.72J/cm²) whilst 

pHGFs were irradiated for 240s (24mW/cm², 5.76J/cm²). Prior to irradiation, a mask was 

placed beneath the plate to prevent bleed of light between columns of wells. Figure 2.3 shows 

the mask design (see section 2.1.4) and experimental set up. A Seahorse assay was then 

performed 1, 8 or 24h post-irradiation.  
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2.2.11.4.2 Mitochondrial stress assay 

One-hour prior to undertaking the assay, culture media was aspirated, cells washed with 

phosphate buffered saline (PBS) three times and Seahorse XF assay media (25mM glucose, 

1mM pyruvate and 2mM glutamine) was applied and equilibrated in a CO₂ free incubator 

(INCU-line®, VWR, UK). Compounds altering mitochondrial activity were then applied to the 

system including: Oligomycin (inhibits complex V of the ETC, 1µM), carbonyl cyanide-

4(triflouromethoxy) phenylhydrazone (FCCP, uncoupling agent induces respiration to be 

undergone at maximal rates, 2µM), antimycin and rotenone A (inhibit complexes I and III 

respectively, inhibiting ETC activity, 0.5µM). Subsequently the plate was placed in a Seahorse 

XFe96 analyser and compounds were sequentially injected into the system to induce changes 

in ETC activity.  

The Seahorse analyser then determined changes via assessment of oxygen 

consumption rate in real-time (OCR, pmol/min). OCR values were subsequently normalised 

for protein content in individual wells. Protein concentration was determined using DC 

protein assay (Bio-rad, USA). This enabled calculation of individual parameters including basal 

respiration, maximal respiration, ATP production, spare respiratory capacity and non-

mitochondrial respiration (Tan et al., 2015). During analysis, values for non-mitochondrial 

activity were subtracted from values evaluating the effects of PBM directly on mitochondrial 

activity. This provided a further control step ensuring results would reflect the effects of PBM 

on mitochondrial activity only.  
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2.2.12 DNA and RNA extraction techniques for PCR analysis 

2.2.12.1 Total RNA purification 

For Reverse Transcription-Polymerase Chain Reaction (RT-PCR) experiments, in which the 

assessment of the yield and quality of RNA was required, pHGFs were lysed and RNA extracted 

from the lysate utilising an RNeasy mini kit (Qiagen, Manchester, UK), according to the 

manufacturer’s protocol. pHGFs were seeded into 96-well plates at 7000 cells/well and 

incubated overnight. The cultures were irradiated the following morning (240s, 24mW/cm², 

5.76J/cm²) and consequently incubated for a further 24h post-irradiation. Subsequently 

cultures were washed three times with ice cold PBS. Following this, 20µl of ice-cold lysis buffer 

was applied to each well and cells were agitated on a plate rocker at 50 cycles/minute for 5 

minutes. Cells were harvested by scraping wells using a 200µl pipette tip to ensure cells were 

fully dissociated. Lysates were then collected and stored in 1.5ml tubes at -80ºC as necessary. 

 An equal volume of 70% v/v ethanol was added to defrosted lysates and the mixture 

was added to an RNeasy spin column in a 2ml collection tube. The solution was then 

centrifuged at 10,000rpm for 30s (Micro centrifuge, Eppendorf). The flow through was then 

discarded and 350µl of Buffer RW1 was added to the column, the column was then 

centrifuged at 10,000rpm for 30s. Flow through was discarded and 80µl of DNase I diluted in 

buffer RDD (1:7 ratio of reagents) was added to the column and incubated at room 

temperature for 15minutes. The column was then washed three times to improve RNA purity. 

The column was then placed in a 1.5ml Eppendorf and 30µl of RNase free water was added 

and spun at 10,000rpm for 1minute.  
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1.1.1.1 DNA isolation 

pHGFs were grown to 80-90% confluency in T75 flasks and then washed three times with PBS, 

trypsinised and centrifuged (as described in sections 2.2.6.2 and 2.2.6.3). Following this, the 

pellet was washed with PBS and resuspended in 200µl PBS. Subsequently, a Purelink Genomic 

DNA mini kit (Invitrogen, UK) was utilised to isolate DNA. Firstly, 20µl of proteinase K was 

added to each sample followed by 20µl of RNase A. The solution was then mixed by vortexing 

and incubated at room temperature for 2 minutes. 200µl of genomic lysis buffer was then 

added to each sample, mixed by vortexing and subsequently incubated at 55ºC for 10 minutes 

using a water bath (Sub Aqua Pro, Grant, UK). Next, 200µl of Ethanol was added and mixed 

by vortexing. The lysate was then transferred to a spin column (approximately 640µl) and 

centrifuged at 13000rpm for 1 minute at room temperature. Waste was then discarded and 

the column was washed twice with buffer to improve DNA purity and quality. Following these 

wash steps, 50µl of genomic elution buffer was added to the column and centrifuged at 

16000g for 1 minute. 

2.2.12.2 Assessment of RNA/DNA quality 

To assess RNA and DNA quality and yield the sample was diluted in RNA free water (1:35 ratio) 

and absorbance of ssRNA/dsDNA was assessed at 260/280 nm using a spectrophotometer 

(Eppendorf biophotometer, Eppendorf). Pure nucleic acid samples typically yield a 260/280 

ratio of between 1.8-2.2, where values lower than this could be contaminated with 

compounds such as phenol (Desjardins and Conklin, 2010) . Hence, samples with a ratio 

outside this range were discarded.  RNA was subsequently stored at -80ºC until required. DNA 

was stored at -20ºC prior to use. 
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2.2.13 Reverse Transcription-Polymerase chain reaction 

2.2.13.1 RT method 

Reverse Transcription (RT) of RNA samples was performed with the aim of producing high 

quality cDNA samples by utilising a Bioline Tetro cDNA kit (Bioline, UK) according to the 

manufacturer’s guidelines using an Eppendorf thermocycler (Eppendorf). RNA was diluted in 

ddH₂O to enable a uniform RNA solution concentration of 2µg. The RNA was then mixed with 

oligo(dT)₁₈ (1µL), 5 x reverse transcriptase buffer (4µl), reverse transcriptase (1µl), RNase 

inhibitor (1µl) and a mixture of nucleotides (dNTPs, 1µl). The mixture was then made up to 

20µl utilising diethyl pyro carbonate (DEPC) treated water. Samples were incubated at 45ºC 

for 30 minutes, followed by a further incubation at 85ºC for 5 minutes to terminate the 

reaction. Samples were then chilled on ice and subsequently stored at -20ºC to be used in 

future experimentation. 

2.2.13.2 Conventional RT-PCR 

2.2.13.2.1  Evaluation of gene expression 

Prior to the evaluation of light on gene expression, cDNA required normalisation to enable 

reliable evaluation of differential gene expression when comparing controls to experimental 

samples. The housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was 

used to normalise all samples. Optimal number of cycles required to evaluate gene expression 

were also undertaken during this process. 

A primer mix was prepared containing up to 2µl of cDNA, 2µl of primer, 8.5µl of RNase 

free water (Qiagen, UK) and 12.5µl of Biomix red (Bioline, UK). Prior to application of primers 

into this solution 10µl of forward primer and 10µl of reverse primer were diluted in 60µl of 
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RNase free water and then applied to the reaction mixture. All reagents were stored 

individually at -20ºC prior to use. Samples of cDNA were amplified in a thermocycler 

(Eppendorf) utilising the following conditions: 

• Denaturation: 94ºC 5 minutes 

• 60°C  , 1 min for annealing, 72°C  , 1 min for extension, 94°C  , 1 min for denaturation 

(20-40 cycles to yield sufficient quantities of DNA to be analysed using densitometry) 

•  Final extension: 72°C  , 10 min 

Confirmation of PCR products was undertaken using SYBR red (0.01%v/v, Invitrogen, UK) 

containing agarose gel electrophoresis (1.5% w/w agarose). Hyperladder IV (5µL, Invitrogen, 

UK) was ran alongside cDNA samples (5µl) to confirm PCR product size. Gels were 

electrophoresed at 120V for 30 minutes. Images were then captured under Ultraviolet trans-

illumination utilising Genesnap software on the G:box imaging system (Syngene, UK). Once 

images had been obtained, semi-quantification of PCR bands was undertaken using Genetools 

software (Syngene, UK). Values obtained from densitometry were subsequently used to 

identify quantities of cDNA required for gene expression studies  and were calculated as 

follows: 

𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒 𝑏𝑎𝑛𝑑

𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑏𝑎𝑛𝑑 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝑡𝑜 𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑠𝑒
 𝑥 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒 = 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑐𝐷𝑁𝐴 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝑡𝑜 𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑠𝑒  

2.2.13.2.2 PCR primers 

  PCR primers were designed utilising primer-BLAST (NCBI, USA) according to published gene 

ascension number. The primers employed are listed in Table 2.7. 
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Gene Symbol Primer Sequence PCR 
product 

(bp) 
Relevance Reference 

NADH 
dehydrogenase 

(ubiquinone) Fe-S 
protein 7 

NDUFS7 F: 5‘-GGATGACCTCGTCAACTGGG-
3‘  

R: 3‘-
ACAACCTCACGGGACACAAG-5‘ 

519 Subunit of 
complex I of 
ETC, target 

for PBM 

(Masha et 
al., 2013) 

cytochrome c 
oxidase subunit 

IV isoform 1 
COX4I1 F:5’-CCGGCCCGGCATTTTACGAC-

3’      
R: 5’- 

GGGGTGGTCACGCCGATCCA-3’  

315 Subunit of 
complex IV 

of ETC, 
target for 

PBM 

(Huttemann 
et al., 2001, 

Barolet, 
2008) 

ATP synthase, H 
+transporting, 

mitochondrial Fo 
complex, subunit 

B1 

ATP5F1 F: 5‘-GCATTGCGGACCTAAAGCTG-
3‘  

R: 3‘-
ATCAGCCAGAAACAGTTCACCA-5‘ 

519 Subunit of 
complex V of 
ETC, target 

for PBM 

(Houreld, 
2014) 

NF-KappaB 
subunit 1 
(NFkB1), 

transcript variant 
3 
  

NFKB 
  

F: 5’-CCTGGATGACTCTTGGGAAA-
3’         

R: 3’-CTTCGGTGTAGCCCATTTGT-
5’ 

366 Downstream 
target for 

PBM  

(Chen and 
Greene, 

2004, 
Zhang et 
al., 2014) 

Glutathione 
synthetase  

  

GSH-S 
  

F: 5’-
TCACTGGATGTGGGTGAAGA-3’         

R: 5’-CGTGCTTGTTCATCACGAGT-
3’ 

315 Antioxidant 
enzyme, 

hypothesised 
to be 

activated by 
PBM 

(Gunduz et 
al., 2016) 

Transforming 
growth factor 

beta receptor-1 
TGFBR1 F: 5’-

CGTTACAGTGTTTCTGCCACCT-3’   
R: 5’-

AGACGAAGCACACTGGTCCAGC-3’ 

314 Proposed to 
be induced 

by PBM. 

(Luo et al., 
2013, Fang 
et al., 2013) 

Interleukin-8  IL8 F: 5’- 
CGCCTTAGCGCCCACTGCTCCTGT-

3’  
R: 5’-

GGGGCGGGACCTCAGCTGCAC-3’ 

533 Marker for 
inflammation 

and NFκB 
activation 

(Basso et 
al., 2015) 

Table 2.7: List of primers employed when evaluating the effects of PBM on gene expression  
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2.2.14 Mitochondrial DNA amplification and quantification 

2.2.14.1 mtDNA amplification 

A REPLI-g® Mitochondrial DNA Kit (Qiagen, UK) was utilised to amplify mtDNA in DNA samples 

isolated from pHGFs (n=3). Firstly, DNA concentration in samples was measured utilising a 

spectrophotometer (Eppendorf biophotometer, Eppendorf) and samples were diluted to 

contain 10ng/µl of DNA each. Subsequently, 29µl of REPLI-g mt reaction buffer (containing 

27µl of reaction buffer and 2µl of mt primer mix) was added to each sample. Samples were 

then centrifuged briefly and incubated at 75ºC for 5 minutes. Samples were then cooled to 

room temperature and 1µl of REPLI-g Midi polymerase was added to each of the reaction 

mixtures. Samples were then centrifuged briefly and were then incubated at 33ºC for 8 hours. 

The polymerase was then inactivated by heating at 65ºC for 3 minutes. Samples were then 

stored at -20ºC until required for further experimentation.   

2.2.14.2 mtDNA quantification 

To assess the varying quantities of mtDNA in cell lysates, initially a 6 point standard curve was 

generated using calf thymus DNA (Invitrogen, UK) between 10-0.625ng/µl to enable 

quantification of sample DNA concentrations. The method for quantification was adapted 

from a previously published article (Leggate et al., 2006). Standards were diluted in 1x TAE 

buffer (40mM Tris, 20mM acetic acid, 1mM EDTA, fermentas life sciences, Lithuania). Nuclear 

DNA (nDNA) samples were diluted to 10ng/µl in PBS, as per previous dilutions made to amplify 

mtDNA. 2µl of samples and standards were aliquoted in triplicate in a black clear bottom 96-

well plate.  SYBR® safe DNA gel stain (10,000x concentrate, Invitrogen, UK) was diluted 1:1250 

in 1xTAE buffer and briefly mixed by vortexing. 98µl of the solution was applied to the 

standards and samples. The plate was then incubated for 10 minutes at room temperature in 



 

124 
 

the dark. Relative fluorescence was then measured using a fluorimeter (ex/em: 485/535 nm, 

Twinkle LB 970, Berthold Industries Ltd, UK). Microwin software (Siemens, US) was then 

utilised to record fluorescence data and was then exported to an Excel spreadsheet for further 

analysis (Microsoft, US). A standard was created to calculate concentrations of DNA in 

samples. Ratios of DNA content in nDNA and corresponding mtDNA were then recorded to 

enable comparison of DNA content between cell lysate samples. 

2.2.15 Statistical analysis 

Data were processed utilising Excel software (Microsoft) and analysis was performed using 

SigmaPlot software (Systat Software Inc, UK) and Minitab (Minitab, US). All data was analysed 

using a general linear model (GLM) followed by one-way ANOVA test and a Tukey test to 

determine significant differences between non-irradiated controls, stimulated controls and 

light treated groups (with or without the application of an inflammatory stimulus, p<0.05). 

For data analysed using minitab software significant differences between treatment groups 

were denoted by letters, where means that did not share the same letter were significantly 

different. For example, if the control group is denoted A but the treated group is denoted C, 

there is a significant different between these groups with a P value of least 0.05.  

 

 

 

 

 

 



 

125 
 

3 LED ARRAY CHARACTERISATION 
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3.1 Introduction 

This chapter aimed to demonstrate a well characterised and reproducible system for delivery 

of light for in vitro PBM analyses. A novel LED array developed in-house (2nd generation array)  

and previously reported was employed for in vitro application (Hadis et al., 2017a)  as 

described in section 2.1.1.  

A further array (LUMOS™) was designed by a collaborating company as described in 

section 2.1.2. Firstly, each array was thoroughly characterised using a series of techniques 

described in 2.2.1. These techniques were used to evaluate the output of different 

parameters across each array including wavelength, spectral irradiance output, thermal 

output of each array and beam profiles of LEDs. 

Beam profiles were evaluated using a CCD camera beam profiler and analysed using 

Beam Gage software (Section 3.3).  The effects of PBM on media temperature were also 

evaluated as current literature surrounding this variable remains lacking and could have a 

confounding effect when investigating biological response to light (Kim and Kim, 2016). 

Finally, the effect of plasticware and media on light absorption were evaluated as described 

in section 3.5. Often, this parameter is not evaluated. However, media such as DMEM exhibits 

an absorption spectrum at specific wavelengths and this could therefore alter biological 

response to PBM (Zhao et al., 2004). Also, light has been cited to induce photo degradation 

of components of cell culture media, altering conditions for cell growth (Nielsen and 

Bertheussen, 1991, Neutsch et al., 2018). Thus, preventing evaluation of the effects of light 

on cellular response directly.  

 These characterisation steps would then enable demonstration of a well characterised 

system for use in both high-throughput assays employing 96-well black clear bottom plates 
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and also for use in Seahorse assays, as well as a complimentary array that would allow 

evaluation of combined wavelengths exposure on cellular and mitochondrial activity. 
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3.2 Spectral Characterisation 

Initially, spectral characterisation was undertaken to determine the emitted spectral 

irradiance (mW/cm²) and wavelength (nm) values from two LED arrays emitting wavelengths 

spanning the visible and near infra-red spectrum. The first LED array was designed to emit an 

average irradiance of 24mW/cm² (termed 2nd Generation 96-well array) at all wavelengths 

whilst the irradiance output of the second array (LUMOS™ array, Axion Biosystems, US) was 

variable and to be determined through spectral characterisation. The second array could also 

be employed to assess the effects of simultaneous irradiation of cultures with multiple 

wavelengths of light. An irradiance output of 24mW/cm² was selected based on a review of 

the current literature that evaluated the effects of PBM both in vitro and in vivo (Chen et al., 

2009a, Sharma et al., 2011c, Huang et al., 2013, Yoshimoto et al., 2018, Becker et al., 2016a). 

These characterisations were undertaken to ensure that the same irradiation conditions were 

applied in both array systems. 

3.2.1 Analysis of irradiance delivered to the black clear bottom 96-well plate 

Emitted irradiance values, peak wavelengths and fluency values were first evaluated using a 

96-well black clear bottom plate. A 96-well black clear bottom plates was selected based on 

primary experiments conducted by Hadis et al (Hadis et al., 2017a), in which it was revealed 

that the black colour of the plate minimised light bleed between different wavelength 

channels, whilst the clear bottom of the plate ensured concentric alignment with the LED 

inset beneath to ensure light penetrated the cell monolayer. 

3.2.1.1 Results 

Figure 3.1b reports average irradiance output from each group of LEDs emitting the same 

wavelength (n=6), where there was no significant different in irradiance output across the 
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array. Table 3.1b describes variance in irradiance output from each LED. This varied from 

16.75mW/cm² at a wavelength of 830 nm to 33.66mW/cm² at a wavelength of 525 nm. From 

the irradiance values recorded by the spectrometer, fluency values (J/cm²) could be 

calculated using the following equation: 

𝐹𝑙𝑢𝑒𝑛𝑐𝑦 (
𝐽

𝑐𝑚2
) = 𝐼𝑟𝑟𝑎𝑑𝑖𝑎𝑛𝑐𝑒 (

𝑚𝑊

𝑐𝑚2
)  𝑥 𝑇𝑖𝑚𝑒 (𝑠) 

Differences in delivered fluency values at various exposure times are displayed in Table 3.1. 

Variation in irradiance output from the 2nd generation array over extended periods of 

irradiation (up to 240s) was also explored. There was an average change in irradiance of 

0.105±0.076 mW/cm² across the array. However, this was only 0.4% of the total irradiance 

output and could merely be due to experimental error. Subsequently, after statistical analysis 

it was concluded that there was no significant change in irradiance output between 

wavelengths over a 240s irradiation period (Figure 3.2).  
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Figure 3.1: a) Average peak wavelengths (n=6) emitted across the LED array at wavelengths varying 
from 400 nm-830 nm and b) Spectral irradiance values of the LEDs utilised in this study (400 nm – 
830 nm) showing peak wavelength values emitted from LEDs. 6 LEDs were measured per wavelength 
employed in the array. Differences in emitted spectral irradiances from one wavelength to the next 
were analysed using one way ANOVA following by Tukey test, where no significant differences 
between wavelength channels were observed.   
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Table 3.1a Wavelengths emitted from each individual LED across the array. The top row of the tables 
(in white text) indicates wavelength values claimed by the manufacturer, whilst values below show 
the actual emitted wavelengths across the array, and vary from 398.18-835.77 nm. Table 1b shows 
variance in emitted spectral irradiance from each individual LED from the whole array (n=60) from 
LEDs emitting wavelengths ranging from 400-830 nm with an average emitted irradiance of 
24.26mW/cm². Where, numbers in rows indicate LED positioning. Table 1c provides fluency values 
emitted across the array at a series of time points between 30s-480s and at wavelengths from 400-
830 nm. Data indicate emitted energy per unit area delivered to cell cultures. 
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Figure 3.2a: Changes in irradiance in real-time over a period of 240s taken from an average (n=3) of 
the irradiance emitted at each time point assessed using each wavelength channel (400-830 nm).b) 
Shows average change in irradiance over a 240s period (n=3). Data was analysed using one-way 
ANOVA followed by Tukey test where no significance difference was found between wavelength 
channels.  
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3.2.2  Analysis of irradiance delivered to the Seahorse XFe96 microplate 

The spectral characteristics of the 96-well array fitted with a Seahorse XFe96 microplate ( and  

mask constructed from dental impression material to prevent bleed between LEDs was then 

assessed to determine whether emitted wavelengths and spectral irradiance were similar to 

those delivered to the 96-well black clear bottom plate (Sigma-Aldrich). 

3.2.2.1 Results 

 

Data indicate spectral characteristics similar to those described in section 3.2.1.1 in which 

there was no significant difference in peak wavelength output when employing either a black 

clear bottom 96-well plate (Table 3.1a) or a Seahorse XFe96 plate (Table 3.2a). Indeed, there 

was an average emitted spectral irradiance of 24.26mW/cm² (Table 3.1c) across the array with 

the placement of a black clear bottom plate and 23.04mW/cm² emitted with a Seahorse 

XFe96 plate employed (Table 3.2c). Where, statistical analysis revealed there was no 

significant difference in the irradiance output across the array when employing either type of 

plasticware. Table 3.2c also indicates there was no significant difference in fluency values 

employed in vitro when using both the Seahorse XFe96 microplate and black clear bottom 96-

well plate (average emitted fluency values outlined in Table 3.2c). 
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Figure 3.3a) Average peak wavelengths and b) spectral irradiance values of the LEDs utilised in this 
study (400 nm – 830 nm) emitted across the array. 6 LEDs were measured per wavelength employed 
in the array. Differences in emitted spectral irradiances from one wavelength to the next were 
analysed using one-way ANOVA followed by Tukey test where no significant difference was found 
between wavelength channels.  
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Table 3.2a Wavelengths emitted from each individual LED across the array. Where, the top line of 
the tables (in white text) indicates wavelength values stated by the manufacturer, whilst those below 
show the actual emitted wavelengths across the array, varying from 397.44-834.905 nm, b) shows 
variance in emitted spectral irradiance from each individual LED from the array (n=60) and c) depicts 
fluency values emitted across the array at a irradiation times ranging from 30-480s at wavelengths 
across the array (n=6).  
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3.2.3 LUMOS array 

 

3.2.3.1 Introduction 

 

The LUMOS™ optical stimulation suite was employed to evaluate the effects of simultaneous 

multi-wavelength in vitro irradiation of cell cultures. The array was initially spectrally 

characterised to demonstrate average peak wavelengths emitted from each LED and also to 

determine the range of emitted spectral irradiance values when delivering different relative 

(%) intensities of light. These were then used to calculate spectral irradiance parameters to 

enable comparison with the 2nd Generation LED array described previously (3.2.1 and 3.2.2). 

These parameters were also evaluated to determine the difference in wavelength and 

spectral irradiance output from one LED to the next.  

3.2.3.2 Results 

 

The following data report on an LED array system calibrated to output parameters similar to 

those described in sections 3.2.1 and 3.2.2. However, this system also displays the capability 

of evaluating the effects of several wavelengths simultaneously in vitro.  

These data indicated that whilst the manufacturer’s proposed outputs of the LEDs 

were 405 nm and 850 nm, it was found the array had an average output of 407.57±1.04 nm 

and 857.60±0.85 nm for all 24 LEDs incorporated.  

Evaluation of peak wavelength outputs, Figure 3.5, indicates the spectral irradiance 

output of the array at % intensities ranging from 100-5%. Irradiance varied significantly 

dependent upon the wavelength and experimental setup applied. At 100% intensity, 

irradiance exhibited by the 405 nm and 850 nm emitting LEDs were 100.00±7.81 mW/cm² and 

66.36±5.85 mW/cm² respectively. Irradiance with the addition of a diffuser was also 
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evaluated in which 405 nm LEDs at 100% intensity emitted an average irradiance of 

26.16±0.93 mW/cm². 

Evaluation of irradiance output at various % intensities of the LUMOS™ enabled 

production of a standard curve, which then allowed prediction of the % intensity that equated 

to an average irradiance output of 24mW/cm². These were calculated for 405 nm (24.74%), 

850 nm (34.55%) and 405 nm with diffuser (91.53%). However, the % intensity required to 

emit an average irradiance of 24mW/cm² when applying the diffuser material to LEDs 

emitting a wavelength of 850 nm was outside the range emitted by the LUMOS™ array. 

Hence, a diffuser material could not be used in this model to compare the effects of 

application of multiple wavelengths simultaneously or single wavelengths. Figure 3.6 indicates 

wavelength and spectral irradiance output at selected parameters, where Figure 3.6b 

describes spectral irradiance output at 12mW/cm² at 405 nm and 850 nm, to be used when 

evaluating whether combined wavelengths could improve response to PBM in vitro. However, 

% intensity could only be entered into Axis Navigator as whole numbers, hence numbers 

calculated above were rounded where appropriate. Therefore, this meant the average 

irradiance utilising both single and combined wavelengths was 23.14±1.85 mW/cm² (Table 

3.3), less than the anticipated value of 24mW/cm².  

Nevertheless, one way ANOVA was used followed by Tukey test to determine whether 

there was any significant difference in irradiance output utilising both the 2nd Generation LED 

array with black clear bottom plate (24.26±1.22 mW/cm²) or Seahorse XFe96 microplate 

(23.04±1.16 mW/cm²) and the LUMOS™ array fitted with 4titude 24 well plate, where no 

significant difference was detected. It was also demonstrated that the LUMOS™ array 

exhibited comparable radiant exposures following 240s irradiation (5.56±0.12 J/cm², Table 
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3.3c) compared with either the LED array with black clear bottom plates (5.82±0.29 mW/cm²) 

or with the Seahorse XFe96 plate (5.53±0.22 mW/cm²), where statistical analysis showed 

there was no significant difference between either array format.   

Therefore, it was validated that the LUMOS provides a well characterised system 

emitting parameters comparable with those emitted by the 2nd Generation array. 
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Figure 3.4: Average peak wavelengths (n=24) at 100%, 50%, 25%, 10% and 5% average intensity 
when altering the output of the LUMOS™ optical stimulation system on the adjoining Axis 
Navigator software at wavelengths of a) 405 nm, b) 850 nm, c) 405 nm with a diffuser and d) 850 
nm with the addition of a diffuser.   
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Figure 3.5: % intensity output of the LUMOS™ system calibrated against irradiance output using ocean 
optics software to record data to produce a standard curve. These analyses then enabled prediction of 
% intensity output to set on Axis navigator software to provide an output of 24mW/cm² from the array 
and hence mimicking the output of the 2nd generation LED array described in section 3.2.1. The figure 
above provides the different standard curves utilising different experimental setups and wavelengths 
where a) indicates 405 nm, b) 850 nm, c) 405 nm with diffuser and d)850 nm diffuser (where each 
point indicates the average irradiance taken from all LEDs on the array, n=24). 
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Figure 3.6a) Average peak wavelengths output when parameters calculated from Figure 3.5 are 
inputted into axis navigator software where an average irradiance output of 24mW/cm² was required 
for in vitro study. b) Spectral irradiance output when using calculated parameters where there is no 
significant difference between parameters to be used experimentally (405 nm 25%, 850 35%, 
combined). Outputs with a diffuser were not assessed as the application of diffuser meant parameters 
required were out of range using data calculated in figure 3.5. Significance was evaluated using one 
way ANOVA followed by post-hoc Tukey test. 
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Table 3.3: Output of a) wavelengths and b) irradiance output from each LED across the array when 
specific parameters were applied to Axis Navigator software at 405 nm, 850 nm and combining both at 
the same calculated irradiance output (24mW/cm², n=24). Table 7c indicates calculated radiant 
exposure (J/cm²) at selected irradiation periods to be used in vitro and corresponding average irradiance 
output. 
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3.3 Beam Profile 

 

In the present study, a CCD beam profiler was utilised to demonstrate the spatial distribution 

of irradiance emitted from each light source. Using beam gage software (Ophir, Spiricon, 

Israel) average beam area (cm²) and average power output (mW) were also evaluated. These 

analyses would then not only provide information on distribution of light but would also 

indicate whether the light source is suitable to irradiate the area of cultureware employed in 

PBM in vitro studies.   

3.3.1 2nd Generation array 

 

Beam profiles of each individual LED on the array were obtained when either a 96-well black 

clear bottom plate or Seahorse plate was fitted to the LED array to mimic the PBM studies, 

this therefore enabled demonstration of the spatial distribution of irradiance in a 3D plane. 

Images were also obtained using a target screen (N-BK7 ground glass diffuser, Thorlabs, US) 

to enable visualisation of the spatial distribution of light in the plane at which adherent cells 

would be irradiated. Use of a target screen was incorporated at the same distance from the 

array (3mm) as cultureware used during experimentation. Hence, whilst the images obtained 

with a target screen did not incorporate a plate, this model is reliable as it provides detail of 

how light will be delivered directly to cell cultures.  

3.3.1.1 Results 

 

Data obtained indicate that LEDs across the array emit a Gaussian distribution of light at the 

plane of adherent cells through the addition of a target screen, hence enabling precise 

calculation of beam diameter (Table 3.4a (Palin et al., 2015)). Figure 3.7a shows a 

representative image of a beam profile where different colours on the profile indicate 
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differing levels of irradiance. White demarcation shows high irradiance and grey shows low 

irradiance. Figure 3.8 and Figure 3.9 describe the beam profiles exhibited when the black clear 

bottom plate or Seahorse XFe96 microplate are placed above the array without the use of a 

target screen. Hence, these images are only provided for reference as they were not obtained 

in the focal plane of the light source. These images are also used to demonstrate whether 

there is any difference in beam area dependent upon the plate type used.  

Table 3.4 provides detail of the beam areas exhibited dependent upon the wavelength 

channel evaluated and/or experimental setup applied to the LED array. The results show that 

the LED array fitted with the Seahorse plate exhibited the smallest beam areas (0.24±0.02 

cm²) compared with the black clear bottom plate (0.28±0.04 cm²) or target screen (0.32 ±0.04 

cm²). This is simply due to the difference in well area, where the Seahorse plate has a well 

area of 0.11cm² (bottom diameter 0.38mm and top diameter of 0.81cm, hence allowing the 

beam area to expand, (see Figure 3.7b) and the black clear bottom plate has a well area of 

0.32cm². The target screen beam area is also larger due to the plane at which the image was 

taken. There is also a significant difference in the average beam area between wavelength 

channels, hence these differences should be considered when evaluating cellular effects 

observed in the subsequent in vitro studies.  
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Figure 3.7: Example of beam profile adjacent to a colour scale depicting changes in irradiance 

where white and red show high spectral irradiance and purple indicates lower irradiance 

outputs (mW/cm²). b) Depicts top and bottom well diameters of the Seahorse XFe96 plate, 

indicating beam area could widen if an image is obtained not at the plane where the cells 

would be adhered (no target screen and c) shows a birds eye view of a well of the Seahorse 

XFe96 microplate, in which there are three circular indentations enabling reliable insertion of 

injection ports into the centre of each well (image from 

https://www.agilent.com/cs/library/brochures/5991-

8657EN_seahorse_plastics_brochure.pdf). c) Shows well diameter of the 96-well black clear 

bottom plate, for reference and e) shows an image of a well of a 96-well black clear bottom 

plate.  

https://www.agilent.com/cs/library/brochures/5991-8657EN_seahorse_plastics_brochure.pdf
https://www.agilent.com/cs/library/brochures/5991-8657EN_seahorse_plastics_brochure.pdf
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Figure 3.8 Representative images of the spatial distribution of irradiance from each wavelength 
channel when a black clear bottom plate is placed directly above the 2nd generation LED array. 
These images show the 3D profile of irradiance, which indicates the light delivered outside of the 
plate. Representative images showing the spectral irradiance which would be delivered directly to 
adherent cells in 2D can be seen in Figure 3.10. 
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Figure 3.9 Spatial distribution of irradiance of LEDs emitting each wavelength on the array 
(representative image from each wavelength channel) when a Seahorse XFe96 microplate is placed 
upon the second generation array. Images were obtained without the presence of a target screen, 
therefore the image above provides the profiles delivered in 3D. Hence, they provide information on 
the light delivered to the whole well and that emitted outside of the well. Hence, this is not a reliable 
indication of light delivered to adherent cells in culture and whilst it would have been beneficial to 
visualise light delivery with the seahorse XFe96 microplate and target screen in place, this was not 
feasible in the case of this model. The three distinct areas of each well are indicative of the Seahorse 
XFe96 microplate design as described Figure 3.7. 
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Figure 3.10: Spatial distribution of irradiance of LEDs emitting each wavelength on the array. Images 
were obtained in the plane of a target screen placed over the array surface to enable accurate 
measurement of beam diameter using BeamGage software. The target screen was placed at the 
same distance away from the array as a Seahorse XFe96 plate and a black clear bottom plate. Whilst 
the target screen could not be incorporated with either plate in place representative images are 
indicated in Figure 3.8 and Figure 3.9. 
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Table 3.4: a) Average beam area and b) power output from each wavelength channels when using 
either a Seahorse XFe96 microplate, black clear bottom plate or target screen. Significance was 
analysed using one way ANOVA followed by Tukey test. Significant differences between outputs of 
wavelength channels using different plate format are indicated where means do not share the 
same capital letter (A/B/C). Significance between use of different plate formats and the target 
screen are indicated where means do not share the same lower case letter (bold and italic: a/b/c). 
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3.3.2 LUMOS™ array 

Beam profiles of the LUMOS™ optical stimulation suite were imaged to determine the spatial 

distribution of irradiance. A diffuser material was also placed upon the array to investigate 

whether this would improve the homogeneity of the arrays beam profiles. All images were 

taken with the target screen in place as in this experimental setup, the screen could be 

positioned at the base of the cell culture plate.  

3.3.2.1 Results 

Data indicated that the addition of a diffuser material dramatically improved homogeneity of 

beam profiles (Figure 3.11) and also increased beam area by an average of 56.7±2.34 % whilst 

also ensuring there was no significant difference in beam area between wavelengths (Table 

3.5a). Evidence indicated that addition of a diffuser material ensures there is no significant 

difference in power output at each wavelength (Table 3.5b). 

 However, despite providing evidence that the addition of a diffuser material improves 

beam homogeneity, unfortunately this could not be incorporated in future in vitro studies. 

This is due to a number of reasons, including the fact that the addition of a diffuser meant 

greater % intensities of the light source were required to enable the emission of equivalent 

irradiance outputs (24mW/cm²) using all experimental setups. In the case of the delivery of 

850 nm, the % intensity required to emit this irradiance was outside the range of the light 

source. Hence, this approach could therefore not be applied, and is discussed further in 

section 3.4. 

 Another key reason why this approach could not be undertaken was that employing 

such high light intensities (due to diffuser application) meant that the light source would have 

a significant effect on media temperature, which would likely dramatically influence the 
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biological outcomes of cell analysis studies, as discussed in section 3.4.1. Hence, the array 

without the addition of a diffuser was selected for further evaluation.    

 

 

 

 

Figure 3.11 Representative images of spatial distribution of irradiance emitted from LEDs using 
different experimental setups (with or without diffuser) to determine whether user of a diffuser could 
homogenise the beam profile. Images were taken in the plane of a target screen placed over the array 
surface to enable accurate measurement of beam diameter using BeamGage software. The target 
screen was placed on the bottom of the plate where cells would adhere to enable accurate 
representation of delivery of spectral irradiance in vitro. All images were taken of the same single well 
of the LUMOS™ array, to enable direct comparison of profiles.   
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Table 3.5 a) Average beam area and b) power output when placing a 24 well 4titude plate with or 
without a diffuser atop the LUMOS array. Significance was analysed using one way ANOVA followed by 
Tukey test. Significant differences between outputs of different wavelengths/wavelength combinations 
are indicated where means do not share the same capital letter (A/B/C).  
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3.4 Thermal analysis 

Changes in temperature during light irradiation were evaluated to determine whether light 

exposure could alter media temperature and hence biological outcomes of cell analysis. 

Changes in temperature were measured in real-time up to maximum irradiation periods 

employed in subsequent biological experiments. Conditions employed in these experiments 

were selected to mimic those used in vitro in which media was warmed to 37ºC and then 

irradiated on the bench surface for up to 4 minutes. The effects of both of the 2nd Generation 

LED array (fitted either with the 96-well black clear bottom plate or Seahorse XFe96 

microplate) and LUMOS™ array were evaluated.  

3.4.1 2nd Generation LED array analysis 

Changes in media temperature and thermal output of the 2nd Generation LED array were 

assessed with the placement of either a 96 black clear bottom plate or a Seahorse XFe96 

microplate fitted with a silicon mask. 

3.4.1.1 Results 

 

The data outlined below demonstrated the 2nd Generation LED array induces no significant 

effect on media temperature when compared with the non-irradiated control where Figure 

3.12 shows mean changes in temperature. The data also shows there was no significant 

difference in media temperature change when comparing either experimental setup used. 

Where, when the 2nd Generation LED array was fitted with a black clear bottom plate it 

exhibited a mean decrease in media temperature of on average 2.50±0.19 °C  and when the 

Seahorse XFe96 microplate was fitted with the mask and placed upon the array there was a 

decrease in media temperature on average of 2.44±0.17 °C  . 
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Figure 3.12: Change in media temperature following irradiation at room temperature where mean 
changes in temperature (ΔT) over a 250s period (24mW/cm², n=4) are described, comparing changes 
when either plate format is placed upon the array. One-way ANOVA followed by Tukey test was used 
to evaluate statistical significance, where no significant difference between means was detected in 
either experimental setup. 
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3.4.2 LUMOS™ array 

3.4.2.1 Introduction 

Assessment of changes in media temperature and thermal output of the LUMOS™ were 

assessed with the placement of either a 4titude plate +/- a diffuser material above the array. 

Changes were assessed over a 250s period at 24mW/cm². 

3.4.2.2 Results 

Data indicated that irradiation using the LUMOS™ optical stimulation system could induce an 

effect on media temperature dependent upon the experimental setup applied (with or 

without the addition of a diffuser, Figure 3.13). The experimental setup with the 4titude plate 

resulted in relatively small increases in media temperature when irradiating at 405 nm 

(0.15±0.42°C), 850 nm (0.20±0.04 °C) or both wavelengths (0.53±0.20 °C). However, these 

increases were significant when compared with the non-irradiated control, where an average 

decrease in media temperature of 2.67±0.15 °C was observed. However, the application of a 

diffuser material and 4titude plate on the LUMOS™ array induced the greatest increases in 

temperature, particularly after irradiation at 405 nm where an average increase in 

temperature of 4.67±0.47 °C was observed. This may be due to the addition of the diffuser 

where a higher intensity output of the array (91.53%) was required to enable an average 

irradiance output of 24mW/cm². Hence, through the addition of a diffuser a higher intensity 

output is required to generate a uniform irradiance of 24mW/cm², which in turn means the 

LUMOS™ array generates more heat at higher percentage intensity outputs. Comparably, an 

intensity output of 24.74% was a prerequisite to allow the same irradiance output when 

irradiating at 405 nm without the addition of a diffuser.  
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Figure 3.13  The mean change in temperature over a period of 240s with LUMOS fitted with 4titude 
plate and irradiated at 405 nm, 850 nm, both 405 nm and 850 nm (combined) or LUMOS fitted with 
diffuser and 4titude plate and irradiated at 405 nm, 850 nm or left untreated with light at 24mW/cm² 
(n=4 per setup).  Statistical analysis was undertaken using one-way ANOVA followed by Tukey test 
where means that do not share the same letter are significantly different (p<0.05).   
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3.5 Absorption Measurements 

3.5.1 Introduction 

The properties of both media and plasticware were analysed to determine whether they 

exhibited absorbance spectra at wavelengths emitted by either the 2nd Generation array or 

LUMOS™ optical stimulation suite (400-850 nm). This study was undertaken to determine 

whether absorbance properties of either media or plasticware could influence the biological 

effects observed in vitro by limiting the irradiance delivered at a cellular level.   

3.5.2 Results 

Data indicated that phenol red containing DMEM exhibited an absorbance spectrum ranging 

from approximately 280-660 nm, with peaks at 292.6 nm and 558.4 nm with media containing 

no FBS, with the peak at 558.4 nm being the highest. Comparatively, media containing FBS 

exhibited similar peaks (295.8 nm and 559.5 nm), however the peak at 295.8 nm was higher 

(Figure 3.14a). These data thus provide evidence that red media exhibited absorption 

characteristics at wavelengths emitted from either array, hence this could potentially 

influence biological outputs of future experiments. Therefore, absorption characteristics of 

phenol red free DMEM (clear media) were subsequently investigated.   

 Clear media containing no FBS exhibited a peak at 288 nm whilst media containing 

10% FBS exhibited a significant peak at 294 nm (absorbance 0.88) and a smaller peak at 406.6 

nm (absorbance 0.19, Figure 3.14b). Hence, it was aimed to determine as to what extent FBS 

concentration influences this smaller peak. Figure 3.15a shows that reducing the 

concentration of FBS in media to 5%, resulted in the removal of this peak. However, as both 

arrays emit wavelengths   ̴400 nm, it was then evaluated whether irradiation of media 

containing 10% FBS at either 400 nm or 450 nm for 240s at 24mW/cm² altered this peak 
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output. Figure 3.15b provides evidence that at 24hrs post irradiation, there was no discernible 

difference in the absorbance spectra exhibited by either non-irradiated or irradiated media 

containing FBS. 
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Figure 3.14: Absorbance of a) phenol red media with or without the addition of foetal bovine serum 
(FBS, n=6). b) Phenol red free media (clear) with or without FBS (n=6) and, c) cultureware absorbance 
(n=3). This was used to determine whether media colour or cultureware could affect the biological 
output of an experiment. 
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Figure 3.15: The effects of a) FBS concentration (2-10% concentration) on the absorption spectra 
exhibited by clear media (n=6) and, b) the effects of irradiation on the absorption spectra of media 
supplemented with 10% FBS 24hrs post-irradiation (as per experimental conditions) to determine 
whether this would potentially influence biological output (n=6). Media was irradiated using the 2nd 
generation array (400-450 nm, 24mW/cm², and 5.76J/cm²). 
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3.6 Discussion 

3.6.1 Spectral Characterisation 

Data demonstrate two well characterised systems, emitting comparable irradiance 

(~24mW/cm²) and radiant exposure (~5.76J/cm²) values, key parameters commonly used in 

PBM studies (Basso et al., 2013a, Basso et al., 2015, Pourzarandian et al., 2005). It was also 

shown that the 2nd Generation array ensures the capability of high-throughput screening of 

wavelengths from 400-830 nm at a single irradiance output, where there was no significant 

difference in the irradiance output between wavelength channels.  

It is shown that the AxIS navigator software included in the LUMOS™ optical 

stimulation suite can be used to modulate the irradiance output of the system. In this case, 

calibration curves were created to correlate % intensity output with irradiance (mW/cm²), to 

ensure light delivered to in vitro cultures would be comparable to that delivered by the 2nd 

Generation array. This would then allow us to evaluate whether combining wavelengths (405 

nm and 850 nm) would influence the biological output of an experiment. 

Therefore, these data provide evidence for two novel arrays emitting parameters 

comparable with those utilised in many PBM studies both in vitro and in vivo.  

3.6.2 Beam Profiles 

 

Beam profiles of LEDs on each array were determined to demonstrate the spatial distribution 

of irradiance and also to enable calculation of average beam area (cm²) and power output 

(mW). 

  LEDs employed in the 2nd Generation array exhibited a typical Gaussian distribution 

of light (Figure 3.8, indicates a single representative from each wavelength channel)  in which 
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spectral irradiance is most intense in the central area and becomes more diffuse towards the 

edges of the beam area (Yang et al., 2008). Table 3.4a (target screen column) indicates LEDs 

emitting a wavelength of 525 nm exhibited a significantly smaller (p<0.05) beam area and 

power output compared with LEDs emitting wavelengths of 400 nm and 660 nm, whilst there 

was no significant difference at all other wavelengths. In this particular experimental set-up, 

the LED array was designed to enable alignment of LEDs with the plate directly above them 

at a specific irradiance value. As described by Hadis et al (Hadis et al., 2017a) that whilst there 

is variability in the homogeneity of each LED, the effects of this have been minimised through 

ensuring there is no significant difference in the output of a series of parameters including 

irradiance (mW/cm²) and radiant exposure (J/cm²). However, despite this it will be important 

to take into account the effects this may have on the biological output of subsequent studies.   

 When evaluating the beam profiles emitted from the LUMOS™ array, the addition of 

a diffuser material dramatically improved average beam area by 58%. However, the use of a 

diffuser could not be incorporated due to the greater % intensity required to output uniform 

irradiance across the array of 24mW/cm² as described in section 3.2.3.2.  

 Therefore, in subsequent studies, to account for the smaller beam profiles output 

from the LUMOS™ array, cell cultures will be seeded into the centre of the well, to ensure 

uniform irradiation. However, further work with alternative diffuser materials may also be 

important to determine whether irradiance output can be maximised whilst also ensuring 

homogenous beam profiles. 
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3.6.3 Thermal analysis 

The effects of irradiation on media temperature were evaluated to attempt to determine 

whether changes in media temperature could contribute to any biological effects observed 

rather than light irradiation alone.   

Irradiation using the 2nd Generation array had no significant effect on media 

temperature compared with non-irradiated controls (Figure 3.12). Notably the majority of 

studies currently do not report whether their light source has an effect on media temperature 

and hence, negative or indeed positive effects detected at a given wavelength could be due 

to the heating effect of the light (Kim and Kim, 2016). However, routinely studies utilise low 

irradiance values hence irradiation is deemed unlikely to have a heating effect. However, this 

is not always the case, for example, Chen et al reported that irradiating gingival fibroblasts at 

1064 nm using an Nd:YAG laser source induced severe damage and loss of cell viability, while 

irradiance values were not reported it was noted that energy of up to 150mJ was utilised 

during irradiation (Chen et al., 2000b). This outcome could indeed be due to the thermal 

output of the laser utilised during experimentation as reported by Kim et al (Kim and Kim, 

2016). Hence, we provide evidence for the importance of measuring changes in temperature 

induced by irradiation. However, in our experimental setup, no significant change in media 

temperature was observed.  

In contrast, irradiation of media using the LUMOS™ system did significantly increase 

media temperature, particularly in the experimental setup in which a diffuser material was 

used (Figure 3.13). However, the increase in media temperature induced by irradiation in the 

setup without the addition of a diffuser, whilst significant, was minimal (average increase of 

0.29±0.20 °C). Current literature indicates that small changes in temperature are not 
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detrimental to cell survival, where only increases past 42.5°C have been documented to 

induce large effects on oxidative stress (Nielsen and Overgaard, 1982, Ibtisham et al., 2018). 

Hence, as only a small change in temperature has been documented, in this case it is unlikely 

to exert any effect and ought to be within the limits of normal temperature fluctuations when 

culturing cells.   

3.6.4 Absorption measurements 

From our data, it is apparent that phenol red containing growth media exhibits an absorption 

spectra spanning wavelengths utilised in either array and is therefore unsuitable for our 

applications. Comparatively, clear media exhibits a large peak outside the range of either 

array but also a small peak at 405 nm when supplemented with 10% FBS, a wavelength 

emitted by both arrays. However, Figure 3.15 provides evidence that absorbance at 405 nm 

was reduced following a decrease in FBS concentration in media from 2-10%. 

It may be argued that it would seem prudent to reduce FBS concentration simply to 

ensure that all light would be delivered to adherent cells and not absorbed by media. 

However, reducing FBS concentrations to 5% may induce stress in cell cultures or reduce 

proliferative capacity of cells(Urban et al., 2012). Almeida Lopes et al explored this and found 

cells grown in a lower FBS concentration (5%) had a lower proliferative rate than those grown 

in 10% FBS. However, light application (670-786 nm, 2J/cm²) induced a significantly greater 

increase in cell proliferative rate from serum starved cells (Almeida-Lopes et al., 2001a). 

However, as the aim of this project was to compare the response to PBM from cultures 

treated with a pro-inflammatory stimuli (to induce stress) or left untreated (to mimic a 

healthy control), it was paramount to minimise the risk that any stress could be induced by 

application of lower FBS concentrations. Therefore, we wanted to first explore whether 
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irradiation of media containing 10% FBS with blue light would alter the absorption spectrum 

of media, suggesting irradiation could be exerting an effect on media composition. It has been 

shown that blue light can generate ROS, regardless of whether cells are present (Omata et al., 

2006). It has also been documented that FBS possesses a high antioxidant component (Mun 

et al., 2017, Bump and Reed, 1977), in which it could be hypothesised that ROS generated by 

blue light could be converted to non-toxic biproducts such as water by antioxidants (Lázaro 

et al., 2013), hence components of FBS could exert a protective effect. Therefore, we provide 

evidence that in this experimental setup, irradiation with blue light has no significant effect 

on the absorbance spectra exhibited by media containing 10% FBS.  Hence, as we wanted to 

evaluate the effects of PBM in a model comparable to current publications, an FBS 

concentration of 10% was selected for in vitro experimentation (Basso et al., 2016c, Hadis et 

al., 2015, Marques et al., 2017, Milward et al., 2015, Montoro et al., 2014, Pansani et al., 2017, 

Yang et al., 2012, Zaccara et al., 2018). 
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4  THE EFFECTS OF PBM ON MARKERS FOR 

MITOCHONDRIAL ACTIVITY 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

167 
 

4.1 Introduction 

Current literature indicates PBM modulates mitochondrial activity (Hamblin, 2018a). Hence, 

this chapter aimed to explore the effects of PBM on mitochondrial activity. Firstly, the 

objective of this chapter was to identify parameters that could modulate cell metabolic 

activity using a high-throughput assay whose output has been cited to correlate with 

mitochondrial activity (MTT assay, 1.6.1 (Liu et al., 1997)). 

Following identification of these key parameters, the subsequent aim of this work was 

to establish whether cell confluency and foetal bovine serum (FBS) concentration influenced 

cellular responses. This would therefore determine whether cell confluency and culture 

conditions could influence response to PBM (Mignon et al., 2017) and hence may provide 

some insight as to why there is controversy in the field with regards to both positive effects 

(Avci et al., 2013), negative effects (Rohringer et al., 2017) or no effect (Takhtfooladi et al., 

2014) being reported for PBM in vitro. 

Subsequently, evaluation of PBM on a series of markers for mitochondrial activity was 

performed. This included the assessment of the effects of PBM on mitochondrial associated 

gene expression. Genes evaluated included a series of subunits of complexes comprising the 

mitochondrially located ETC as well as genes encoding molecules involved in the regulation 

of reactive oxygen species (ROS) production as a result of increases in ETC activity.  A series 

of surrogate markers for determining mitochondrial activity were also employed including 

NO, ATP and ROS assays. These analyses would enable comparisons with the current 

literature as studies have assessed levels of ROS (Migliario et al., 2014) and ATP (Rhee et al., 

2014) to evaluate the effects of PBM in vitro.   
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The effects of PBM on markers of downstream PBM-associated signalling were also 

explored including the effects on interleukin-8 (IL-8) and TGF-β1 gene expression and protein 

secretion. IL-8 was selected as its expression and secretion correlate with the activation of 

NFκB (Matsusaka et al., 1993), a key transcription factor whose activity has been cited to be 

modulated by light (Chen et al., 2011a). Increases in ROS have also been cited to modulate 

the activity of NFκB (Morgan and Liu, 2011), a key bi-product generated through increases in 

mitochondrial activity (Hoffmann et al., 2018, Liu and Desai, 2015).  

The final aim of this chapter was to explore whether combining irradiation conditions 

could enhance the effect of PBM in vitro. A number of studies have reported that various 

wavelength combinations can induce biological effects in vitro and in vivo (Askhadulin et al., 

2018, Garlet, 2010, Moskvin et al., 2017, Niu et al., 2015). However, the majority of these 

reports do not compare the use of single wavelengths to the effects of combining 

wavelengths (Alba et al., 2017, Figurová et al., 2016) or do not match spectral irradiance 

outputs for all treatments, therefore variables other than wavelength could be influencing 

experimental outcome (Fekrazad et al., 2018). Hence, the effects of combinations of 

wavelengths versus single wavelength application (whilst ensuring irradiance output and 

radiant exposure was standardised across the experimental setup, 3.2.3) on a series of 

markers for mitochondrial activity could be compared. 

 The data generated could then be used to determine whether PBM affects 

mitochondrial activity and to what extent does this effect markers for downstream signalling.  
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4.2 Determining seeding densities for in vitro studies 

To standardise the experimental protocol, a single seeding density was selected for in vitro 

application. This was performed using a series of assays applied throughout this project 

including MTT (2.2.9.3), ROS (2.2.11) and a cell confluency assay (2.2.9.1). The purpose of this 

was to ensure cultures were within a standardised confluency range (~70-80%) following 

application of stimuli (assessment occurred 24h post irradiation (Wright Muelas et al., 2018)).  

4.2.1 Results 

The following data provide evidence for the selection of a cell seeding density to be used in 

vitro. Firstly, a protocol was established to correlate cell number with percentage confluence 

using the Tecan Spark® platform. Figure 4.1a demonstrates the linear relationship between 

cell confluence and cell number. These analyses also enabled identification of a cell seeding 

density that achieved a cell confluency, cited to be within the optimal proliferative range 

((Abo-Aziza and A, 2017, Aumailley et al., 1982) 70-80%) at the point of analysis (24h post 

application of light)). Hence, a cell seeding density of 7000 cells/well in a 96-well plate was 

selected for future study. 

 Following selection of a cell seeding density, cell growth was also evaluated 120h post 

application of a potential stimulus to determine whether this cell seeding density could be 

used to demonstrate the effects of PBM over a longer time-course. Figure 4.2 provides 

evidence that cell growth does not plateau after 120h using a seeding density of 7000 

cells/well.  So, cell growth did not reach confluence and there is therefore potential for 

additional cell growth, possibly induced by light. Hence this seeding density was appropriate 

to evaluate the long term effects of PBM on cell growth in vitro.  
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 Figure 4.3 shows a cell seeding density of 7000cells/well was appropriate for use in 

assays measuring changes in both cell metabolic activity (MTT) and mitochondrial activity 

(ROS). Where, relative ROS production and MTT absorbance is only significantly higher than 

the media control at cell seeding densities >5000cells/well indicating that at this seeding 

density changes in cell metabolic activity induced by stimuli can be reliably evaluated and 

background interference from media will not influence experimental output.  
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Figure 4.1a Calibration curve in which a range of concentrations of cells were seeded (10,000-3000 
cells/well, n=6 per seeding density, pooled pHGF, p6) to determine whether cell seeding density 
correlated with cell confluency detected by the Tecan Spark® platform. Correlation analysis using the 
Pearson correlation coefficient was performed to confirm the linear relationship between correlation 
and confluency, p<0.05, Pearson correlation=0.961.  Figure 1b shows representative images of well 
scans on the Tecan Spark® platform in which relative confluency of each well across a 96-well black 
clear bottom plate was determined, three representative images of each cell seeding density are shown. 
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Figure 4.2a Growth curves for cells seeded at 7000 cells/well (pooled pHGFs, p6, n=18 (3 plates, 6 
replicates per plate), incubated overnight and assessed 8, 24 and 120h post-application of a theoretical 
stimulus, no plateau in growth is evident at these time-points. Figure 2b shows representative images 
of well scans indicating cell confluency 8, 24, 120h post-application, from which cell number/well could 
be calculated.  

  



 

173 
 

 

 

 

 

 

 

 

 

Figure 4.3a Relative absorbance values for MTT analysis at cell seeding densities ranging from 3000-
10000 cells/well 24h post application of a theoretical stimulus (pHGF pool, p7, n=6 replicates per 
seeding density). 3b shows relative ROS production using H₂DCFDA probe analysis, where ROS 
production was evaluated at cell seeding densities ranging from 3000-10000cells/well 24h post 
application of stimulus (changed media, pHGF, pool p7, n=6 replicates per seeding density). 
Significance was assessed using one-way ANOVA followed by post-hoc Tukey test, where significant 
differences in means is indicated by different letters (p<0.05).   
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4.3 High-throughput assessment of PBM treatment parameters and cell culture 

conditions 

Following selection of an appropriate cell seeding density, the effects of PBM in vitro were 

evaluated. This initially involved high-throughput screening of potential stimulatory 

treatment parameters at a range of wavelengths (400-830 nm) and irradiation periods (30s-

240s, 0.72-5.76J/cm², 24mW/cm²). Parameters were selected based on review of the 

literature indicating therapeutic efficacy of PBM on pHGFs in vitro (Almeida-Lopes et al., 

2001a, Azevedo et al., 2006, Basso et al., 2011, Basso et al., 2013a, Basso et al., 2015, Ogita 

et al., 2014). The influence of cell culture conditions on response to PBM was also evaluated 

in which the effects of cell seeding density and FBS concentration were assessed.  

4.3.1 Results 

Data provided evidence of the effects of PBM on cell metabolic activity and cell number. 

Results showed that irradiation at 400 nm and 450 nm for 240s induced the greatest (14.6% 

and 9.2% respectively) increases in MTT levels relative to the untreated control (p<0.05, see 

Figure 4.4). Hence, an irradiation period of 240s (24mW/cm², 5.76J/cm²) and wavelengths of 

400 nm and 450 nm were selected for further study. A wavelength of 810 nm was also 

selected for further study, as although no significant increase in MTT was detected, this 

wavelength is commonly used when evaluating the effects of PBM in vitro and hence, this 

would enable comparison with the literature (Kharkwal et al., 2011, Sharma et al., 2011c, 

Usumez et al., 2014, Wang et al., 2017c, Wang et al., 2017b).   

 Following selection of exposure parameters, the effects of cell culture conditions on 

response to PBM were also evaluated. Figure 4.5 provides evidence that cells seeded at 7000 

cells/well exhibited the greatest mean response to PBM where irradiation at 400 nm and 450 
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nm induced 16.6% and 9.6% increases in MTT relative to the untreated control (p<0.001). This 

supports the selection of the cell seeding density of 7000 cells/well as described in section 

4.2.  

 To determine whether the parameters selected induced a significant increase in cell 

number as well as MTT levels, the Tecan Spark® platform was employed. Figure 4.6b, shows 

that whilst wavelengths of 450 nm and 810 nm induced mean increases in cell number relative 

to the control at all-time points, a significant increase was only induced by a wavelength of 

450 nm 8h post irradiation (p<0.05). Further evaluation was then performed to determine to 

what extent FBS media concentrations influenced response to PBM in vitro.  

Data presented in Figure 4.8 indicates that FBS concentration influenced responses to 

PBM, where the greatest mean response to PBM was exhibited by cells cultured in 5% FBS. 

This was evident at 24h post application for all wavelengths of light applied. However, 

Figure 4.8c shows data for culture of cells in 2% FBS and application of 400 nm light, where a 

14.1% decrease in cell growth 8h post-irradiation relative to the non-irradiated control 

(p<0.05) was induced. These, effects were not significant following further incubation. Figure 

4.7b also highlights the inhibitory effect of long term culture of cells in media containing no 

FBS due to lack of nutrition, where an average decrease in cell number of ~40% was 

observed at 24-144hr post-irradiation.  
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Figure 4.4: High-throughput analysis of various wavelengths (400-830 nm) and irradiation periods (30-240s) on cell metabolic activity of pHGFs (pool p6-7, 
n=18 replicates, 6 replicates per plate) (24mW/cm², 0.72-5.76J/cm², 30-240s). Significance is indicated by ***=p<0.001, **=p<0.01, *=p<0.05 relative to the 
non-irradiated control, where all data is shown as a percentage of the non-irradiated control, where the non-irradiated control was normalised to 0%. 
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Figure 4.5 Cell seeding density effects on the response of cultures to PBM in which cells were seeded 
at 3000-10000 cells/well and incubated overnight (pool pHGFs, p7, n=18 per treatment condition and 
seeding density, 6 replicates per plate) subsequently cells were irradiated (240s, 24mW/cm², 
5.76J/cm²) and incubated for a further 24h. Changes in metabolic activity were assessed using MTT 
and significance was evaluated using one way ANOVA followed by Tukey test. Means that do not 
share the same letter are significantly different (p<0.05).  

  



 

178 
 

 

Figure 4.6 The effects of PBM on cell number, 8, 24 and 120h post-irradiation (24mW/cm², 240s, 
5.76J/cm²). pHGFs were seeded at 7000 cells/well (pool, p7, n=18 per treatment condition, 6 replicates 
per plate), incubated overnight and subsequently irradiated the following morning. Changes in cell 
number were then analysed using the Tecan Spark® platform. Figure 6a shows cell growth curves over 
a 120h period for each treatment condition whilst b) shows % changes in cell number relative to the 
respective untreated control at each time point. Significance was measured using one-way ANOVA 
followed by Tukey test where means not sharing the same letter are significantly different (p<0.05).  
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Figure 4.7 Cell growth curves for pHGFs seeded at 7000 cells/well (pool p7, n=18 replicates per treatment 
condition) and cultured in phenol red free media supplemented with 0-10% FBS, all cultures were 
incubated overnight and subsequently irradiated (400-810 nm, 240s, 24mW/cm², 5.76J/cm²). Changes 
in cell number were then assessed, 8, 24, 72 and 144hr post-irradiation. Figure 7a indicates changes in 
cell growth with cells treated with 10% or 5% FBS and 7b indicates changes in cell number when cultures 
were grown in 2% or 0% FBS.   
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Figure 4.8 Percentage changes in cell number relative to each of the respective controls. Culture 
techniques are described in Figure 4.7 legend. Each figure indicates the effects of light on cultures 
grown in DMEM at concentrations of FBS varying from 0-10% where a) cultures were grown in 10% 
FBS, b) 5% FBS, c) 2% FBS and d) 0% FBS. Significance was assessed using one way ANOVA followed by 
Tukey test where means that do not the share the same letter are significantly different in each figure 
(p<0.05).   
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4.4 Effects of PBM on mitochondrial activity 

Current indications suggest that PBM can modulate mitochondrial activity and this is the 

proposed mechanism by which PBM exerts its effects (Hamblin, 2018a, Karu, 2008). However, 

to date few studies have explored the possible effects of blue light PBM on mitochondrial 

activity (Buravlev et al., 2014a, Buravlev et al., 2015, Wang et al., 2017c). Hence, this section 

aimed to explore the effects of blue and NIR light on mitochondrial gene expression and 

assays evaluating the effects of PBM on markers of mitochondrial activity. 

4.4.1 Results 

Data captured provided evidence of the effects of PBM on mitochondrial activity. Firstly, the 

effects of PBM on the gene expression of subunits of complex IV and V (ATP synthase) of the 

ETC were examined. Irradiation at 810 nm induced 12.5% increases in complex IV subunit 

expression (Figure 4.9a, p<0.001) but significant decreases in complex V subunit expression 

(Figure 4.9b, p<0.05).  

Subsequently, the effects of PBM on markers for mitochondrial relevant gene 

expression were evaluated. Blue light induced the greatest changes in markers of 

mitochondrial activity. Where, 400 nm light application induced 21.0% and 27.2% increases 

in ATP levels (Figure 4.10) and ROS (Figure 4.13a) production respectively (p<0.05) compared 

with the controls. Blue light application also induced significant increases in Nitrite production 

(Figure 4.12a, p<0.05). Irradiation at 400 nm also induced the greatest mean change in 

mitochondrial membrane potential (Figure 4.11b). However, this was not statistically 

significant relative to the untreated control.  

 Interestingly, application of 400 nm and 450 nm light induced 32.6% and 43.1% 

decreases in antioxidant capacity (Figure 4.13b, p<0.05) respectively. Whilst 810 nm light 
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application induced mean increases in markers for mitochondrial activity, these were not 

significant. These data are in agreement with those reported in section 4.3.1, where 

application of 810 nm for 240s induced no statistically significant effect on MTT activity. 
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Figure 4.9 The effects of PBM (400-810 nm, 5.76J/cm², and 24mW/cm²) on the gene expression of 
components of the electron transport chain 24h post-irradiation. RNA was collected (n=30 wells) for 
each treatment condition (5 plates, pHGF pool p6) studies were repeated in triplicate. a) illustrates the 
effects of PBM on cytochrome c oxidase subunit IV expression (COX4I1) and b) evaluates the effects on 
ATP synthase subunit F2. c) provides representative images of gels for gene expression analysis. All 
results were normalised to GAPDH expression. Significance relative to the untreated control was 
evaluated using one was ANOVA followed by Tukey test where significance is indicated by 
***=p<0.001, **=p<0.01 and *=p<0.05.  
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Figure 4.10 Percentage changes in ATP production induced by light (400-810 nm, 5.76J/cm², 
24mW/cm²), 24h post- irradiation for pHGFs (pool p6-7, n=12, 4 replicates per repeat). Significance 
was determined using one way ANOVA followed by Tukey test where significance is indicated by 
***=p<0.001 relative to the untreated control. 
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Figure 4.11a Assay evaluating mitochondrial membrane potential (see section 2.2.11.2 for assay 
details) involving analysis of cell seeding density, TMRE concentration and FCCP concentration (an 
uncoupling agent that enables oxidative phosphorylation and therefore allowing membrane 
depolarisation to occur at a maximal rate, acted as a positive control). These analyses therefore 
provided evidence that a seeding density between 10000 to 5000 cells/well was sufficient to 
demonstrate the effects of PBM on mitochondrial membrane potential. Hence a seeding density of 
7000 cells/well was selected. Figure 11b demonstrates the effects of FCCP (10µM) or light application 
(400-810 nm, 24mW/cm², 5.76J/cm²) on mitochondrial membrane potential (pHGF pool p7, n=12) 24h 
post-irradiation. Significance was assessed using one-way ANOVA followed by Tukey test where 
significance is indicated by ***=p<0.001 relative to the non-irradiated control. 
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Figure 4.12 The effects of PBM on a) nitrite secretion, b) nitrate secretion and c) total nitrate and nitrite 
production. Effects were assessed 24h post-irradiation (400-810 nm, 240s, 5.76J/cm², pHGF pool p7, 
n=4 per treatment condition, where each replicate was the result of pooling 3 supernatant samples). 
Significance was assessed using one-way ANOVA followed by Tukey test where significance is indicated 
by ***=p<0.001, *=p<0.05 relative to the non-irradiated control. See section 9.3 for nitrite/nitrate 
standard curves.   
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Figure 4.13a the effects of PBM on ROS production 24h post-irradiation (pHGF pool, p5-7, n=18, 400-
810n nm, 24mW/cm², 5.76J/cm²). Figure 13b indicates the effects of light irradiation on antioxidant 
capacity (pHGF pool p6-7, n=4 where each replicate is produced from pooling 6 cell supernatant 
samples, 400-810 nm, 24mW/cm², 5.76J/cm²) using the Trolox assay. Significance was assessed using 
one-way ANOVA followed by Tukey test where significance is indicated by ***=p<0.001, **=p<0.01 
and *=p<0.05 relative to the untreated control.   
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4.5 Effects of PBM on gene expression and downstream signalling markers 

Following examination of the effects of PBM on mitochondrial activity (4.4), the effects of 

light on downstream signalling markers were assessed. In particular, those pathways 

modulated by ROS production were explored, where it is hypothesised that changes in ROS 

production are fundamental to inducing the effects of PBM exhibited in vivo (Hamblin, 2017, 

Hamblin, 2018a). 

4.5.1 Results 

Application of 450 nm light induced 12.5% increases in NFkB gene expression (Figure 4.14a, 

p<0.001) but 15.2% decreases in Glutathione Synthetase expression (GSH-S, Figure 4.14b, 

p<0.01). Interestingly these data are in agreement with those discussed in section 4.4.1. 

Where, it was reported that blue light induced significant increases in ROS production and 

that NFkB expression is modulated by cellular ROS levels (Morgan and Liu, 2011). Similarly, 

Figure 4.14b shows that 450 nm light application significantly reduced antioxidant capacity in 

cell supernatants and these data suggest that PBM could also alter antioxidant relevant gene 

expression (GSH-S). However, assays of a higher sensitivity may be required to evaluate this 

further.  

 The application of 400 nm light also induced 15.5% increases in cyclooxygenase-2 

(COX2) gene expression relative to the untreated control. COX2 is a signalling molecule whose 

expression has been cited to be upregulated by mitochondrial ROS generation (p<0.05, Figure 

4.14c (Kiritoshi et al., 2003)).  

 Another key signalling pathway regulated by ROS is the TGFβ pathway. Application of 

400 nm or 450 nm light induced 24.3% and 59.9% decreases in TGFβR1 gene expression 

respectively (p<0.001, Figure 4.15a). Irradiation at 400 nm or 450 nm also resulted in 13.6% 
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and 14.0% decreases in TGFβ1 secretion (p<0.01, Figure 4.15b). Hence, data indicates that 

application of blue light can modulate both TGFβR1 gene expression and TGFß1 secretion. 

 The effects of PBM on IL-8 expression and secretion were subsequently evaluated, a 

cytokine whose expression is directly regulated by NFkB activation (Yoshida et al., 1998). 

Figure 4.16 provides evidence that application of 450 nm light induced 75.6% increases in IL-8 

gene expression and 7.9% increases in IL-8 secretion (p<0.001).  
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Figure 4.14 Effects of PBM on gene expression of a) NFkB, b) Glutathione Synthetase (GSH-S) and c) 
Cycloxygenase-2(COX2) where gene expression from pHGFs (pool p7, n=6) was evaluated 24h post-
irradiation. One-way ANOVA followed by Tukey test was used to measure statistical significance. 
Where, significance is indicated by ***=p<0.001, **=p<0.01 and *=p<0.05 relative to the non-
irradiated control.     
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Figure 4.15 Effects of PBM on a) TGFβR1 gene expression (n=6) and b) TGFβ secretion (n=12). Where, 
the effects of PBM on pHGFs (pool p7, 400-810 nm, 24mW/cm², and 5.76J/cm²) were assessed 24h 
post-irradiation. Significance was measured using one-way ANOVA followed by Tukey test where 
significance is indicated by ***=p<0.001, **=p<0.01, *=p<0.05 relative to the non-irradiated control. 
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Figure 4.16 The effects of PBM on IL-8 a) gene expression (n=6) and b) secretion (n=12). Where, the 
effects of PBM on pHGFs (pool p6/7, 400-810 nm, 24mW/cm², and 5.76J/cm²) were assessed 24h post 
irradiation. Significance was measured using one-way ANOVA followed by Tukey test where 
significance is indicated by ***=p<0.001, **=p<0.01, *=p<0.05 relative to the non-irradiated control. 
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Figure 4.17: Representative PCR images of TGFβR1, GSH-S, NFkB, COX-2, IL-8 and GAPDH (control) 
expression from pool pHGFs either untreated or treated with 400-810 nm irradiation. All gene 
expression was normalised against GAPDH expression.  
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4.6 The effects of simultaneous application of multiple wavelengths on markers of 

mitochondrial activity 

Studies were performed to determine the effects of combining multiple wavelengths on PBM 

of oral fibroblasts. The LUMOS™ stimulation suite was employed to determine whether 

combining both blue and NIR light could influence markers for mitochondrial activity in vitro. 

These parameters were selected for combination as data outlined in sections 4.4.1 and 4.5.1 

suggests application of either blue or NIR light are capable of modulating cellular activity in 

vitro. However, blue light has been shown to have a much lower tissue penetration depth 

than NIR light in vivo (Ash et al., 2017). Hence, it is hypothesised that combination of these 

parameters may improve tissular response to PBM, by improving the total surface area of 

tissue exposed to light (Avci et al., 2013). However, prior to application in vivo this project 

aimed to establish to what extent the combination of these parameters at the same average 

irradiance output (24mW/cm²), could modulate cellular activity.  

4.6.1 Results 

Results show that combining blue and NIR light had no significant effect on experimental 

outcomes relative to irradiation at 405 nm or 850 nm alone. Only application of 405 nm light 

induced significant increases in MTT levels (Figure 4.18a) but with no significant effect on ROS 

production (Figure 4.18b). 

 Interestingly, application of both 405 nm and 850 nm light or just 850 nm induced 

42.6% and 43.9% increases in IL-8 secretion respectively (p<0.001). These data may suggest 

application of multiple wavelengths simultaneously may induce significant effects on markers 
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for inflammation. However, these are not significantly different to those induced by single 

wavelength application.   
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Figure 4.18 The effects of 405 nm or 850 nm or both (24mW/cm², 5.76J/cm²) on a) MTT (n=18), b) ROS 
(n=18) production and c) IL-8 secretion (n=12) from pHGFs (pool p7) 24h post-irradiation. Significance 
was assessed using one-way ANOVA followed by Tukey test where significance is indicated by 
***=p<0.001, **=p<0.01 and *=p<0.05 relative to the untreated control.   
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4.7 Discussion 

4.7.1 Determining seeding densities for in vitro application 

Data demonstrates a cell seeding density of 7000 cells/well was appropriate for the 

evaluation of PBM in vitro. It is shown that the selected seeding density enables evaluation 

of the effects of PBM at cell confluency levels relevant to current publications (70-90% 

(Cheon et al., 2013, Amid et al., 2014, Chen et al., 2009a, Rohringer et al., 2017)). High levels 

of confluency (90-100%) may cause contact inhibition between fibroblasts, inducing 

different signalling pathways to those activated by PBM and thus masking the potential 

effects of light in vitro (Wayne et al., 2006). Higher seeding densities may also increase 

competition for nutrients and limit the potential for expansion of cell numbers. 

Interestingly, Figure 4.2 provides evidence that pHGFs did not reach confluence following 

120h incubation. Hence, a seeding density of 7000 cells/well was appropriate for evaluating 

the long term response of pHGFs to PBM in vitro.  

 Data generated also provided evidence that a cell seeding density of 7000 cells/well 

was suitable for use in biological assays employed throughout this thesis (Figure 4.3). Notably, 

a cell seeding density of 7000 cells/well was also used by Gomez-Florit et al to explore the 

effects of ROS production from pHGFs following application of pro-inflammatory stimuli 

(Gomez-Florit et al., 2014). 
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4.7.2 High-throughput assessment of PBM parameters and cell culture conditions 

Following selection of an appropriate cell seeding density, high-throughput assessment of 

PBM parameters were performed. Figure 4.4 demonstrates application of 400 nm or 450 nm 

light for 240s induced the greatest increases in cell metabolic activity relative to the untreated 

control (p<0.05). Therefore, these parameters were selected for further analyses. 

Interestingly, wavelengths commonly used in PBM studies within the red spectra (660-740 

nm) induced little or no significant effect on cell metabolic activity relative to the untreated 

control in the present study (Azevedo et al., 2006, Damante et al., 2009, Almeida-Lopes et al., 

2001a, Basso et al., 2011, Basso et al., 2013a). This may reflect a differential biphasic dose 

response exhibited by different wavelengths of light whereby shorter or longer periods of 

irradiation could induce significant biological responses dependent upon the wavelength 

applied (Hamblin et al., 2011). Hence, future work will endeavour to evaluate the effects of 

red light over a wider range of irradiation periods. 

 Application of NIR light (810-830 nm) for 30s also induced significant increases in cell 

metabolic activity. Interestingly, irradiation of fibroblast cultures with NIR light at 5-7J/cm² 

have been shown to modulate cellular signalling in vitro (Kreisler et al., 2002, Kreisler et al., 

2003, Sakurai et al., 2000, Takema et al., 2000). Therefore, a wavelength of 810 nm and 

irradiation period of 240s (5.76J/cm²) was also selected for further evaluation and to enable 

comparison with current literature.  Subsequent to selection of treatment parameters, the 

influence of cell culture conditions on response to PBM were evaluated. Data demonstrated 

mean responses to light application was greatest at a cell seeding density of 7000cells/well 

(Figure 4.5), however, application of 400-450 nm light induced significant increases in cell 

metabolic activity at all cell seeding densities studied (3000-10000 cells/well, p<0.05). Hence, 
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whilst a seeding density of 7000 cells/well exhibits the optimal response to PBM, other cell 

seeding densities could be employed to evaluate the effects of PBM in vitro.   

 In addition, it was found that FBS concentration could influence response to PBM 

whereby irradiation at 400 nm induced decreases in cells cultured in 2-0% FBS (Figure 4.7). 

Similarly, Mignon et al reported that serum concentration could dramatically influence the 

inhibitory effects of blue light (450 nm, 60J/cm²) on cell proliferation. Notably, the inhibitory 

effects of blue light were significantly higher in cells cultured in 2% FBS compared with 10% 

FBS (60% reduction low serum vs 40% reduction high serum (Mignon et al., 2017)). 

Interestingly, PBM induced the greatest increases in cell number from cells cultured in 5% FBS 

compared with those cultured in 10% FBS. These data are in agreement with current literature 

which report the effects of PBM on stressed tissue, where cell growth is restricted 

(Adamskaya et al., 2011, Al-Watban et al., 2009, Basso et al., 2012b, Basso et al., 2016b). 

Notably culture of fibroblasts in 5% FBS has been shown to induce reductions in cell 

proliferation relative to cells cultured in 10% FBS (Urban et al., 2012).  

 The results presented indicate the parameters for cell culture and the PBM dependent 

response in vitro. These data may provide some clarity as to the variability in response to 

PBM, where a number of variables can interact to influence biological response to light.  
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4.7.3 The effects of PBM on markers for mitochondrial activity 

Studies have illustrated the effects of PBM on markers for mitochondrial activity including 

ROS (Alexsandra da Silva Neto Trajano et al., 2016) and ATP (Ferraresi et al., 2015a). However, 

few studies have reported the effects of blue light PBM on markers for mitochondrial activity. 

Data presented here provides evidence that blue light (400-450 nm) modulates markers for 

mitochondrial activity including ROS, ATP and nitrite levels (p<0.05). Whilst application of 810 

nm light, a wavelength commonly used in PBM studies exerted no significant effect on 

markers of mitochondrial activity.  

 Kushibiki et al also explored the effects of both blue light (405 nm) and NIR light (808 

nm) on ROS production from a range of cell types and found only blue light induced significant 

increases in ROS production (Kushibiki et al., 2013). Hence, these data support findings 

illustrated here where only blue light induced significant increases in ROS production (Figure 

4.13a). Sharma et al also explored the dose dependent effect of 810 nm light application on 

ROS production from primary cortical neurons (Sharma et al., 2011a). The author concluded 

that whilst a dose of 3J/cm² induced significant increase in ROS production, a dose of 10J/cm² 

resulted in no significant change in ROS production. Hence, the dose used in the present study 

(5.76J/cm²) may be outside the therapeutic range for induction of ROS production using NIR 

light.  

Furthermore, Burvalev et al evaluated the effects of blue laser light (442 nm) 

compared with green laser (532 nm) or red LED (650 nm) on photo activation of ETC 

complexes inhibited by NO (Buravlev et al., 2015). The authors concluded that only blue light 

was capable of partial recovery of complex IV activity. Data demonstrated here indicated that 

only application of 810 nm light induced significant increases in gene expression of a subunit 
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of complex IV (Figure 4.9). Hence, future work will be required to determine to what extent 

blue light application modulates mitochondrial gene expression. 

The application of blue light PBM also induced significant increases in nitrite secretion 

(P<0.05) and mean increases in nitrate secretion (Figure 4.12). Interestingly, whilst the 

photodissociation theory of PBM has considerable support (4.1), a growing body of evidence 

has been accumulating indicating that complex IV can act as a nitrate reductase, providing a 

second pathway to induce increases in circulating levels of NO (Ball et al., 2011a). Blue light 

has also been cited to induce the release of NO from photo liable sources of NO including S-

nitrosthiols (RSNO) and nitrosyl myoglobin (Oplander et al., 2013). However, whilst data 

reported in Figure 4.12 indicates blue light significantly increases nitrite secretion, the 

percentage increase is marginal (~2%). This may be due to the relatively poor sensitivity of 

the Griess assay used to evaluate this (Hunter et al., 2013). Hence, alternative assays such as 

fluorometric assays may be required as they exhibit a sensitivity lower than 500 nm hence 

enabling significant differences between treatment conditions to be detected (Csonka et al., 

2015).  

Therefore, combined these data provide evidence that blue light is an effective 

modality in modulating markers for mitochondrial activity. 
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4.7.4 Downstream signalling effects of PBM 

The downstream effects of PBM are cited to be modulated by ROS production (Chen et al., 

2009b, Hamblin, 2017). Therefore, a series of signalling molecules modulated by both ROS 

and PBM were evaluated including NFkB (Gloire et al., 2006, Chen et al., 2011c), GSH-S 

(Aquilano et al., 2014, Asghari et al., 2016), COX2 (Onodera et al., 2015, Prianti Jr et al., 2014) 

and TGFβ (Liu and Desai, 2015, Arany et al., 2007). 

 Gene expression studies revealed application of 450 nm light induced significant 

increases in NFkB expression (p<0.05, Figure 4.14a). Interestingly, the effects of PBM on NFkB 

activity have only been studied utilising either red or NIR light (Curra et al., 2015, Chen et al., 

2011a). In previous reports, Chen et al explored the effects of 810 nm light application on 

NFkB activation and concluded that a dose of 0.3J/cm² was sufficient to induce maximal 

increases in activation (Chen et al., 2011a). Similar to the findings presented here, the authors 

concluded that there was no significant change in NFkB activation 24h post application of 

PBM. Indeed the peak at which changes were detected was 6h post application. Hence, future 

studies may endeavour to evaluate the effects of 810 nm light at lower doses, notably it has 

been found that a dose of 0.72J/cm² induced significant increases in MTT levels (Figure 4.4). It 

may also be prudent to evaluate the effects of PBM on NFkB expression at a broader selection 

of time-points, investigating the expression of NFkB at both the transcriptional (PCR) and 

secretory levels using IL-8 as a surrogate marker for NFκB activation (ELISA). 

 The application of 400 nm light also induced significant increases in COX2 expression 

whilst 810 nm light induced significant decreases (p<0.05, Figure 4.14b). COX2 is an enzyme 

that plays a key role in prostanoid formation and whose expression has been shown to be a 

biomarker for periodontitis progression (Schaefer et al., 2010). Interestingly, a selection of 
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studies have found that PBM induces significant decreases in COX2 (Lim et al., 2013, Lim et 

al., 2007, Choi et al., 2012, Sakurai et al., 2000). However, all of these studies evaluated the 

effects of PBM following the application of a pro-inflammatory stimulus. The literature has 

shown that PBM has a biomodulatory effect whereby in chronically inflamed tissue PBM has 

an anti-inflammatory effect whereas in healthy tissue PBM induces a relatively small and 

acute increase in inflammation which may be crucial in modulating cellular homeostasis 

(Hamblin, 2017). 

 PBM also reduced TGFβR1 gene expression and downstream TGFβ1 secretion 

(p<0.05,Figure 4.15). In a recent study Arany et al employed a laser emitting a wavelength of 

904 nm with radiant exposure outputs ranging from 0.1-6 J/cm² and concluded that PBM was 

able to activate latent-TGFβ1 (Arany et al., 2007). However, in comparison Taflinski et al 

reported application of 420 nm PBM at up to 30J/cm² inhibited TGFβ1 induced myofibroblast 

differentiation (Taflinski et al., 2014). Hence, the data demonstrated in this chapter and in the 

literature provides evidence of the wavelength dependent effects of PBM on TGFβ signalling. 

Blue light may also offer the potential  of a  novel application of PBM in inhibiting cell 

differentiation which can cause fibrosis and thus scar tissue formation (Walton et al., 2017).  

Further work will be required to validate this hypothesis.  

 A subsequent aim of this project was to evaluate the effects of PBM on IL-8 levels: a 

pro-inflammatory cytokine whose production is regulated by NFkB (Elliott et al., 2001). It was 

found that application of blue or NIR light induced significant increases in IL-8 expression but 

only blue light induced significant increases in IL-8 secretion. This may be due to the point at 

which changes in IL-8 secretion were assessed. Where future study may involve evaluation of 

the time dependent effects of PBM on IL-8 secretion in vitro. Interestingly, the increase in IL-
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8 induced by light application was approximately 10% of that induced by a bacterial stimulus 

(~80pg/ml no stimulus applied vs ~1000pg/ml following LPS application, see section 5.2.1). 

These data suggest that light only induces relatively small increases in inflammatory 

mediators compared with the application of bacterial components. These increases however 

could also be deemed beneficial as several studies suggest that small increases in IL-8 are 

important in upregulating cell proliferation, a key regulator of tissue healing (Li et al., 2007, 

Spitler and Berns, 2014). Basso et al also investigated the effect of light irradiation on IL-8 

gene expression from gingival fibroblasts and found that there was an increases detected 

after irradiation at a wavelength of 780 nm for between 1.5 and 3J/cm² (Basso et al., 2015). 

Hence, we provide evidence that PBM application can induce small increases in pro-

inflammatory mediators such as IL-8 which could prove useful in ‘priming’ the host immune 

response for any future insult. 
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4.7.5 The effects of simultaneous application of multiple wavelengths on markers for 

mitochondrial activity 

Several studies have provided evidence that simultaneous application of various wavelengths 

are capable of regulating cellular proliferation and promoting tissue healing (Fekrazad et al., 

2018, Montazeri et al., 2017, Niu et al., 2015, Figurová et al., 2016). Data presented in section 

4.6 here indicates there is no significant difference in the effects induced by the application 

of 405 nm, 850 nm or both at the same dose (24mW/cm², 5.76J/cm²).  

However, one key caveat of this experimental model are the beam profiles exhibited 

by LEDs across the LUMOS™ array. In fact, the LEDs used by this array were only capable of 

irradiating 57% of the total well area (see section 3.3.2). Whilst cells were seeded in the centre 

of the well to ensure good irradiation coverage of adherent cells, inspection of wells by light 

microscopy revealed some cell adherence at the periphery of the well. Therefore, the effects 

of PBM on markers for mitochondrial activity may have been masked by the response of cells 

not receiving light exposure. Subsequently, further work is required to ensure uniform 

irradiation of cultures in vitro to enable reliable comparison of the application of either single 

or multiple wavelengths of light.  
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5 PBM MODULATES ROS PRODUCTION AND 

CYTOKINE SECRETION INDUCED BY LPS 
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5.1 Introduction 

The effects of PBM in modulating symptoms of disease including inflammation and pain have 

been widely documented (Doeuk et al., 2015, Garcia et al., 2013, Ismaili and Bokonjic, 2014). 

However, way in which PBM modulates these symptoms in vivo remains poorly understood. 

One way researchers have attempted to dissect the signalling mechanisms induced by PBM 

has been through development of in vitro models to mimic the ‘disease state’ (Weinreb and 

Nemcovsky, 2015). This often involves the application of pro-inflammatory stimuli to induce 

oxidative stress and thus causing increases in markers for inflammation and apoptosis, key 

hallmarks for pathogenesis of diseases including periodontitis (Listyarifah et al., 2017, Dabiri 

et al., 2016). One pro-inflammatory stimulus commonly used in vitro to model disease is by 

treatment with the bacterial component, lipopolysaccharide (LPS), due to its ability to induce 

oxidative stress and promote increases in markers for inflammation, such as IL-8 (Bozkurt et 

al., 2017).  

 In fact, a number of authors have employed LPS in PBM studies using gingival 

fibroblasts to induce inflammation levels relevant to those found in oral disease (Choi et al., 

2012, Sakurai et al., 2000, Takema et al., 2000, Pansani et al., 2017, Lim et al., 2013, Lim et 

al., 2015, Nomura et al., 2001). However, despite there being a wealth of evidence suggesting 

red and NIR light is useful in the modulation of inflammation induced by LPS, to date no 

studies have evaluated the effects of blue light using these disease models (Ren et al., 2017). 

Hence, this chapter aimed to determine how both blue and NIR light could modulate changes 

in cellular activity induced by LPS. 
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5.2 Determining the optimal dose of LPS required to induce an inflammatory response 

in oral fibroblasts. 

Prior to assessment of the effects of PBM on changes in cellular signalling induced by LPS, the 

optimal concentration required to induce ROS production and IL-8 secretion was determined. 

This involved the application of LPS at a range of concentrations (0.1-5µg/ml) to gingival 

fibroblasts and assessment of the influence LPS had on markers of inflammation in which 

concentrations applied were selected based on review of the literature (Wang et al., 2011, 

Tamura et al., 1992, Bedran et al., 2014, Lee et al., 2006, Napa et al., 2017, Jones et al., 2010). 

The effects of LPS on ROS production and IL-8 secretion were then assessed: two key 

biomarkers for periodontitis (Lagdive et al., 2013, Dahiya et al., 2013). 

5.2.1 Results 

A concentration of 1µg/ml E. coli LPS induced a 32.5% increase in ROS production (p<0.001, 

Figure 5.1a) and a 1288% increase in IL-8 secretion (69.9pg/ml IL-8 untreated vs 970.6pg/ml 

1ug/ml, p<0.001, Figure 5.2) relative to the untreated control.  

 Figure 5.1b illustrates the time dependent increase in ROS production induced by LPS 

stimulation (1µg/ml), where a significant increase in ROS production was only detected 24h 

post-application of the pro-inflammatory stimulus (p<0.05). Therefore, this concentration and 

incubation time were selected to evaluate the possible effects of PBM on inflammation and 

mitochondrial activity in vitro.   
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Figure 5.1 Evaluating the optimal a) Escherichia coli LPS concentration (0.1-5µg/ml) required to induce 
ROS production from pHGFs (pool, p6/7, n=12) 24h post-irradiation and b) the optimal time-point post-
LPS application (1µg/ml, 4-24h) required to induce ROS production from pHGFs (pool p7, n=6). Data 
was analysed using one-way ANOVA followed by Tukey test where significance is indicated by means 
that do not share the same letter (p<0.05).   
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Figure 5.2 The dose dependent effects of E. coli LPS (0.1-5µg/ml) treatment on IL-8 secretion from 
pHGFs (pool p6/7, n=12) 24h post-application. Significance was measured using one-way ANOVA 
followed by Tukey test where different letters between means indicates a significant difference 
(p<0.05). In which, LPS at all concentrations (0.1-5μg/ml) induced significantly greater levels of IL-8 
secretion relative to the untreated control (0) 24h post application (p<0.05), indicating that LPS is an 
effective stimulus of IL-8 secretion, a key maker for inflammation from pHGFs.  
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5.3 The effects of PBM on cell number and metabolic activity 

Following selection of an appropriate concentration of LPS to stimulate inflammation, the 

effects of PBM in modulating changes in cell growth and metabolic activity induced by LPS 

were evaluated. Several authors have reported that red and NIR light increase cell 

proliferation relative to LPS treated controls, a marker for wound healing (Pansani et al., 2017, 

Kim et al., 2012). To date, no studies have evaluated the effects of blue light on cell growth of 

gingival fibroblasts. These studies frequently use the MTT assay to indirectly measure changes 

in cell responses ( see section 1.7.1.1 (Sieuwerts et al., 1995)). Hence this section aimed to 

not only evaluate the effects of blue light on cell number compared by using cell counts with 

NIR light but also evaluate the effect of PBM on cell metabolic activity, utilising MTT.  

5.3.1 Results 

Cell counts revealed LPS significantly reduced cell number relative to the untreated control 

8h post-stimulation (p<0.05, Figure 5.3b). However, this change was not significant following 

evaluation of cell number 24-120h post irradiation. Application of 450 nm light following LPS 

stimulation induced 12.1% increases in cell number relative to the pro-inflammatory control 

8h post stimulation (p<0.05).  Irradiation at 400 nm also induced a mean increase in cell 

number of 8.2% (ns) 24h post-application relative to the LPS treated control.  

 Comparatively, evaluation of cell metabolic activity using MTT revealed irradiation at 

400 nm and 450 nm following LPS stimulation also induced 33.14% and 20.44% increases 

respectively in MTT response relative to the untreated control 24h post-application 

(p<0.001,Figure 5.4). Application of LPS also induced 13.22% increases in cell metabolic activity 

relative to the untreated control (p<0.001). Similarly, application of PBM at 400 nm also 
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induced the greatest mean increase in cell number relative to the LPS treated control 24h 

post-application (Figure 5.3b).  
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Figure 5.3 Application of light (400-810 nm, 24mW/cm², 5.76J/cm²) following LPS stimulation (1µg/ml) 
can modulate cell number using cell counting (pHGF pool p7, n=18) 120hr post-application of stimuli 
and how this compares to cell growth without the application of either light or LPS. Figure 3a shows real 
time changes in cell number from 8-120hr post-application of a stimulus and b) shows the percentage 
change in cell number at three time-points (8, 24, 120h) post-application of a stimulus relative to the 
LPS treated control, where the LPS control was normalised to 0. Significance was measured using one 
way ANOVA followed by Tukey test in which significance is indicated where means do not share the 
same letter in which there is at least a difference of p<0.05 (see section 4.3 for effects following 
application of light only). 
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Figure 5.4 The effects of light application following LPS stimulation (1µg/ml) on cell metabolic activity 
24h post-irradiation (pHGF pool p7, n=18, 400-810 nm, 24mW/cm², 5.76J/cm²) relative to the 
unstimulated control (ctrl) in which the control was normalised to 0%. Significance was measured 
using one way ANOVA followed by Tukey test and significance is indicated where means do not share 
the same letter in which there is at least a p<0.05 (see Figure 4.4 for effects of light on pHGFs cultured 
in media only).    
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5.4 The effects of PBM on LPS induced changes in gene expression 

The effects of red and NIR light on mitochondrial activity have been widely documented 

(Hadis et al., 2015, Hadis et al., 2017a, Milward et al., 2015, Hamblin, 2018a).  However, the 

effects of blue light following application of LPS on mitochondrial activity of gingival 

fibroblasts are yet be explored. This section therefore aimed to evaluate the effects of both 

blue and NIR light on mitochondrial related gene expression and a series of markers for 

mitochondrial activity including ROS and ATP.  

5.4.1 Results 

Data indicated the modulatory effect of light on mitochondrial activity from pHGFs cultures 

treated with LPS. Figure 5.5 provides data evidencing that application of LPS induced no 

significant effect on mitochondrial relevant gene expression compared with untreated 

cultures. However, following stimulation with LPS, irradiation at 400 nm, 450 nm or 810 nm 

induced 16.8%, 19.1% and 23.0% decreases in NDUFS7 gene expression. The NDUSF7 gene 

encodes a subunit of complex I of the ETC, one of the two complexes of the ETC that produces 

ROS (Lenaz et al., 2006).  Interestingly, Figure 5.8a also indicates the effects of PBM in inducing 

decreases in ROS production relative to the LPS treated, where there was a decrease of 9.8% 

in ROS production following application of 450 nm light (p<0.05). Irradiation at 450 nm also 

induced a 64.6% decrease in antioxidant capacity relative to the LPS treated control, to give 

levels comparable to that of the control (p<0.001). 

 Similar to results discussed in section 4.4, only application of 810 nm light drove 

significant increases in COXIV4 gene expression relative to the control (p<0.05, Figure 5.6b). 

Comparatively, application of both 450 nm and 810 nm induced 12.0% and 19.1% increases 

in ATP5F2 gene expression relative to the LPS treated control, respectively. Figure 5.7 also 
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shows that 400 nm, 450 nm or 810 nm light exposure induced 16.4%, 15.7% and 12.1% 

increase in ATP production relative to the LPS treated control (p<0.05), respectively.   
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Figure 5.5 The effects of PBM (400-810 nm, 24mW/cm², 5.76J/cm²) on LPS (1µg/ml) induced changes 
in gene expression relative to expression from transcripts isolated from an untreated control (pHGF 
pool p7, n=9 per treatment group). Effects of PBM/LPS/both on gene expression of a) NDUFS7, 
component of mitochondrial ETC complex I, b) COXIV4, subunit of complex of ETC and c) ATP5F2, a 
subunit of ATP synthase of the ETC 24h post application. Statistical difference was assessed using 
one-way ANOVA followed by Tukey test where significance is indicated where means do not share 
the same letter (p<0.05). 
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Figure 5.6: Representative gel images of amplified products for the COXIV4, NDUFS7, ATP5F1 and 
GAPDH (control) transcripts from pooled pHGFs either untreated or treated with LPS (1µg/ml) or LPS 
and 400-810 nm light. Analyses were performed 24h post-application of light. All gene expression 
was normalised against GAPDH expression, a gene universally expressed by eukaryotes. 
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Figure 5.7 The effects of LPS (1µg/ml) application on ATP production and following application of 
light (400-810 nm) indicating modulation of this effect relative to the untreated control. ATP 
production was assessed 24h post-application of stimuli on gingival fibroblast cultures (pool p6/7, 
n=12). Significance was assessed using one way ANOVA followed by Tukey Test and significance is 
indicated where means do not share the same letter (p<0.05, see Figure 4.10 for effects with light 
only).     
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Figure 5.8 The effects of PBM in modulating a) ROS production (pHGF pool p6/7, n=12) and b) 
antioxidant capacity (pHGF pool p6/7, n=4 where each replicate is the result of pooling 4 cell 
supernatant samples) of cultures treated with LPS (1µg/ml) or LPS and light (400-810 nm, 24mW/cm², 
5.76J/cm²) 24h post-application. Statistical differences were assessed using one way ANOVA followed 
by Tukey test in which significance is indicated where means do not share the same letter (p<0.05, see 
Figure 4.13 for effects with light only). 
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5.5 The effects of PBM on LPS induced changes in markers of inflammation in gingival 

fibroblasts 

Several authors have demonstrated the effects of red and NIR light on modulation of 

inflammation following application of LPS (Aimbire et al., 2005, Wang et al., 2014, Chen et al., 

2011b). However, no studies to date have demonstrated the anti-inflammatory potential of 

blue light. Hence, this section aimed to evaluate the effects of PBM on markers of 

inflammation in gingival fibroblast cultures. 

5.5.1 Results 

Results indicate application of LPS and 810 nm light induced a 35.1% increase in NFκB gene 

expression relative to the LPS treated control (p<0.05, Figure 5.9). Interestingly, results also 

demonstrated that only application of 400 nm or 450 nm light induced 40.2% and 28.3% 

decreases in IL-8 gene expression relative to the LPS treated control (p<0.05, Figure 5.10), 

whilst application of 810 nm light had no significant effect. These results are also in agreement 

with data presented in Figure 5.11, where it is demonstrated that irradiation at 400 nm and 

450 nm caused a decrease in IL-8 secretion of 40.1% and 39.5% respectively (p<0.05). 

 Furthermore, application of 400 nm or 450 nm light induced 79.7% and 29.1% 

decreases in TGFßR1 gene expression relative to the LPS treated control (p<0.05, Figure 5.12) 

however 810 nm light exposure exerted no significant effect. However, evaluation of the 

effects of light on TGFß1 secretion showed that all wavelengths of light utilised (400 nm, 450 

nm or 810 nm) induced significant decreases of this pro-inflammatory cytokine relative to the 

LPS treated control (p<0.05, Figure 5.13). 
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 Evaluation of the effects of light on bFGF secretion showed irradiation at 400 nm, 450 

nm or 810 nm induced 22.8%, 17.4% and 13.6% increased secretory levels of this growth 

factor relative to the LPS treated control (p<0.05, Figure 5.14). 
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Figure 5.9a the effects of either LPS (1µg/ml) or LPS and light (400-810 nm, 5.76J/cm², 24mW/cm²) on 
NFκB gene expression from pHGFs (pool p7, n=9) relative to the untreated control (where the 
untreated control is normalised to 0%). Significance was calculated using one-way ANOVA followed by 
Tukey test where significance is indicated where means do not share the same letter. 9b) 
Representative PCR image of NFκB and GAPDH gene expression (p<0.05, see Figure 4.14 for effects 
with light only).   
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Figure 5.10 The effects of LPS (1µg/ml) or LPS and light (400-810 nm, 5.76J/cm², 24mW/cm²) on IL-8 
gene expression (pHGF, pool p7, n=9) relative to the untreated control where a) indicates normalised 
IL-8 gene expression relative to an untreated control and b) a representative PCR image of IL-8 and 
GAPDH gene expression. Statistical difference was assessed using one-way ANOVA followed by Tukey 
test where difference in letters indicates significance differences between means (p<0.05, see Figure 
4.16 for light only).    
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Figure 5.11 The effects of cells treated with media (ctrl), LPS (1µg/ml) or LPS and light (400-810 nm, 
5.76J/cm², 24mW/cm²) on IL-8 secretion 24h post-application (pHGF pool p6/7, n=8) relative to the 
LPS treated positive control (LPS treated control was normalised to 100% to enable comparison 
between treatment groups). Significant differences were examined using one-way ANOVA followed 
by Tukey test where significance is indicated by means that do no not share the same letter (p<0.05,  
see Figure 4.16 for light only). 
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Figure 5.12 The effects of either media (ctrl), LPS (1µg/ml) or LPS and light (400-810 nm, 5.76J/cm², 
24mW/cm²) on TGFßR1 gene expression (pHGF pool p7, n=8) where a) shows % TGFßR1 gene 
expression relative to the untreated control (ctrl) normalised to 0% and b) shows a representative PCR 
image of TGFßR1 and GAPDH gene expression. Significance was analysed using one-way ANOVA 
followed by Tukey test where different letters indicate significance differences between means 
(p<0.05, see Figure 4.15 for light only). 
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Figure 5.13 The effects of media, LPS (1µg/ml) or LPS and light (400-810 nm, 24mW/cm², 5.76J/cm²) 
on gene expression of TGFß1 secretion as determined by ELISA at 24h post-application of stimuli 
(pHGFs, pool p6/7, n=12). Significance was analysed using one-way ANOVA followed by Tukey test 
where difference in letters indicates significance differences between means (p<0.05, see Figure 4.15 
for light only). 
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Figure 5.14 The effects of media, LPS (1µg/ml) or LPS and light (400-810 nm, 24mW/cm², 5.76J/cm²) 
on bFGF secretion as determined by ELISA from pHGFs (pool p6, n=6) 24h post-application. Significance 
was analysed using one-way ANOVA followed by Tukey test where difference in letter indicates 
significance difference between means (p<0.05). 
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5.6 Discussion 

5.6.1 Determining optimal dose of LPS to induce inflammation 

Data demonstrates that application of 1µg/ml of LPS and incubation for 24h was sufficient to 

induce significant increases in IL-8 secretion (Figure 5.2, p<0.05) and ROS production (Figure 

5.1, p<0.05) and hence these conditions were selected for use in future studies. Interestingly, 

Kang et al also demonstrated the dose and time dependent response of gingival fibroblasts 

to LPS and concluded that a concentration of LPS of 1µg/ml induced significant increases in 

both IL-8 gene expression and secretion 24h post-application (Kang et al., 2016). Similarly, 

Cheng et al also demonstrate a concentration of 1µg/ml of LPS induced significant increases 

in ROS production from gingival fibroblasts 24h post-application (Cheng et al., 2015). 

5.6.2 The effects of PBM on cell metabolic activity and cell number.  

PBM has been widely documented to induce increases in cellular proliferation (Aleksic et al., 

2010, Almeida-Lopes et al., 2001b, Amid et al., 2014, Fekrazad et al., 2018, Gao and Xing, 

2009, Hadis et al., 2015). However, whist there are a number of publications reporting the 

anti-inflammatory effects of PBM both in vitro and in vivo (Oton-Leite et al., 2015, Prianti Jr 

et al., 2014, Sobouti et al., 2015, Song et al., 2012, Yamaura et al., 2009), few report the effects 

of PBM on cell growth and proliferation following application of a pro-inflammatory stimuli. 

Data displayed here indicates 8h post-irradiation, 450 nm light induced significant increases 

in cell number relative to the LPS treated control (p<0.05, Figure 5.3). 

It was also demonstrated that application of 400 nm or 450 nm (24mW/cm², 

5.76J/cm²) induced significant increases in cell metabolic activity relative to the LPS treated 

control, whilst 810 nm light application alone induced no significant effect (Figure 5.4). 

Interestingly, LPS also induced a significant increase in cell metabolic activity 24h post-
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application, whilst no significant effect on cell number was seen at this time point. The MTT 

assay used in these studies has been cited to be affected by mitochondrial activity, amongst 

other changes in cellular activity (Sieuwerts et al., 1995). Indeed, LPS has been reported to 

induce mitochondrial biogenesis (Suliman et al., 2003) and increase mitochondrial related 

gene expression (Bauerfeld et al., 2012). Hence, results described in section 5.3.1 may be 

reflective of the effects of LPS on mitochondrial activity.  

Furthermore, the effects of PBM induced both in vitro and in vivo have been reported 

to be induced by changes in mitochondrial activity (Belletti et al., 2014, Buravlev et al., 2014a, 

Buravlev et al., 2013, Chung et al., 2012, Hamblin, 2018a). Therefore, increases in 

mitochondrial biogenesis induced by compounds such as LPS may be important in improving 

response to PBM, where it has been reported in a study published  our group  that the cellular 

response to PBM is mitochondrial number dependent (Serrage et al., 2019a).  Where cell 

types reported to possess a higher mitochondrial population prior to irradiation (myotubes), 

respond significantly more to PBM when compared to cell types with a lower mitochondrial 

population (myoblasts (Schoneich et al., 2014)). Further detail regarding this study is 

described in chapter 7. Data described in section 4.3 indicated application of 400 nm light 

induced 14.6% increases in metabolic activity relative to the control, whilst data described 

here shows irradiation at the same parameters induced 33.1% increases in cell metabolic 

activity relative to the LPS treated control. Hence, these data provide evidence that increased 

response of cultures treated with LPS to PBM may be due to changes in mitochondrial activity. 

However, further work will be required to validate this hypothesis.   

Interestingly, Pansani et al also explored the effects of PBM on cell proliferation 

following application of LPS. The author showed that application of 780 nm light at 3J/cm² to 
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LPS stimulated cultures induced significant increases in gingival fibroblast cell number relative 

to the LPS stimulated control 48-72h post-application of the first stimulus (Pansani et al., 

2018). Whilst, application of light to unstimulated cultures induced no significant effect on 

cell proliferation relative to the unstimulated control. Interestingly, this study utilised the 

Alamar® blue assay: a cell metabolic activity assay whose activity has also been associated 

with changes in mitochondrial activity (Springer et al., 1998). Hence, this is not a reliable 

indicator of cellular proliferation but does corroborate with data described here suggesting 

response of LPS stimulated cultures to light is greater than the response of cells cultured in 

media alone. 

Data therefore indicate that PBM may influence both cell proliferation and cell 

metabolic activity. However, whilst assays such as MTT are commonly used as a marker for a 

cell proliferation (Koyanagi et al., 2016), particularly for use in PBM studies (Basso et al., 

2013a, Basso et al., 2016b, Pansani et al., 2014, Damante et al., 2009, Frozanfar et al., 2013, 

Kreisler et al., 2003, Kreisler et al., 2005), data here demonstrates the unreliability of this 

method as results evaluating changes in cell number do not corroborate with those 

investigating the effects of PBM on cell metabolic activity using MTT. For example, LPS causes 

mean decreases in cell number but induces increases in cell metabolic activity relative to the 

untreated control (Figure 5.3, Figure 5.4).  Hence, this demonstrates the importance of the 

employment of reliable indicators for cell growth and/or proliferation including cell counts or 

assays that directly measures changes in cell proliferation including the BrdU assay 

(Madhavan, 2007). 
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5.6.3 The effects of PBM on LPS induced changes in mitochondrial relevant gene 

expression 

As discussed in section 5.6.2, it has been claimed that application of both LPS and light induce 

changes in mitochondrial activity. Data demonstrated here indicates application of either LPS 

or light and LPS can modulate mitochondrial relevant gene expression (Figure 5.5). Where, 

application of 810 nm light induced significant increases in cytochrome c oxidase subunit 

expression and ATP synthase subunit gene expression relative to the LPS treated control: two 

key components of the ETC.  

Interestingly, the CCO hypothesis of PBM is one of the most widely accepted theories 

for the effects of PBM, in which Karu et al provided evidence that NIR light could excite CCO 

whilst blue light  modulates the activity of Flavin or porphyrin containing complexes (see 

section 1.3.1.1 (Karu and Kolyakov, 2005)). Hence, the data presented here are in agreement 

with this as only NIR light (810 nm) induced significant increases in CCO subunit gene 

expression. However, LPS induced significant decreases in CCO subunit expression. Quolin et 

al also demonstrated application of LPS at 1µg/ml significantly reduced CCO release and ATP 

production (Quoilin et al., 2014). Data presented here also demonstrate that application of 

LPS induced significant decreases in ATP production (Figure 5.7) but application of 400 nm, 

450 nm or 810 nm application following LPS treatment induced significant increases in ATP 

production relative to the LPS treated control (p<0.05). Sharma et al also reported 810 nm 

irradiation induced significant increases in ATP production (Sharma et al., 2011b). However, 

to date this is the only study to evaluate the effects of PBM on ATP production following 

application of LPS. It was also demonstrated that application of 400 nm, 450 nm or 810 nm 

light induced significant decreases in complex I subunit gene expression (Figure 5.6a). Complex 

I is a Flavin containing complex of the ETC  (Hirst, 2013) reported to absorb blue light (Yang et 
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al., 2017b). Complex I is also one of the two complexes in the ETC to produce ROS (Murphy, 

2009). Interestingly, studies have shown that modulators of complex I such as coenzyme Q₂ 

reduce oxidative stress through inhibition of ROS production from complex I (Fato et al., 

2009). This could prove an interesting hypothesis as to how PBM modulates oxidative stress 

through downregulation of complex I activity.  However, changes in gene expression may also 

be indicative of changes in mitochondrial number, where a series of authors have reported 

the efficacy of PBM in inducing mitochondrial biogenesis (Chen et al., 2014, Nguyen et al., 

2014, Yang et al., 2016, Yang et al., 2017a, Yin et al., 2017, Zhang et al., 2016b). 

Zhang et al also explored the effects of light on complex I and found that irradiation 

at 628 nm at 0.88J/cm² induced significant increases in complex I subunit gene expression 

from human fibroblasts (Zhang et al., 2003). However, the fibroblasts were not treated with 

pro-inflammatory stimuli prior to light application. Current indications suggests PBM elicits 

different effects dependent upon the inflammatory state of the tissue, where for example 

PBM can induce decreases in ROS production in inflamed tissue (Lim et al., 2013) and 

increases in ROS from untreated ‘healthy’ tissue (Kushibiki et al., 2013). This thinking is in 

agreement with data shown here where Figure 5.8a shows application of 450 nm light induced 

significant decreases in ROS production relative to the LPS stimulated cells. Comparatively 

data described in section 4.4 shows application of 450 nm light induced significant increases 

in ROS production in non-stimulated cells. This therefore provides evidence for the 

biomodulatory effects of PBM.  

However, the data also suggest that whilst LPS induced a 52.6% increase in total 

antioxidant capacity (TAOC) relative to the untreated control (p<0.05), application of 400 nm 

or 450 nm light caused a decrease in TAOC of 24.44% and 12.01% respectively relative to the 
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untreated control (ns,   Figure 5.8). This may suggest blue light inhibited antioxidant production 

induced by LPS application due to the resolution of inflammation, allowing antioxidant 

concentration in supernatants to return to control levels. Indeed, current literature indicates 

LPS induces significant increases in antioxidant activity through upregulation of Nrf2 signalling 

(Yin and Cao, 2015), which ultimately leads to increases in glutathione production (Spolarics 

and Wu, 1997) and increased manganese superoxide dismutase (MnSOD) gene expression 

(Del Vecchio and Shaffer, 1991).  Hence, blue light may also be important in modulating not 

only ROS levels but also antioxidant levels, inhibiting LPS induced changes in signalling and 

thus restoring normal cellular function.    

In conclusion the data indicate that light can modulate LPS induced changes in 

mitochondrial activity which could be key in the modulation of chronic inflammatory diseases 

including periodontitis. 

5.6.4 The effects of PBM on LPS induced changes in ROS production and IL-8 secretion. 

Several authors have demonstrated the anti-inflammatory properties of PBM following 

bacterial challenge (Fornaini et al., 2013, Kim et al., 2012, Lima et al., 2014, Wang et al., 2014, 

Yamaura et al., 2009). However, none to date have compared the effects of blue and NIR light 

on inflammation induced by LPS. Data indicated that blue light is an effective modality in 

significantly reducing the gene expression (Figure 5.10, p<0.05) and secretion (Figure 5.11, 

p<0.05) of IL-8 relative to the LPS treated control, whilst NIR light had no significant effect. 

Basso et al, also showed application of 780 nm at 1.5-3J/cm² induced significant decreases in 

IL-8 gene expression from gingival fibroblasts relative to the LPS treated control. Interestingly 

the author used much lower doses of NIR light than the 5.76J/cm² used in this study, which 

provides further indication that doses of 810 nm light <5J/cm² may have been more 
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efficacious in modulating inflammation in vitro. IL-8 is a key pro-inflammatory cytokine whose 

expression is not only regulated by NFκB (Matsusaka et al., 1993) but is also a biomarker for 

inflammatory diseases including periodontitis (Lagdive et al., 2013). Hence, modulation of this 

pro-inflammatory cytokine could prove useful in disease modulation. 

Despite evidence suggesting NFκB activation modulates levels of IL-8 in gingival 

fibroblasts, data presented in Figure 5.9 suggests only application of 810 nm light induces 

significant increases in NFκB gene expression relative to the LPS treated control, whilst only 

blue light induced significant changes in IL-8 gene expression and secretion. However these 

changes could occur due to a number of reasons including the time at which NFκB gene 

expression was evaluated. Where, a series of authors indicate changes in NFκB expression 

induced by LPS are most significant 0.5-6h post-application, with no significant effect 

observed at 24h post-application (Sharif et al., 2007). These findings corroborate with data 

presented here, where LPS exposure exerted no significant effect on NFκB gene expression 

relative to the untreated control. Interestingly, Chen et al also demonstrated the effects of 

PBM on NFκB gene expression were most significant 6-10h post irradiation, with no significant 

effect being seen 24h post-irradiation (Chen et al., 2009a). Hence further work is required to 

evaluate the effects of PBM on NFκB gene expression at a wider array of time points post-

irradiation or indeed the direct effect of PBM on translocation of NFκB into the nucleus using 

immunofluorescence staining (Noursadeghi et al., 2008). Such studies may enable 

establishment of a clearer picture as to how PBM elicits its anti-inflammatory effects post 

application of LPS.  

However, one other hypothesis addressing the differential response of pHGFs to blue or 

NIR light is the idea that different wavelengths may also modulate different signalling 
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pathways such as the Nrf2 pathway.  Interestingly, Trotter et al provided evidence that 

application of violet/blue light (45J/cm²) to LPS (1µg/ml) treated human monocyte cells 

induced significant increases in Nrf2 protein expression which in turn led to decreases in IL-8 

secretion (Trotter et al., 2017). However, to date no studies have reported the effects of NIR 

PBM on Nrf2 expression.  

Data also demonstrate that application of 400 nm light induced significant reductions in 

TGFβR1 gene expression (Figure 5.12) and TGFβ1 secretion (Figure 5.13) relative to the LPS 

treated control. Increases in TGFβ1 have been shown to correlate with increases in severity 

of periodontitis (Mize et al., 2015). Hence, modulation of this cytokine could be important in 

moderating the progression of disease. Interestingly, Keskiner et al also demonstrated that 

PBM at 1064 nm on palatal wounds induced significant reductions in TGFβ1 secretion 

(Keskiner et al., 2016).   

However, data also demonstrates that whilst 810 nm light application induces significant 

decreases in TGFβ1 secretion (Figure 5.13), it has no significant effect on TGFβR1 gene 

expression (Figure 5.12). This may be reflective of the wavelength dependent response to 

PBM, where levels of different TGFβR’s have proven crucial in determining signalling pathway 

activation, regardless of the relative levels of TGFβ1 (Rojas et al., 2009). Hence, it will be 

important to evaluate the effects of PBM on all three TGFβ receptors and subsequently 

investigate the effects of PBM on downstream targets for TGFβ signalling.  

Data also demonstrated that irradiation at 400 nm induced significant increases in bFGF 

relative to the LPS treated control (Figure 5.14). bFGF is a growth factor, key to promoting 

wound healing (McGee et al., 1988) and is also proven efficacy in regeneration of periodontal 

tissues (Murakami et al., 1999). Basso et al, also reported application of 780 nm light induced 
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significant increases in bFGF in a model for wound healing using gingival fibroblasts (Basso et 

al., 2012a). Therefore, these findings support the premise that PBM can induce not only anti-

inflammatory effects but also promote the secretion of growth factors, fundamental in 

stimulating cellular growth, proliferation and thus healing. 
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6 PBM MODULATES THE CELLULAR 

RESPONSE INDUCED BY PERIODONTAL 

DISEASE RELEVANT STIMULI 
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6.1 Introduction  

The modulatory effects of PBM on the inflammatory response induced by LPS have been 

described in detail both in chapter 5 and by a number of authors (Aimbire et al., 2005, Chen 

et al., 2011b, Kim et al., 2012, Wang et al., 2014, Yamaura et al., 2009). However, whilst E.coli 

LPS is a robust stimulus of inflammation both in vitro and in vivo, the oral cavity is home to a 

diverse range of bacterial species each possessing factors to enable interspecies 

communication, coaggregation and stimulation of inflammation. Factors inducing changes in 

range of signalling pathways including inflammation are known as virulence factors and whilst 

LPS is a key virulence factor, periopathogenic bacteria possess multiple virulence factors to 

induce inflammation and promote tissue destruction (Graves et al., 2000).  

 However, whilst these bacterial stimuli are more representative of the oral 

inflammation induced in vitro compared with LPS, they were still not comparable to the 

inflammation induced by a multispecies bacterial biofilm. Therefore, a biofilm derived from 

human saliva was generated, characterised and heat inactivated to enable comparison 

between the inflammatory response induced by LPS, F. nucleatum or P. gingivalis from pHGFs. 

Subsequently, the effects of light on inflammatory response induced by these pro-

inflammatory stimuli was evaluated. These studies would then provide data on how PBM 

could be potentially used to modulate inflammation induced by stimuli relevant to the 

pathogenesis of periodontitis.   
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6.2 Growth and characterisation of periodontal disease-relevant bacterial species 

6.2.1 Fusobacterium nucleatum and Porphyromonas gingivalis 

Prior to assessment of the effects PBM on in vitro inflammatory response following the 

application of either F. nucleatum or P. gingivalis, bacterial cultures were characterised. This 

work was performed using various techniques including PCR and 16s sequencing to ensure 

bacterial stimuli were appropriate for application to HGF cultures in vitro.  

6.2.1.1 Results 

Initial experiments aimed to confirm presence of P. gingivalis and F. nucleatum in bacterial 

suspensions. Figure 6.1b provides evidence of the spindle-shaped morphology characteristic 

of F. nucleatum (Uitto et al., 2005). The pink colour of this image also indicates the Gram 

negative staining characteristic of this bacterium. Figure 6.1c also provides evidence of the 

presence of F. nucleatum polymorphum using bacterial PCR, where a band at 334bp denotes 

the presence of this bacterial species and also provides evidence of the purity of the culture. 

Figure 6.2a provides evidence of the characteristic black colonies of P. gingivalis grown on 

blood agar (How et al., 2016). However, P. gingivalis could not be identified using traditional 

bacterial PCR techniques as shown in Figure 6.2b, possibly due to the specificity of the primers 

used in this study. Where, the primers employed have only shown specificity to ATCC strains 

W83 and FDC381 of P. gingivalis (Kasuga et al., 2000). Hence, the 16s band shown in Figure 

6.2b was excised from the gel and sequenced to determine the identity of the bacterial species 

in the sample. Figure 6.2c shows 16s sequencing revealed P. gingivalis was solely present in 

the sample with a 99% match to ATCC strain 33277 (Hahnke et al., 2016). Hence, these data 

provided confirmation of the expected species in bacterial samples and that they could 

therefore be used for further study. 
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Figure 6.1 Characterisation of F. nucleatum where a) shows colonies upon a blood agar plate, b) shows 
a Gram staining image and c) indicates the presence of F. nucleatum polymorphum in the bacterial 
sample where a + indicates the presence of the bacterial sample with either an F. nucleatum, P. 
gingivalis or 16s universal primer. The F. nucleatum polymorphum primer was also tested without a 
bacterial sample (with water, indicated by – on image) to ensure the primer was bacterial specific.   
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Figure 6.2 Confirmation of P. gingivalis in bacterial samples where a) shows an example of P. gingivalis 
growing upon a blood agar plate. Figure 16b indicates PCR identification of P. gingivalis where water 
was used as a negative control for the P. gingivalis primer and the F. nucleatum primer was used as a 
negative control for the bacterial sample and a 16s universal primer was used to ensure the presence 
of bacteria in the sample (key: +=bacterial sample present in sample, -=water used as a negative 
control). However, the presence of P. gingivalis could not be identified using standard PCR techniques. 
Hence the 16s band was excised from the gel and sequenced. Figure 16c indicates comparative 
sequencing alignment data where a 99% match to the presence of P. gingivalis was obtained. Hence, 
this confirmed the presence of P. gingivalis in the culture samples.    
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6.2.2 Salivary Biofilm 

Subsequent to growth and characterisation of the species described in section 6.2, a salivary 

biofilm was grown and characterised to ensure its relevance to the human oral microbiome.  

6.2.2.1 Results 

Data indicated the generation of a well characterised 7 day biofilm model derived from saliva 

extracted from 20 individuals (ethics described in section 2.2.2.3.1). Biofilm growth was 

monitored utilising live/dead staining where Figure 6.4 shows depth of the biofilm increased 

from 34.2µm to 60.5µm and relative ratios of live/dead bacteria declined over the 7 day 

culture period from 86.2% viability on day 1 to 75.1% viability on day 7 as displayed in Figure 

6.3. 

 Following monitoring of growth, DNA was harvested from the salivary biofilm and 16s 

sequencing was used to determine its composition. Sequencing output information regarding 

the relative abundance of organisms at different taxonomic levels, where the most abundant 

phyla was the Gram positive Firmicutes (97.4%) followed by Gram negative Proteobacteria 

(2.2%, Figure 6.5). Figure 6.6  shows the composition of the biofilm at the class and order 

taxonomic levels, where 96.37% and 2.2% of the sample are comprised of the bacilli (part of 

the Firmicutes family) and gammaproteobacteria (part of the Proteobacteria family) classes 

respectively. The most abundant organisms at the order level were lactobacilli, comprising 

79.1% of the sample. 

 Genus-level sequences that comprised at least 0.1% of the amplicon sequence 

variables (ASV) were as follows (comprising at least 0.1% of the total biofilm population):  

Streptococcus (75.16%), Staphylococcus (19.35%), Aggregibacter (2.13%), Lactobacillus 

(1.19%), Veilonella (0.70%), Granulicatella (0.53%), Prevotella (0.17%) and Bacteroides 
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(0.17%). Interestingly, 0.89% of the total sequences were not classifiable under the genus 

level and were derived from family levels including Rikenellcae (<0.01%), Lactobacillaceae 

(0.14%), Christensenellaceae (<0.01%), Lachnospiraceae (0.10%) and Gemellaceae (<0.01%).  

 Figure 6.7 provides information regarding the composition of the salivary biofilm at the 

species level where, the specific species within each genus was not identified for 98.94% of 

the biofilm. Of the remaining 2.3%, 12 species of bacteria were identified. Species-level 

sequences identified by 16s sequencing were as follows: Bacteroides caccae (0.05%), 

Bacteroides uniformis (<0.01%), Prevotella corpi (0.17%), Lactobacillus zeae (1.19%), 

Streptococcus anginosus (0.01%), Ruminococcus gnavus (0.03%), Faecalibacterium prausnitz 

(0.09%), Veillonella dispar (0.55%), Veillonella parvula (0.15%), Bulleidia moorei (<0.01%), 

Escherichia coli (0.03%) and Haemophilus parainfluenzae (0.04%). 

Figure 6.8 also demonstrates the wide variety of organisms comprising the salivary 

biofilm at different taxonomic levels. Where, branching indicates how organisms evolved 

from a common ancestor.  
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Figure 6.3a-f Representative confocal images of biofilm growth over a 7 day period at either 10x 
magnification (a, c, e, scale bar: 100µm) or 100x magnification (b, d, f, scale bar: 10µm). Images 
horizontal to each other indicate a single time point where figures 17a and b show biofilm growth 
following 24h incubation, figures 17c and d show growth following 4 days incubation and figures 17e 
and f show growth following 7 days incubation.  Figure 17g shows a representative image of biofilm 
growth upon a PMMA substrate following 7 days incubation.  
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Figure 6.4 Z stack images of biofilm growth to identify changes in biofilm thickness and relative ratio 
of live to dead bacteria (green=live, red=dead) over a 7 day period where a) image captured following 
24h incubation (depth 34.2µm), b) image captured following 4 days incubation (depth 58.1µm) and c) 
image captured following 7 days incubation (60.5µm). All scale bars on images are 15µm. 

 

 



 

247 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.5 Relative levels of each bacterial phylum in DNA extracted from salivary biofilm following 7 
days incubation. Samples were assayed in triplicate and the “Bacteria” category denotes bacterial 
phyla that could not be identified using 16s sequencing.   
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Figure 6.6 Assessment of the composition of the salivary biofilm at increasingly specific taxonomic 
levels where a) shows designation of bacterial class, where the bacilli bacterial class under the 
Firmicutes phylum is most abundant. Figure 20b indicates further analysis evaluating salivary biofilm 
composition at the order taxonomic level where bi) shows bacterial orders under the clostridia class, 
bii) bacterial orders under the gammaproteobacteria class, biii) the single order: bacteriodales in the 
salivary biofilm sample under the bacteroidia class and biv) indicates bacterial orders including 
lactobacillus under the bacilli class.   
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Figure 6.7 Pie chart showing genus and species and their relative abundance within the salivary 
biofilm where each value was taken as an average of the relative % abundance of each species 
within each biofilm samples (n=3).  
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Figure 6.8 Phylogenetic tree showing all of the groups comprising the salivary biofilm. The diagrams 
show the relationship between organisms where the pattern of branching is indicative of how groups 
evolved from a common ancestor. It also provides some clarity of the diversity of organisms within the 
salivary biofilm. Branches are not drawn to scale of evolutionary distance due to lack of information 
from final excel file, which could therefore not be input into a Phylogenetic tree builder such as iTOL. 
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6.3 Determining optimal dose of pro-inflammatory stimuli required to induce increases 

in ROS production and IL-8 secretion. 

6.3.1 F. nucleatum and P. gingivalis 

Prior to the assessment of the effects of PBM on in vitro inflammation induced by periodontal 

disease relevant stimuli, the optimal dose for each bacterial stimulus required to induce an 

inflammatory response from HGFs was assessed. Studies involved assessment of the effect of 

heat inactivated F. nucleatum or P. gingivalis on two key markers of inflammation: ROS and 

IL-8, 24h post-application as is described in section 5.2. 

6.3.1.1 Results 

Results indicate F. nucleatum and P. gingivalis induced increases in markers for inflammation 

in a dose dependent manner 24h post-application. Where, application of a MOI 100:1 of F. 

nucleatum induced a 29.74% increase in ROS production (Figure 6.9, p<0.001) and a 1422.03% 

increase in IL-8 secretion (Figure 6.10, p<0.001). Comparatively, a MOI of 500:1 of P. gingivalis 

was required to induce significant increases (p<0.05) in ROS production (14.95%,Figure 6.9) 

and IL-8 secretion (176.45%, Figure 6.10). Hence, these concentrations of each bacterial stimuli 

were selected to evaluate the effects of PBM on inflammation induced by periodontally 

relevant bacteria.  
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Figure 6.9 Relative % ROS production from HGFs (pool p6/7, n=18) 24h post-application of either P. 
gingivalis (50-500:1 MOI) or F. nucleatum (50-500:1 MOI) relative to the untreated control, where the 
untreated control was normalised to 0%. Significance was assessed using one-way ANOVA followed 
by Tukey test where significance is indicated where means do not share the same letter (p<0.05).    

 

.    
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Figure 6.10 Secretion of IL-8 from HGFs (pool p6/7, n=18) 24h post-application of either P. gingivalis 
(50-500:1 MOI) or F. nucleatum (50-500:1 MOI). Significance was assessed using one way ANOVA 
followed by Tukey test where significance is indicated by means that do not share the same letter 
(p<0.05).  



 

254 
 

 

6.3.2 Salivary Biofilm 

As described in section 6.3.1, prior to the application of PBM the optimal dose of bacterial 

stimuli required to induce in vitro inflammation was investigated. However, as the salivary 

biofilm was composed of a plethora of bacterial species the MOI could not be calculated 

based on a single OD reading. Hence, a BCA assay to assess protein concentration in both F. 

nucleatum samples and salivary biofilm samples was employed. This would then enable 

establishment of the relative protein concentration of F. nucleatum required to induce an 

inflammatory response as described in section 6.4.1.1 and hence evaluate the effects of 

salivary biofilm at a comparable concentration range on ROS production and IL-8 secretion.  

6.3.2.1 Results 

Results provide evidence of the pro-inflammatory effect of ‘heat inactivated’ salivary biofilm 

on pHGFs 24h post-application. Firstly, an appropriate range of concentrations to evaluate 

the optimal dose of biofilm required to induce a pro-inflammatory response were selected. 

This involved the use of a BCA protein assay to determine the protein concentrations of 

suspensions of both F. nucleatum and salivary biofilm, in which a standard curve using bovine 

serum albumin (BSA) at a concentration range of 2000-25µg/ml was used to predict protein 

concentration of samples. The protein concentration in a suspension F. nucleatum was 

evaluated to act as a standard, in which known volumes of this stimulus had been applied 

previously to induce inflammation, as described in section 6.3.1. Protein concentrations of a 

1μg/ml sample of LPS and a suspension of heat inactivated P. gingivalis were also evaluated. 

However, the protein levels in these samples were negligible (data not shown) and hence F. 

nucleatum was the only viable option to provide a standard for this model.   
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 Hence, the protein content of 25, 12.5 or 6.25µl of a suspension of 3.8x10⁹ bacterial 

cells/ml of F. nucleatum was assessed, enabling the production of a standard curve as shown 

in Figure 6.11a. Similarly, the same volumes of salivary biofilm with unknown MOI were used 

to create a standard curve as described in Figure 6.11b. From these data, the equations of 

either standard curve were used to establish an appropriate range of concentrations to assess 

the pro-inflammatory effects of salivary biofilm in vitro. As described in section 6.3.1.1, a 

concentration of 100:1 MOI of F. nucleatum was sufficient to induce significant increases in 

IL-8 secretion and ROS production in vitro. Therefore, protein concentrations of suspensions 

of F. nucleatum with MOIs of 300-50:1 were selected for evaluation and calculated as follows: 

A. Calculation of the volume of suspension in which there will be 300-50 F. nucleatum 

cells per gingival fibroblast: 

B. The equation of the F. nucleatum standard curve (Figure 6.11a) was then used to 

calculate the protein concentration in bacterial suspensions of the desired MOI.  

C. The salivary biofilm trend line equation was then used to calculate the volume of 

suspension required to possess comparable levels of protein of F. nucleatum at the 

desired MOI. This volume could then be applied in vitro in a defined volume of media. 

Figure 6.11c describes the final volumes of salivary biofilm suspension selected to be 

applied to pHGFs.  
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Following selection of these concentrations, it was found that the salivary biofilm induced an 

inflammatory response in gingival fibroblasts in a dose dependent manner 24h post-

stimulation. Where, application of the salivary biofilm at 4.2µl/ml induced 969.90% (Figure 

6.12, p<0.001) and 18.58% (Figure 6.13, p<0.001) increases in IL-8 secretion and ROS 

production respectively relative to the unstimulated control. Hence, this concentration was 

selected to assess the effects of PBM in modulating inflammation induced by salivary biofilm 

application.  

 Interestingly, Figure 6.14 also provides data indicating the effects of pro-inflammatory 

stimuli on IL-8 secretion were bacterial dependent where application of LPS, F. nucleatum or 

salivary biofilm induced 1102.13%, 1422.03% and 969.99% increases in IL-8 secretion relative 

to an untreated control (p<0.001). Comparatively, application of P. gingivalis induced a 

176.4% increase in IL-8 secretion, which was significantly lower than levels induced by the 

other pro-inflammatory stimuli (p<0.001). 
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Figure 6.11 The methodology used to calculate protein concentrations of salivary biofilm comparable 
to those applied to induce inflammation using a suspension of F. nucleatum in vitro. In which firstly, a 
3 point serial dilution of each bacterial stimulus was created using 25, 12.5 and 6.25µl (n=3). Volumes 
were selected based on experimental protocol of the Pierce BCA protein assay. A standard curve (see 
appendix) was then used to calculate protein content at each volume of the suspension where a) 
indicates protein concentration in a serial dilution of heat inactivated F. nucleatum polymorphum 
(3.8x10⁹:1 MOI suspension) and b) indicates protein concentration in a serial dilution of heat 
inactivated salivary biofilm. From this, volumes of the biofilm suspension could be selected for 
experimentation based upon volumes and thus protein concentrations used to stimulate inflammation 
by F. nucleatum in vitro as described in section 6.3.1. These were calculated from the equations of the 
standard curves depicted in a) and b) and results are described in c). 
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Figure 6.12 The effects of increasing concentrations (‘heat inactivated’ salivary suspension was added 
to phenol red free media containing 10% FBS to produce a final volume of 10ml) of salivary biofilm 
suspension on IL-8 secretion from pHGFs (p7, n=10) 24h post-application. Significance was analysed 
using one-way ANOVA followed by Tukey test where different letters indicate significant differences 
between means.  
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Figure 6.13 The effects of increasing concentrations of salivary biofilm (salivary suspension was added 
to phenol red free media containing 10% FBS to produce a final volume of 10ml) on ROS production 
24h post-application, where ROS production was measured as a % of the unstimulated control 
(unstimulated control was normalised to 0%). Significance was assessed using one way ANOVA 
followed by Tukey test where different letters indicate significant differences between means.  
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Figure 6.14 The effects of LPS (1µg/ml, n=10, pool p6/7), F. nucleatum (100:1 MOI, n=10, pool p7), 
Salivary biofilm (4.2µl/ml = 300:1 MOI, n=12, pool p7) and P. gingivalis (500:1 MOI, n=12, pool p7) on 
IL-8 secretion 24h post-application, relative to respective untreated controls. Significance was 
assessed using one way ANOVA followed by Tukey test in which significance is indicated where means 
do not share the same letter.    
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6.4 The effects of PBM on cell number and metabolic activity 

To aid comparison with data evaluating the effects of PBM following application of LPS (see 

section 5.3.1), the effects of PBM following application of F. nucleatum, P. gingivalis or 

salivary biofilm on cell number and metabolic activity were evaluated.  

6.4.1.1 Results 

Results indicate the effects of pro-inflammatory stimuli on cell number. Where, application 

of F. nucleatum, P. gingivalis or salivary biofilm induced 2.29% (ns, Figure 6.15), 10.83% (ns, 

Figure 6.16) and 23.08% (p<0.05, Figure 6.17) decreases in cell number respectively relative to 

the corresponding untreated control. However, whilst irradiation at 450 nm induced 14.96% 

(Figure 6.16b) and 7.15% (Figure 6.17b) increases in cell number relative to the P. gingivalis or 

salivary biofilm treated control 24h post-application respectively, these increases were not 

significant. Indeed, light application induced no significant changes in cell number relative to 

any respective bacterially stimulated control. The greatest mean changes in cell number 

induced by light however, were those induced by irradiation at 450 nm following application 

of salivary biofilm (Figure 6.17). Interestingly, salivary biofilm was also the only pro-

inflammatory stimulus to cause significant reductions (p<0.05) in cell number relative to the 

untreated control at all-time points assessed (8, 24, 120 and 144h post-application of a 

stimulus, Figure 6.17).  

 Comparatively however, PBM did induce significant changes in cell metabolic activity 

relative to stimulated controls. Where, following application of F. nucleatum, irradiation at 

400 nm or 450 nm induced 9.36% and 8.19% increases in cell metabolic activity relative to the 

F. nucleatum treated control (p<0.05, Figure 6.18), respectively. Similarly, application of 450 

nm light to P. gingivalis or salivary biofilm treated cultures induced 9.04% (Figure 6.19, p<0.05) 
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and 5.40% (Figure 6.20, p<0.05) increases in cell metabolic activity respectively relative to their 

particular bacterially stimulated control.  

 Interestingly, similar to LPS treated cultures (5.3.1), F. nucleatum induced significant 

increases in cell metabolic activity relative to the untreated control (5.34%, p<0.05, Figure 

6.18). In comparison, however application of P. gingivalis or salivary biofilm induced 29.27% 

(p<0.05, Figure 6.19) and 2.56% (p<0.05, Figure 6.20) decreases in cell metabolic activity 

relative to the untreated control. However, despite this blue light (400-450 nm) induced 

significant increases in cell metabolic activity following application of either of the three 

bacterial stimuli. Indeed, 810 nm light application only induced significant increases in MTT 

following application of salivary biofilm (p<0.05, Figure 6.20). However, application of NIR light 

only induced increases in cell metabolic activity of 1.99% relative to the salivary biofilm 

treated control.   
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Figure 6.15 PBM modulates (400-810 nm, 24mW/cm², 5.76J/cm²) F. nucleatum (MOI 100:1) induced 
changes in cell growth (pHGF pool p7, n=12, 4 replicates per plate) 8-120hr post-application of stimuli. 
a) Shows real time changes in growth from 8-120hr post application of a stimulus and b) shows the 
percentage change in cell number at three time points (8, 24, 120h) post application of a stimulus 
relative to the F. nucleatum treated control, where the F. nucleatum control was normalised to 0. 
Significance was measured using one way ANOVA followed by Tukey test in which significance is 
indicated where means do not share the same letter(p<0.05).    
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Figure 6.16 Application of light (400-810 nm, 24mW/cm², 5.76J/cm²) following P. gingivalis (MOI 
500:1) can modulate cell growth (pHGF pool p7, n=12, 4 replicates per plate) 120hr post-application 
of stimuli and how this compares to cell growth without the application of either light or P. gingivalis. 
a) Shows real time changes in growth from 8-120hr post-application of a stimulus and b) shows the 
percentage change in cell number at three time points (8, 24, 120h) post-application of a stimulus 
relative to the P. gingivalis treated control, where the P. gingivalis control was normalised to 0. 
Significance was measured using one way ANOVA followed by Tukey test in which significance is 
indicated where means do not share the same letter (p<0.05).    
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Figure 6.17 Application of light (400-810 nm, 24mW/cm², 5.76J/cm²) following salivary biofilm 
treatment (4.2µl/ml) can modulate cell growth (pHGF pool p7, n=30, 10 replicates per plate) 120hr 
post application of stimuli and how this compares to cell growth without the application of either light 
or salivary biofilm. a) shows real time changes in growth from 8-120hr post application of a stimulus 
and b) shows the percentage change in cell number at three time points (8, 24, 120h) post application 
of a stimulus relative to the salivary biofilm treated control, where the salivary biofilm control was 
normalised to 0. Significance was measured using one way ANOVA followed by Tukey test in which 
significance is indicated where means do not share the same letter (p<0.05).    
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Figure 6.18 The effects of F. nucleatum (MOI 100:1) or F. nucleatum and light (400-810 nm, 5.76J/cm², 
24mW/cm², 240s) on cell metabolic activity from pHGFs (pool p7, n=18, 6 replicates per plate) relative 
to an untreated control 24h post application. Where, significance was measured using one way ANOVA 
followed by Tukey test in which significance is indicated where means do not share the same letter 
(p<0.05).   
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Figure 6.19 The effects of P. gingivalis (MOI 500:1) or P. gingivalis and light (400-810 nm, 24mW/cm², 
5.76J/cm², 240s) on cell metabolic from pHGFs (pool p7, n=18, 6 replicates per plate) relative to an 
untreated control (ctrl), where the control was normalised to 0%. Significance was assessed using one 
way ANOVA followed by Tukey test where means that do not share the same letter are significantly 
different (p<0.05). 
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Figure 6.20 The effects of salivary biofilm (4.2µl/ml) or salivary biofilm and light (400-810 nm, 
24mW/cm², 5.76J/cm², 240s) on cell metabolic from pHGFs (pool p7, n=30, 10 replicates per plate) 
relative to an untreated control (ctrl), where the control was normalised to 0%. Significance was 
assessed using one way ANOVA followed by Tukey test where means that do not share the same letter 
are significantly different (p<0.05). 
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6.5 The effects of PBM on markers for inflammation in gingival fibroblast cultures 

Following assessment of the effects of PBM in modulating changes in cell growth and 

metabolic activity induced by bacterial stimuli, the effects on markers for inflammation were 

investigated. These studies involved assessment of the effects of PBM in modulating changes 

in IL-8 and TGFβ1 secretion induced by the application of F. nucleatum, P. gingivalis or salivary 

biofilm. Data obtained would then also enable comparison with results presented in section 

5.5. 

6.5.1 Results 

Results demonstrate the effects of PBM in modulating changes in inflammation induced by 

bacterial stimuli. Where, application of 400 nm light induced 11.29% reduction in ROS 

production relative to the F. nucleatum treated control (p<0.05, Figure 6.21a). Similarly, 

irradiation at 400 nm induced 10.4% and 9.29% decreases in ROS production relative to the 

salivary biofilm treated control (p<0.05, Figure 6.21b) and P. gingivalis treated control 

respectively (p<0.05, Figure 6.21c). Interestingly, application of 450 nm light also induced 

16.26% and 5.43% decreases in ROS production relative to the salivary biofilm and P. 

gingivalis treated controls, respectively (p<0.05). However, application of 810 nm light only 

induced significant decreases in ROS production relative to the F. nucleatum or P. gingivalis 

treated controls (p<0.05) but not the salivary biofilm treated control.  

Application of 400 nm light also induced 32.12%, 7.29% and 21.33% decreases in 

TGFβ1 secretion relative to the F. nucleatum (p<0.05, Figure 6.22a), salivary biofilm (p<0.05, 

Figure 6.22b) or P. gingivalis (p<0.05, Figure 6.22c) treated controls respectively. Irradiation at 

450 nm also induced 18.03% and 24.95% decreases in TGFβ1 secretion relative to the F. 

nucleatum (p<0.05) or P. gingivalis (p<0.05) treated controls respectively.  
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 Data also demonstrated that 400 nm light induced 9.89% and 13.63% decreases in IL-

8 secretion relative to the F. nucleatum (p<0.05, Figure 6.23a) or salivary biofilm (p<0.05, Figure 

6.23b) treated control. Figure 6.23b also shows that irradiation at 450 nm or 810 nm light 

induced 14.17% and 14.77% decreases in IL-8 secretion relative to the salivary biofilm treated 

control (p<0.05). Comparatively, Figure 6.24 shows application of 400 nm, 450 nm or 810 nm 

light induced 36.45%, 28.43% and 29.15% increases in IL-8 relative to the P. gingivalis treated 

control (p<0.05). 
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Figure 6.21 The effects of a) F. nucleatum (MOI 100:1), b) salivary biofilm (4.2µg/ml), c) P. gingivalis 
(MOI 500:1) or PBM and the respective bacterial stimulus (400-810 nm, 24mW/cm², 5.76J/cm²) on ROS 
production 24h post application relative to an untreated control, where the control was normalised to 
0% (pHGF pool p6/7, n=18 per treatment group, 6 replicates per plate). Significance was assessed using 
one way ANOVA followed by Tukey test in which significance is indicated where means do not share 
the same letter (p<0.05).   
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Figure 6.22 The effects of a) F. nucleatum (MOI 100:1), b) salivary biofilm (4.2µg/ml), c) P. gingivalis 
(MOI 500:1) or the respective bacterial stimulus and light (400-810 nm, 24mW/cm², 5.76J/cm²) on 
TGFβ1 secretion 24h post application, relative to an untreated control, where the untreated control 
was normalised to 0% (pHGF pool p7, n=12 per treatment group). Significance was analysed using one 
way ANOVA followed by Tukey test in which significance is indicated where means do not share the 
same letter.   
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Figure 6.23 The effects of a) F. nucleatum (MOI 100:1), b) salivary biofilm (4.2µg/ml) or light (400-810 
nm, 24mW/cm², 5.76J/cm²) and the respective bacterial stimulus on IL-8 secretion 24h post application 
from pHGFs (pool p7, n=12 replicates per treatment group) relative to an untreated control, where the 
treated control was normalised to 100%. Significance was analysed using one way ANOVA followed 
by Tukey test in which means that do not share the same letter are significantly different.  
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Figure 6.24 The effects of P. gingivalis (MOI 500:1) or P. gingivalis and light (400-810 nm, 24mW/cm², 
5.76J/cm²) on IL-8 secretion from pHGFs (pool p7, n=12 replicates per treatment group), relative to the 
stimulated control, where the P. gingivalis treated control was normalised to 100%. Significance was 
assessed using one way ANOVA followed by Tukey test in which significance is indicated where means 
do not share the same letter.  
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6.6 Discussion 

6.6.1 Growth and characterisation of orally relevant stimuli 

The results demonstrated confirmation of the presence of two key pathogens associated with 

periodontitis in bacterial samples: F. nucleatum and P. gingivalis (6.2.1).  F. nucleatum plays 

a key role in periodontal disease due to its ability to coaggregate with not only key 

periopathogenic species such as P. gingivalis but also early colonisers including Streptococcus 

gordonii through expression of various membrane proteins, such as FomA (Nobbs et al., 

2011). Hence, F. nucleatum is vital in enabling the shift of species colonising the oral cavity, 

causing dysbiosis and therefore disease. Interestingly, increases in P. gingivalis have also been 

associated with increases in the severity of periodontal diseases (How et al., 2016, Rafiei et 

al., 2017). Hence, these data provide evidence of two stimuli for application in vitro, more 

relevant to periodontal disease pathogenesis than LPS (as described in chapter 5). 

However, whilst these bacterial stimuli have been cited to play key roles in periodontal 

diseases, a possible 600 different species have been reported to colonise the oral cavity, with 

approximately 100 or more species identified per individual (Dewhirst et al., 2010a). Hence, 

to provide a more relevant model for bacteria colonising the oral cavity, saliva was harvested 

from periodontally healthy individuals, pooled and biofilm was grown for 7 days and 

characterised. Figure 6.5 indicates the most abundant phyla in the biofilm was Firmicutes, 

followed by Proteobacteria. Interestingly, a number of studies have also reported the most 

abundant phyla in the human oral microbiome is Firmicutes. However, the relative abundance 

of this phyla can vary greatly from 36.7% (Dewhirst et al., 2010b) to >60% (Mok et al., 2017, 

Koren et al., 2011b) dependent upon the study and subjects examined. This may be 
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dependent upon a number of factors including the patient from which the biofilm was 

extracted from or indeed biofilm culture methodologies.  

The most abundant genus within the biofilm was Streptococcus (75.16%, Figure 6.7) which 

is in line with current literature suggesting Streptococci are the predominant genus of the oral 

microbiome (Klug et al., 2016a), particularly in biofilm derived from saliva (Eriksson et al., 

2017). However, data also demonstrated the second most abundant genus within the biofilm 

was Staphylococci (19.39%). Whilst Staphylococci are not generally considered as part of the 

normal oral flora, current data indicates 94% of healthy adults exhibit oral colonisation of 

Staphylococcus species (Jackson et al., 2000). Staphylococci species have also been isolated 

from both subgingival and supragingival plaque (Smith et al., 2001). Hence, these data provide 

further evidence of the relevance of this biofilm model to species cited to be abundant within 

the oral cavity. 

Other genus abundant in the biofilm included Aggregatibacter and Veillonella. Whilst 

species within the Aggregatibacter genus were not defined within this biofilm, one particular 

species has been shown to play a crucial role in periodontitis: Aggregatibacter 

actinomycetemcomitans (Herbert et al., 2016). Hence, further sequencing and optimisation 

of DNA extraction techniques may have revealed more information regarding the species 

colonising this biofilm. Where, 97.69% of the species within the biofilm were not defined. 

Interestingly, two species of particular interest were defined and these included Veillonella 

dispar (0.15%) and Veillonella parvula (0.55%). Veillonella species are common oral 

commensals, whose presence in the oral cavity have been cited to correlate with decreased 

oral hygiene (Mashima et al., 2016).  
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However, despite a broad range of relevant oral bacterial species colonising this model 

biofilm, no Fusobacterium or Porphyromonas species were identified as being present. The 

lack of abundance of Porphyromonas sp within the biofilm may have been due to the method 

of sampling or indeed, due to the negative reciprocal regulation between Streptococcus and 

Porphyromonas sp (Wang et al., 2009). In which, Streptococcus sp including Streptococcus 

intermedius produce an extracellular arginine deaminase which signals the downregulation 

of Mfa1 (Christopher et al., 2010b). Mfa1 is a short fimbrae protein expressed by P. gingivalis 

to enable coaggregation with Streptococcus species including Streptococcus gordonii (Chawla 

et al., 2010). Hence, downregulation of Mfa1 inhibits coaggregation and therefore P. 

gingivalis colonisation within the biofilm.  Interestingly, Langefdt et al also reported no 

Porphyromonas sp were detected within human oral biofilm samples cultured in vivo for up 

to 14 days (Langfeldt et al., 2014).   

Undetectable levels of Fusobacterium sp may have been due to biofilm culture methods, 

DNA extraction technique or the individual’s saliva the biofilm was isolated from. Indeed, 

authors have reported the relative abundance of Fusobacterium sp can vary dependent upon 

the individual the biofilm was isolated or grown from (Klug et al., 2016b).  

Hence, data demonstrate a biofilm model more relevant to health, in which the genus 

most commonly associated with health, Streptococcus, predominates. However, some 

Streptococcus species are also associated with disease including Streptococcus mutans, 

whose presence in oral biofilm is linked to the onset of dental caries (Loesche, 1986). Whilst, 

this species was not detected within the biofilm, Streptococcus anginosus was identified, 

another Streptococcus sp associated with the onset of dental caries (Kianoush et al., 2014). 

Some species relevant to gingivitis including Campylobacter (<0.01%) and Prevotella (0.17%) 
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were also present in low abundance (Palmer, 2014). Therefore, future work may involve 

growth of biofilms more relevant to oral disease and evaluation of how these stimuli influence 

inflammation in vitro.  

Therefore, these data indicate bacterial stimuli relevant to those found in the oral cavity. 

Two of which are commonly associated with disease (F. nucleatum and P. gingivalis) and a 

salivary biofilm mainly containing species more relevant to health.  

 

6.6.2 Determining the optimal dose of pro-inflammatory stimuli required to induce in 

vitro inflammation 

Following confirmation of bacterial species within bacterial samples as described in section 

6.6.1, the concentrations of F. nucleatum, P. gingivalis and salivary biofilm required to induce 

increases in ROS production and IL-8 secretion were assessed.  

 It was determined that a MOI of 100:1 of F. nucleatum was able to induce 29.74% and 

1422.03% increases in ROS production and IL-8 secretion, respectively (p<0.001, 6.3.1). 

Interestingly a series of publications also report the use of a MOI of 100:1 to induce significant 

increases in IL-8 secretion (Tang et al., 2016, Huang et al., 2001). Therefore, this concentration 

was selected for application in vitro. 

  Comparatively, a MOI of 500:1 of P. gingivalis was required to induce significant 

increases in ROS production (14.95%, p<0.001) and IL-8 secretion (176.45%, p<0.05).  

Interestingly, the levels of IL-8 secretion induced by P. gingivalis were significantly lower than 

those induced by F. nucleatum (Figure 6.10). Stathopoulou et al also reported similar results, 

where application of heat inactivated P. gingivalis at a MOI:100 induced IL-8 secretion only a 
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fraction of that induced by heat inactivated F. nucleatum at the same concentration (Sahingur 

and Yeudall, 2015). Interestingly, Milward et al also reported similar findings where 

application of heat inactivated F. nucleatum (MOI 100:1) induced significantly higher levels of 

IL-8 gene expression from epithelial cells when compared to P. gingivalis (MOI 100:1) treated 

cultures  (Milward et al., 2007). This may be due to the ‘immunoevasive phenotype’ P. 

gingivalis exhibits. In which this periopathogen produces cysteine proteases known as 

gingipains, key virulence factors that cleave chemokines including IL-8 (Yamatake et al., 2007). 

This enables P. gingivalis to evade the host immune response and induce tissue destruction 

(Hajishengallis, 2011).  However, further work will be required to determine whether 

gingipains are denatured at temperatures used to heat-inactivate bacteria. Indeed current 

indications suggest IL-8 secretion induced by heat killed P. gingivalis is significantly higher 

than that induced by live P. gingivalis (Palm et al., 2013). Subsequently a MOI of 500:1 was 

selected to evaluate the effects of P. gingivalis on gingival fibroblasts in vitro. 

 Following selection of concentrations of F. nucleatum and P. gingivalis to be applied 

in vitro, the effects of salivary biofilm on inflammation were assessed. However, to enable 

comparable studies a concentration range to assess the dose dependent effects of salivary 

biofilms on markers for inflammation was performed. This involved assessing protein 

concentrations in both F. nucleatum and salivary biofilm samples. Subsequently, a protein 

concentration range comparable to that used to induce inflammation by heat inactivated F. 

nucleatum in vitro was selected (4.2-0.8µl/ml, Figure 6.11c).  

Whilst other assays including the LAL assay, which measure relative levels of LPS in 

samples (Schwarz et al., 2017), may have been more reliable to enable the selection of a 

concentration range used to induce inflammation by LPS, P. gingivalis and also F. nucleatum, 



 

280 
 

data demonstrates the method used was sufficient to provide evidence of the dose 

dependent effects of salivary biofilm on markers for inflammation. Subsequently a 

concentration of 4.2µg/ml of salivary biofilm induced 18.58% and 969.98% increases in ROS 

production and IL-8 secretion respectively (p<0.001, Figure 6.12 and Figure 6.13). Hence this 

concentration was selected for application in vitro.  

Therefore, these data demonstrate heat-inactivated F. nucleatum, P. gingivalis and 

salivary biofilm were effective in inducing significant increases in ROS production and IL-8 

secretion in a dose dependent manner. Hence, the effects of PBM in modulating inflammation 

induced by these bacterial stimuli were evaluated. 

6.6.3 The use of PBM for modulating cell number and metabolic activity 

Data demonstrated that PBM induced no significant effect on cell number following 

application of F. nucleatum, P. gingivalis or salivary biofilm (6.4.1.1). Interestingly, however 

application of salivary biofilm did induce significant decreases in cell number relative to the 

untreated control. These data are in agreement with current publications suggesting biofilm 

constituents can impede wound healing and thus cellular growth (Jeffery Marano et al., 2015). 

However, whilst PBM did induce mean increases in cell number 24h post application of 450 

nm light and salivary biofilm, these changes were not significant. Several authors have 

reported application of multiple doses of light could effects including increased cell growth, 

the induction of which is crucial in inducing tissue healing (Holder et al., 2012, Santos et al., 

2014, Soleimani et al., 2012). Hence, future work may involve application of double doses of 

blue or NIR light to provide some clarity as to what extent dose of light influences markers for 

cellular activity in vitro. 
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 However, comparatively PBM did induce significant changes in cell metabolic activity. 

Indeed, application of 400 nm or 450 nm light resulted in significant increases in cell metabolic 

activity of F. nucleatum, P. gingivalis and salivary biofilm treated controls. Interestingly, whilst 

F. nucleatum and salivary biofilm induced significant increases in cell metabolic activity, P. 

gingivalis induced significant decreases. Whilst, Kang et al reported that F. nucleatum induced 

no cytotoxic effects on oral epithelial cell cultures (Kang et al., 2011), these data are the first 

to report F. nucleatum could drive increases in metabolic activity from gingival fibroblast. 

However, comparatively Le et al also reported application of heat inactivated P. gingivalis to 

cultures induced significant decreases in cell metabolic activity (Le et al., 2009). Interestingly, 

P. gingivalis has been reported to perturb mitochondrial function and hence, as MTT assay 

provides a marker for mitochondrial activity, this may explain the decrease in metabolic 

activity induced by this periopathogen (Bullon et al., 2011). Currently there are no 

publications reporting the effects of F. nucleatum or salivary biofilm on mitochondrial activity. 

It may therefore, be prudent to evaluate the effects of various periopathogen on 

mitochondrial function in the future.  Hence, the data presented here show the bacterial 

stimuli dependent effects on cell metabolic activity and also corroborate with data described 

in section 5.6.2. 

 In conclusion, whilst these data suggest PBM has no significant effect on cell number, 

they do suggest blue light in particular can modulate changes in cell metabolic activity induced 

by application of bacterial stimuli.  

6.6.4 The utility of PBM in modulating markers for inflammation in vitro. 

Results indicate that PBM could be an effective modality in modulating inflammation induced 

by bacterial stimuli. Figure 6.21 provides evidence that PBM can induce decreases in ROS 
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production, particularly at a wavelength of 400 nm relative to F. nucleatum, P. gingivalis or 

salivary biofilm treated controls. A series of authors have reported the modulatory effects of 

PBM on ROS production both in vitro and in vivo (Tatmatsu-Rocha et al., 2016, Erthal et al., 

2016, Bartos et al., 2016). Interestingly, Huang et al also reported that 810 nm light induced 

significant reductions in ROS production following application of pro-inflammatory stimuli 

such as hydrogen peroxide (H₂O₂) to primary cortical neurones (Huang et al., 2013). Similarly, 

Lim et al also reported that application of 635 nm light to LPS treated gingival fibroblasts, 

significantly reduced ROS production (Lim et al., 2015). However, data presented here are the 

first reports to demonstrate that blue light could be as effective as NIR light in inducing 

decreases in inflammation induced by periodontally relevant stimuli. Song et al also reported 

that application of light at 456 nm and a dose of 7.5J/cm² induced significant reductions in 

both P. gingivalis and F. nucleatum biofilm formation (Song et al., 2013). These data therefore 

provide evidence that blue light could not only be an efficacious in modulating ROS 

production induced by periodontal pathogens. In addition as blue light has bactericidal effects 

then this wavelength could be important in the management of periodontal disease (Song et 

al., 2013, Felix Gomez et al., 2018, Schnedeker et al., 2017).  

These data also provide evidence that PBM is effective in reducing TGFβ1 secretion, 

particularly following application of 400 nm light to F. nucleatum or P. gingivalis treated 

cultures (Figure 6.22). Indeed only application of 400 nm light induced mean decreases in 

TGFβ1 secretion from salivary biofilm treated cultures. Despite this, these results corroborate 

with those described in section 6.5.1 where blue light induced significant decreases in TGFβ1 

secretion from LPS treated HGFs. Results also demonstrate application of pro-inflammatory 

stimuli induce increases in TGFβ1 secretion. Previous studies have also shown that application 

of P. gingivalis (Zhang et al., 2013) and F. nucleatum (Bolstad et al., 1996) induce significant 
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increases in TGFβ1 secretion, increases of which have been associated with the progression 

of oral disease (Wahl et al., 1993). Hence, data is suggestive that blue light could be used to 

modulate TGFβ1 secretion induced by P. gingivalis, F. nucleatum and LPS (5.5). However, 

further work will be required to determine the effects of PBM on TGFβ1 secretion from 

cultures treated with a salivary biofilm model which may be more relevant to oral disease.   

Whilst, application of PBM has been shown to modulate both ROS production and TGFβ1 

secretion, results presented here demonstrated that effects of PBM on IL-8 secretion were 

pro-inflammatory stimulus dependent. Indeed, irradiation of salivary biofilm and F. 

nucleatum treated cultures at 400 nm induced significant decreases in IL-8 secretion relative 

to the treated control (Figure 6.23).  As discussed in section 5.6.4, this could prove beneficial 

in modulation of disease as IL-8 is a key periodontal biomarker and driver of disease 

pathogenesis (Lagdive et al., 2013).   

Comparatively, whilst application of P. gingivalis induced significant increases in IL-8 

secretion, irradiation at 400 nm, 450 nm or 810 nm further exacerbated this increase (Figure 

6.24). However, the levels of IL-8 secretion induced by P. gingivalis were relatively small 

compared with those induced by F. nucleatum, salivary biofilm or indeed LPS, as is discussed 

in section 6.6.2. Current studies suggest that light acts in a biomodulatory manner, whereby 

application of light to chronically inflamed tissues induces significant decreases in 

inflammation but, irradiation of ‘healthy’ tissue induces significant increases in inflammation 

(Tatmatsu-Rocha et al., 2016, Milward et al., 2015, Huang et al., 2013), see section 5.7.4). 

Hence, application of P. gingivalis may not have induced inflammation to this hypothetical 

‘chronic inflammation’ threshold and thus light induces further increases in inflammation. 

This increase in IL-8 secretion induced by light application may alert the immune system of 
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the presence of a bacterial stimulus, ensuring effective management of infection. However, 

further work will be required to validate this hypothesis. 

These data provide evidence that PBM could be useful in not only modulating 

inflammation induced by LPS but also stimuli more relevant to periodontal disease 

pathogenesis.   
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7 DISSECTING THE MITOCHONDRIAL 

DEPENDENT EFFECTS OF PBM  
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Parts of this chapter comprise part of a publication by Serrage et al (Serrage et al., 2019b), in 

which I am the first author and major contributor. All work described in this chapter was 

undergone by myself and sections included as part of the publication are as follows: 2.2.11.4, 

7.2 and 7.3. See appendices section 10.4  for full article. 

7.1 Introduction 

The effects of PBM on mitochondrial activity have been widely documented both in this 

project (Chapters 4-6) and in the literature (Belletti et al., 2014, Buravlev et al., 2014a, 

Buravlev et al., 2013, Buravlev et al., 2014b, Hamblin, 2018a). However, whilst the effects of 

PBM on markers of mitochondrial activity including ATP (Ferraresi et al., 2015a, Rhee et al., 

2014, Sharma et al., 2011b, Wang et al., 2017b) and ROS (Lim et al., 2007, Sharma et al., 

2011b, Silveira et al., 2013, Yuan et al., 2017) have been reported, the effects of PBM on real-

time changes in mitochondrial activity have not yet been widely assessed. Hence, this Chapter 

aimed to develop a system to measure changes in mitochondrial activity in real-time using 

the Seahorse XFe96 analyser platform (see 2.2.11.4 for further detail). The system was first 

optimised using a cell type commonly used in Seahorse assays: myoblasts (C2C12 cells (Patton 

et al., 2018, Guo et al., 2017, Frisard et al., 2015, Krajcova et al., 2015, Mookerjee et al., 

2015)). Notably, it has also been reported that PBM can modulate cellular and mitochondrial 

activity of this cell type (Alexsandra da Silva Neto Trajano et al., 2016, da Silva Neto Trajano 

et al., 2016, Serrage et al., 2019a, Silva et al., 2016, Teuschl et al., 2015b), however, to date 

no studies have evaluated the effects of blue light on C2C12 cells. 

 Another key question remaining to be asked is as to whether mitochondrial content 

could influence the cellular response to PBM. This section aimed to evaluate this using cell 

types commonly cited to possess different mitochondrial contents: myoblasts and myotubes 
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(Schoneich et al., 2014, Kraft et al., 2006). Therefore an assay to measure mtDNA was 

developed, to confirm myotubes contain a higher mitochondrial DNA content when 

compared with myoblasts. The effects of PBM on both markers and real-time changes in 

mitochondrial activity using both myoblasts and myotubes were then assessed. 

 The current literature has provided evidence that response to PBM can be variable 

dependent upon the individual the treatment is applied to. Reports evaluating the effects of 

PBM have shown that the effects of light seen in vivo are due to changes in mitochondrial 

activity. Interestingly, the literature has also shown that the mitochondrial genome can vary 

significantly from one individual to the next (Carter, 2007). Hence, this Chapter aimed to 

address whether mitochondrial content could influence response to PBM in vitro. This 

involved evaluation of the mitochondrial content of pHGFs derived from different individuals 

and subsequent investigation into the individual dependent response to light.  Data obtained 

may indicate as to why there is significant variability in response to PBM reported in the 

literature between individuals and different cell types.    
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7.2 Optimisation of a method to determine real-time changes in mitochondrial activity. 

In order to assess the effects of PBM on real-time mitochondrial activity of myoblasts, initially 

a high throughput assay (MTT) was employed to assess possible treatment parameters 

required to induce significant changes in markers for mitochondrial activity. Following 

selection of these parameters the effects of PBM on real-time mitochondrial activity were 

assessed at a number of time-points. These data were then used to determine at which point 

PBM induced the most significant changes in real-time mitochondrial activity, relative to an 

untreated control.  

7.2.1 The effects of PBM on myoblast metabolic activity 

The effects of PBM at wavelengths spanning the visible to NIR spectrum and doses relevant 

to those used in the literature (Andreo et al., 2018, Santos et al., 2018, Silva et al., 2016, 

Kushibiki et al., 2013) were employed to evaluate the modulatory effects of light on 

mitochondrial activity of myoblasts. 

7.2.1.1 Results 

Data indicated a dose and wavelength dependent effect of PBM on the mitochondrial activity 

of myoblasts 24h post-application. Where, irradiation for 30s at a wavelengths of 400 nm, 

525 nm, 810 nm or 830 nm induced 18.46%, 16.47%, 14.40% and 12.12% increases in cell 

metabolic activity, respectively (Figure 7.1, p<0.05). Interestingly, 240s irradiation with white 

light also induced 12.99% increases in MTT relative to the untreated control (p<0.05). 

However, no significant increases in MTT following irradiation for 240s with any other 

wavelengths were observed. 

 To enable comparison with results described in Chapters 4, 5 and 6, an irradiation 

period of 30s and wavelengths of 400 nm, 450 nm and 810 nm were selected for in vitro 
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application. This would then enable further clarification as to what extent blue light 

modulates mitochondrial activity when compared with NIR light.  
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Figure 7.1 High throughput analysis data for specific wavelengths (400-830 nm) and irradiation 
periods (30-240s) on cell metabolic activity of mouse myoblast cells (C2C12, n=12 replicates) 
(24mW/cm², 0.72-5.76J/cm², 30-240s). Significance is indicated by ***=p<0.001, **=p<0.01, *=p<0.05 
relative to the non-irradiated control, where all data is shown as a percentage of the non-irradiated 
control, where the non-irradiated control was normalised to 0%. Significance was assessed using one 
way ANOVA followed by Tukey test. 
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7.2.2 Time dependent effects of PBM on real-time mitochondrial activity 

Initially a Seahorse XFe96 analyser was used to assess the optimal time-point post-irradiation 

to evaluate real-time changes in mitochondrial activity induced by PBM. The Seahorse XF Cell 

Mito stress assay evaluates changes in mitochondrial activity through the sequential injection 

of compounds that directly alter the activities of the mitochondrial electron transfer chain 

(ETC) as described in Section 2.2.11.4. 

7.2.2.1 Results 

The results presented show the time dependent effects of PBM. Figure 7.2 shows a 

representative image of the trace produced through the duration of the Seahorse cell mito 

stress assay. Application of compounds either induced inhibitory (Oligomycin, antimycin A 

and rotenone, inhibit the activities of complexes IV, III or I of the ETC respectively) or 

stimulatory (FCCP, uncoupling agent enabling ETC activities to occur at maximal rates) effects 

on ETC activity causing fluctuations in the oxygen consumption rate (OCR) of the studied cell 

type. Subsequently, traces produced showed data for 1, 8 and 24h post application of PBM.  

 Figure 7.3c provides evidence that changes in mitochondrial activity 24h post 

application of PBM could not be reliably measured. Indeed, the trace generated at this time-

point was not comparable with the example described in Figure 7.2 in which Oligomycin 

induced significant decreases in OCR.   Comparatively, the trace produced 1h post-irradiation 

was similar to that displayed in the example (Figure 7.3a). However, OCR was variable between 

replicates and therefore there was a high standard deviation around the mean, particularly 

following application of FCCP. Hence, the effects of PBM 8h post-irradiation were also 

assessed. It was found that relative OCR was lower when assessing the effects of PBM 8h post-

irradiation (max: 267.30pmol/min) compared with 1h post-irradiation (max: 
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556.95pmol/min). However, the trace was similar to that described in Figure 7.2 and the 

variability between replicates was relatively low. Hence, the effects of PBM on real-time 

mitochondrial activity were assessed at 8h post-irradiation.  
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Figure 7.2 Representative image of the points at which compounds were sequentially injected to 
modulate mitochondrial activity. This image provides an example of how a trace should appear 
following employment of the Seahorse XFe96 cell mito stress assay. In which, firstly oligomycin is 
applied to the system which inhibits complex V of the ETC thus causing a decrease in oxygen 
consumption rate (OCR, y axis) and enabling calculation of ATP production, which is calculated as the 
difference between basal respiration and proton leak. In which, proton leak is the movement of 
protons across the mitochondrial membrane, independent of ATP synthase activity (complex V). 
Subsequently FCCP is added to the system, an uncoupling agent which enables respiration to occur at 
maximal rates, inducing increases in OCR and enabling calculation of maximal respiration. Finally, 
Antimycin A and rotenone are added to the system, complex III and I inhibitors respectively. These 
directly inhibit ETC activity thus causing OCR to decrease and enabling non-mitochondrial respiration 
calculation.  

  



 

294 
 

 

 

Figure 7.3a) Changes in mitochondrial 1hr post-irradiation in which statistical analysis using one way 
ANOVA followed by Tukey test revealed there was no significant difference between control and light 
treated groups when assessing basal and maximal respiration and ATP production. This could possibly 
be due to the degree of standard deviation about means within discrete groups, b) Changes in 
mitochondrial activity 8hr post-irradiation where there is much less deviation in outcome and the trend 
in data is much more similar to the figure depicted by figure 2. c) Changes in mitochondrial activity 
24hrs post-irradiation where deviation is again larger and there is an error in the loading of antimycin 
and rotenone in 810 nm treated wells. Hence, with these data considered a time-point 8h post-
irradiation was selected due to reliability. Cells (C2C12, p6, n=6) were treated for 30s, 24mW/cm², 
0.72J/cm² at wavelengths of 400 nm, 450 nm or 810 nm and evaluated 1, 8 and 24hrs post-irradiation. 
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7.3 Determining whether the effects of PBM may be mitochondrial content dependent 

No studies to date have investigated whether mitochondrial cellular content influences 

biological response to light. Hence, myoblasts and myotubes were employed to determine to 

what extent mitochondrial content influences response to PBM in vitro.  

7.3.1 Developing and characterising a method to measure mtDNA content 

Differences in mitochondrial content in both myoblast and myotube cultures were confirmed 

through the optimisation of an assay measuring relative ratios of mitochondrial DNA (mtDNA) 

to nuclear DNA (nDNA) and quantified using a calf thymus DNA standard curve (2.2.14). 

7.3.1.1 Results 

Figure 7.4 demonstrates application of the dsDNA binding dye SYBR® safe stain (Invitrogen, 

UK) was the most effective in measuring changes in DNA concentration compared with other 

dsDNA stains including Sytox green and SYBR green I (both Thermo fisher). A Pearson 

correlation coefficient of 0.999 was obtained following application of SYBR® safe stain to 

serially diluted calf thymus DNA samples. Hence, this stain was selected for further study 

application.  

 Subsequently, DNA was isolated from myoblast and myotube cultures, mtDNA was 

amplified and relative ratios of mtDNA:nDNA in samples were quantified. Figure 7.5 provides 

evidence that myotubes possessed a 46.49% greater ratio of mtDNA:nDNA compared with 

myoblasts (p<0.05).  Hence, these data were consistent with literature indicating myotubes 

possess greater mitochondrial levels than myoblasts (Hoffmann et al., 2018). Therefore, the 

mitochondrial content dependent effects of PBM were subsequently evaluated.  
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Figure 7.4 Standard curves produced following serial dilution of calf thymus DNA (5-0.625ng/µl, n=3) and 
relative fluorescence following application of several fluorescent dsDNA stains including: 10% v/v, 5% v/v. 
2% v/v or 1% v/v dilutions of SYBR green I (Thermo fisher), Sytox green (1mM, Thermo fisher) or SYBR® safe 
dye (2% v/v, Invitrogen, UK). All dsDNA stains were diluted in TAE buffer at the concentrations described. 
These data indicated which dye would prove most effective in demonstrating decreases in relative 
fluorescence as DNA concentration decreases and to ascertain concentrations of DNA in samples using the 
equation of the line. 
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Figure 7.5: Relative differences in the ratio of mtDNA:nDNA between myoblasts and myotubes (n=4, 
p8). Significance was assessed using t-test where ***=p<0.001. 



 

298 
 

 

7.3.2 The effects of PBM on myoblasts vs myotubes 

Following validation of an assay measuring mitochondrial content, the effects of PBM on both 

markers for mitochondrial activity (MTT and ROS) in real-time were assessed. These data were 

therefore used to determine the reliability of assays cited to act as a markers for 

mitochondrial activity.  

7.3.2.1 Results 

Data generated provided evidence of the mitochondrial content dependent effects of PBM. 

Figure 7.6 indicates that whilst a wavelength of 400 nm and irradiation period of 30s induced 

significant increases in cell metabolic activity and ROS production from myoblasts and 

myotubes, increases in the activities of both these mitochondrial markers following 

irradiation at 400 nm, 450 nm or 810 nm were only observed in myotube cultures (p<0.05). 

Interestingly, application of 450 nm light to myotubes induced 8.13% and 2.60% greater 

increases in ROS and MTT respectively relative to 450 nm treated myoblast cultures. 

 These results are also comparable with those describing the effects of PBM on real-

time mitochondrial activity. Where the application of 400 nm light to myotube cultures 

induced 41.98%, 39.78%, 53.22% and 58.85% increases in basal respiration, ATP production, 

maximal respiration and spare respiratory capacity (SRC, the amount of extra ATP produced 

through oxidative phosphorylation available in the case of an increase in energy demand 

(Desler et al., 2012)) relative to the untreated control (p<0.05,Figure 7.7). Comparatively, 

application of 400 nm light to myoblast cells induced no significant changes in basal or 

maximal respiration, ATP production or SRC. Interestingly, only NIR light was able to modulate 

myoblast mitochondrial activity, where application of 810 nm light induced significant 
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increases in ATP production (17.74%, p<0.05, Figure 7.7d) and maximal respiration (21.67%, 

p<0.05, Figure 7.7c). However, application of NIR light to myotubes induced ATP production 

levels 26.83% greater than that caused by irradiation of myoblast cultures at 810 nm (Figure 

7.7d).  
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Figure 7.6 a) The effect of PBM on cell metabolic activity in myoblasts and myotubes (30s, 0.72J/cm², 
n=18) to wavelengths of 400, 450 and 810 nm. b) Indicates the effects of PBM on ROS production from 
myoblasts and myotubes (30s, 0.72J/cm², n=18) relative to the control (ctrl) which was normalised to 
0%. The effects of PBM were evaluated 8h post-irradiation. Mean values that do not share the same 
letter are significantly different (p<0.05). Significance was analysed using one way ANOVA followed by 
a post-hoc Tukey test.   
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Figure 7.7  The effects of PBM on markers for changes in real-time mitochondrial activity utilising the 
Seahorse assay from myoblasts and myotubes (myotubes, p7, myoblasts p13, n=6, effects evaluated 
8h post-irradiation). a) Presents a trace comparing response of untreated myotubes and myotubes 
treated with 400 nm light in which compounds were sequentially applied to the system to alter 
elements of oxidative phosphorylation. Data enabled calculation of specific parameters of oxidative 
phosphorylation including b) basal respiration, c) maximal respiration, d) ATP production and e) Spare 
respiratory capacity. Means that do not share the same letter are significantly different (p<0.05). 
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7.4 Assessment as to whether mitochondrial content of pHGFs may influence the 

cellular response to PBM 

The data described in Section 7 and in the publication presenting these data (Serrage et al., 

2019a),  provides evidence that response to PBM could be mitochondrial content dependent. 

Potentially PBM could theoretically induce a greater response from cell types with a higher 

mitochondrial content. This may be responsible for the variability in response frequently 

observed in PBM research. Hence, to assess this premise further, mitochondrial content of 

pHGFs isolated from different individuals was quantified and the response of these different 

cell isolates to PBM was evaluated. Studies investigated the effects of PBM on both markers 

for mitochondrial activity and changes in real-time mitochondrial activity from these different 

pHGF isolates.  

7.4.1 Individual-dependent effects of PBM on cell metabolic activity.  

Prior to investigation as to whether responses to PBM could be mitochondrial content 

dependent, a high throughput assay was used to determine the individual dependent 

response to PBM in vitro. Subsequently pHGFs isolated from four individuals (B13, B15, B16 

and B19) were irradiated at specific wavelengths (400-830 nm) and doses (2.88-5.76J/cm²) 

and the effects of light on cell metabolic activity were subsequently evaluated 24h post-

irradiation.  The effects of PBM on cell metabolic activity of a pool of three pHGF isolates (B13, 

B16 and B19) were also evaluated. This was to aid comparison with studies described in 

Chapters 4-6, in which pooled pHGFs comprising the same isolates were assayed.   

7.4.1.1 Results 

Data indicated the individual dependent response to PBM in vitro, where irradiation at 

specific wavelengths and doses induced no significant change in cell metabolic activity from 
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B15 pHGFs (Figure 7.8b) but light application did induce changes in metabolic activity from B13 

(Figure 7.8a), B16 (Figure 7.8c) and B19 (Figure 7.8d) pHGF isolates. Particularly following 

application of blue light, where irradiation at 400 nm for 240s induced increases in cell 

metabolic activity from B13 (6.22%, p<0.05), B16 (10.23%, ns) and B19 (12.16%, p<0.05) pHGF 

isolates relative to unstimulated controls.  

 Interestingly application of 450 nm or 525 nm for 120s also induced 6.86% and 9.90% 

increases in cell metabolic activity respectively from the B13 pHGF culture relative to the non-

irradiated control (p<0.05). Whilst comparable, no significant changes in metabolic activity 

following irradiation for 120s at wavelengths between 400-830 nm were detected from the 

B15, B16 or B19 cultures. Application of 450 nm for 240s also induced a 7.37% increase in cell 

metabolic activity of the B13 pHGF isolate (p<0.05). 

 When comparing the response of individual isolates of pHGFs (B13, B15, B16 and B19) 

to PBM to that of the response elicited from a pool of three pHGF isolates (B13, B16, 

B19,Figure 7.8e), it was also found that pooled pHGFs exhibited the greatest mean response 

to blue light. Indeed application of 400 nm or 450 nm light for 240s induced 14.63% and 9.17% 

increases in cell metabolic activity relative to the untreated control (p<0.05). Interestingly, 

irradiation at 400 nm also induced mean increases in the cell metabolic activity of all three 

individual pHGF isolates, however application of 450 nm light for 240s only induced significant 

increases in cell metabolic activity from the B13 isolate. Mean increases in cell metabolic 

activity induced by 400 nm light were also greater when applied to pooled pHGFs compared 

with individual cell isolates.  
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Figure 7.8: High-throughput analysis at specific wavelengths (400-830 nm) and doses (120-240s, 
24mW/cm², 2.88-5.76J/cm²) for cell metabolic activity 24h post-irradiation of a) B13 pHGF isolate (p5-
7, n=18 replicates, 6 replicates per plate).b) B15 pHGF cell isolate (p5-7, n=24) c) B16 cell isolate (n=24, 
p5-7), d) B19 cell isolate (n=24, p5-7) and e) on pooled pHGFs (p5-7, n=18)  relative to the normalised 
untreated control (normalised to 0%) 24h post-irradiation. Significance was assessed using one way 
ANOVA followed by Tukey test, where means that do not share the same letter are significantly 
different (p<0.05).    
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7.4.2 The effects of PBM could be mitochondrial content dependent.  

Results presented in Section 7.4.1 indicate that responses to PBM could be individual 

dependent. Hence, the next step in this project was to determine whether the differential 

response to PBM between pHGF isolates could be due to mitochondrial content. Hence, in 

order to evaluate this, mitochondrial content of three pHGFs isolates (B15, B16 and B19) and 

a pool of three pHGF isolates (B13, B16, B19) was quantified. The effects of PBM on 

mitochondrial activity were assessed at the same passages (p6-7) for all cell isolates. The same 

passage number was used for each isolate as literature indicates passage number of pHGFs 

can influence both cell growth rate and cytokine release (Kent et al., 1996). The effect of PBM 

on both markers of mitochondrial activity and changes in mitochondrial activity were then 

assessed 8h post-irradiation as previously described and this enabled comparison with results 

described in Section 7.3.2. 

7.4.2.1 Results 

The results presented here provide evidence that pHGFs isolated from different individuals 

elicit a response to PBM dependent upon their mitochondrial content. Results revealed 

mitochondrial content of B19 and pool pHGFs was significantly higher than B15 and B16 cell 

isolates (p<0.05, Figure 7.9). Where B19 and pooled pHGFs exhibited mtDNA:nDNA ratios 

54.01% and 64.13% greater than the B16 isolate respectively (p<0.05). 

 Interestingly, application of 400 nm light for 240s induced 14.90% and 16.17% 

increases in cell metabolic activity of B19 and pooled pHGF isolates (high mitochondrial 

content) respectively relative to the unstimulated control 8h post-irradiation (p<0.05, Figure 

7.10). Whilst, irradiation of B15 and B16 (low mitochondrial content) isolates at the same 

parameters induced no significant increase in cell metabolic activity relative to the untreated 
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control. Similarly, irradiation at 400 nm for 240s also induced 17.9% and 36.89% increases in 

IL-8 secretion from B19 and pool isolates 8h post-irradiation (p<0.05, Figure 7.12)  but there 

was no significant increase in IL-8 secretion following application of 400 nm light to B15 and 

B16 pHGF cultures. Hence, these data indicate cell isolates with a higher mitochondrial 

content may respond more significantly in particular, to 400 nm light.  

However, this same trend was not seen when evaluating the effects of PBM on ROS 

production. Where, irradiation at 400 nm induced 9.32%, 16.92% and 10.36% increases in 

ROS production from B16, B19 and pooled pHGFs respectively relative to the non-irradiated 

control (p<0.05, Figure 7.11). Comparatively, application of 450 nm light induced significant 

increases in ROS production from the B15, B16 and B19 isolates but not from the pooled pHGF 

cultures: the cell isolate with the highest mitochondrial content. Also, irradiation of B15 and 

B19 isolates at 810 nm for 240s induced 13.75% and 8.16% increases in ROS production 

respectively relative to the non-irradiated control. 

To further evaluate the mitochondrial content dependent effects of PBM in vitro, two 

individual pHGF isolates with the highest (B19) and lowest (B16) mitochondrial contents were 

used to investigate the effects of irradiation on real-time mitochondrial activity. It was found 

that mitochondrial content does influence response to blue light in this study. Where, 

application of 400 nm light to B19 (high mitochondrial content) cultures induced 29.30%, 

64.50%, 31.66% and 57.72% increases in basal respiration, maximal respiration, ATP 

production and SRC respectively 8h post-irradiation relative to the unstimulated control 

(p<0.05, Figure 7.14). Comparatively, application of 400 nm or 450 nm light to B16 (low 

mitochondrial content) pHGFs induced no significant changes in basal or maximal respiration, 

ATP production or SRC. However, irradiation at 810 nm for 240s did induce 29.46% increases 
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in basal respiration from B16 cultures relative to the non-irradiated controls (p<0.05) but this 

was the only significant change in mitochondrial activity caused by light application to B16 

cultures.  
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Figure 7.9 Relative differences in ratios of mtDNA:nDNA  quantified from fibroblasts isolated from three 
individuals  (n=4, p7, B15, B16, B19) or the mtDNA:nDNA when three patient isolates were pooled and 
grown together (pool, n=4, B13, B16, B19, p7). Significance is indicated where means do not share the 
same letter. Significance was analysed using one way ANOVA followed by Tukey test (p<0.05).    
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Figure 7.10 The effects of PBM (400-810 nm, 24mW/cm², 5.76J/cm²) on the cell metabolic activity of 
B15, B16, B19 and pool (B13, B16, B19) pHGF isolates (all p6/7, n=18) 8h post-irradiation relative to 
the non-irradiated control. The non-irradiated control was normalised to 0% and % change in cell 
metabolic activity induced by light is presented relative to the control. Significance was assessed using 
one-way ANOVA followed by Tukey test. Means that do not share the same letter are significantly 
different (p<0.05).   
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Figure 7.11 The effects of PBM (400-810 nm, 24mW/cm², 5.76J/cm²) on ROS production from B15, 
B16, B19 and pool (B13, B16, B19) pHGF isolates (all p6/7, n=18) 8h post-irradiation relative to the 
non-irradiated control, which was normalised to 0%. Significance was assessed using one-way 
ANOVA followed by Tukey test. Means that do not share the same letter are significantly different 
(p<0.05). 
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Figure 7.12 The effects of PBM (400-810 nm, 24mW/cm², 5.76J/cm²) on IL-8 secretion from B15 (n=8, 
p7), B16 (n=8, p7), B19 (n=8, p7) and pooled (B13, B16, B19, n=13, p7) pHGF isolates 8h post-
irradiation relative to the non-irradiated control which was normalised to 0%. Significance was 
assessed using one-way ANOVA followed by Tukey test. Means that do not share the same letter are 
significantly different (p<0.05).  

  



 

314 
 

 

Figure 7.13 Changes in mitochondrial activity induced by PBM (400-810 nm, 5.76J/cm², 24mW/cm²), 8h post 
application to a) B16 pHGF isolate (p7, n=6) and b) B19 pHGF isolate (p7, n=6) analysed using the Seahorse 
cell mito stress assay. Abrupt changes in the traces above indicate the injection of compounds altering ETC 
activity. OCR values were also normalised for protein content. 
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Figure 7.14 The effect of PBM 8 hours post-irradiation on a) basal respiration, b) ATP production, c) 
Maximal respiration, d) Spare respiratory capacity from B16 (p7, n=6) or B19 (p7, n=6) pHGF isolates 
irradiated for 240s at wavelengths between 400-810 nm. Significance was assessed using one-way 
ANOVA followed by Tukey test. Means that do not share the same letter are significantly different 
(p<0.05). 
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7.5 Discussion 

7.5.1 Assessment of the mitochondrial dependent effects of PBM.  

The data presented in this Chapter provide evidence of a well characterised system for 

exploration of the mitochondrial content dependent effects of PBM using cell types 

commonly reported to possess different mitochondrial numbers: namely myoblasts and 

myotubes (Wagatsuma and Sakuma, 2013). Initially, to evaluate the dose and wavelength 

dependent effects of PBM on myoblasts, an MTT assay was employed.  The MTT assay 

revealed a dose of 0.72J/cm² and wavelengths of 400 nm and 810 nm were sufficient to 

induce significant increases in cell metabolic activity from myoblasts and hence these 

parameters were selected for further application (Figure 7.1). Notably, the response reported 

in the MTT assay have been correlated with changes in mitochondrial activity (Basoah et al., 

2005, Liu et al., 1997, Rai et al., 2018). Hence, these data indicate violet-blue and NIR light 

could modulate mitochondrial activity. 

Interestingly, Xu et al reported that irradiation at 810 nm and doses between 0.33-

1.34J/cm² induced increases in mitochondrial function (Xu et al., 2008). However, this is the 

first study to date to describe the effects of blue light on cell metabolic activity of myoblasts 

at the doses described (0.72-5.76J/cm²). To aid comparison with experimental data described 

throughout this thesis (Chapters 4-6), wavelengths of 400 nm, 450 nm and 810 nm and a dose 

of 0.72J/cm² were selected to evaluate the effects of PBM on real-time mitochondrial activity.  

In order to assess the effects of PBM on real-time mitochondrial activity, the time-

point at which to employ the use of the Seahorse XF cell mito stress assay post-irradiation 

was determined. Where, it was concluded that the effects of PBM on real-time mitochondrial 

activity would be evaluated 8h post-irradiation (Figure 7.3) as the trace produced at 8h post-



 

317 
 

irradiation was most representative of that expected of the assay (see Figure 7.2). Similarly, 

Ferreria et al explored the optimal time-point post-irradiation to evaluate the effects of 

irradiation at 850 nm and 2.5J/cm² on mitochondrial membrane potential and ATP production 

(Ferraresi et al., 2015b). The authors evaluated the effects of PBM 15min, 3h, 6h and 24h 

post-irradiation and concluded that mitochondrial activity peaked 6h post-irradiation. Whilst 

a time-point 8h post-irradiation was not evaluated in that study, the results corroborate with 

those stated here in which changes in mitochondrial activity could not be reliably evaluated 

<1h and >24h post-irradiation.  

Myotubes have been cited to possess a higher mitochondrial number when compared 

with myoblasts (Wagatsuma and Sakuma, 2013). However, to confirm current reports an 

assay was developed to demonstrate differences in mitochondrial content of these two cell 

types. Commonly, mtDNA content is measured as a marker for mitochondrial number as the 

mitochondrial number per cell cannot be directly measured due to the dynamic nature of 

mitochondria and the reported poor reproducibility of current isolation methods (Picard et 

al., 2011). Importantly, mtDNA copy number has been correlated to mitochondrial content in 

previous studies (Larsen et al., 2012).  

Hence, to perform these studies mtDNA and nuclear DNA was isolated and amplified 

in samples and quantified using a microplate assay. Reportedly, most commonly, the dsDNA 

binding dye PicoGreen® (Thermo fisher) is used in these studies (He et al., 2018a).  However, 

whilst this dye reliably indicates DNA concentrations of samples the relative expense of this 

reagent is high (Abiodun et al., 2010).Hence, cost effective alternatives were evaluated 

including Sytox green (1mM), SYBR green I (10-1% v/v) and SYBR® safe dye (2% v/v). Using a 

protocol adapted from one described by Leggate et al, the data displayed in Figure 7.4 
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provides evidence that SYBR® safe dye was effective in demonstrating changes in 

fluorescence due to changes in calf thymus DNA concentration (Leggate et al., 2006). 

Therefore, using this dsDNA dye, Figure 7.5 provides evidence that myotubes possess a higher 

mitochondrial content than myoblasts, corroborating with current literature. Therefore, the 

next objective of this project could be addressed: does mitochondrial content influence 

response to PBM? 

7.5.2 Does mitochondrial content influence response to PBM? 

Following optimisation of assays to reliably measure mitochondrial content and changes in 

mitochondrial activity, the influence of mitochondrial content on mitochondrial associated 

response to PBM was evaluated. Results suggest mitochondrial content could influence 

response to PBM. Figure 7.6 indicated that whilst a wavelength of 400 nm (0.72J/cm²) induced 

significant increases in markers for mitochondrial activity (ROS and cell metabolic activity) 

from myoblasts and myotubes, increases in the activities of these mitochondrial markers at 

all wavelengths were only observed in myotube cultures (p<0.05). This may indicate that cells 

with a higher mitochondrial content exhibit an increased responsivity to light. Kushibiki et al 

also evaluated the effects of irradiation at 405 nm and 808 nm on ROS production from 

myoblast cells. The authors reported that only irradiation at 405 nm (100mW/cm², 6J/cm²) 

significantly increased ROS production whilst NIR exerted no significant effect (Kushibiki et 

al., 2013). The lack of effect exerted by NIR light on ROS production from myoblasts may be 

due to the difference in photon energy of blue light compared to NIR light (Tsai and Hamblin, 

2017). In which, shorter wavelengths possess a higher photon energy when compared to 

longer wavelengths and thus can exert greater effects on tissue (Liebel et al., 2012). Hence, 

further work may be required to determine the photon energy dependent effects of PBM on 
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ROS production.  Data described in this thesis also provides evidence that only violet-blue, 

and not NIR, light induced significant increases in ROS production from myoblasts.  

Interestingly, Mesquita-Ferrari et al also used the MTT assay to demonstrate that 

application of NIR light (780 nm, 5J/cm²) induced significant increases in cell metabolic activity 

of myoblasts cultured in 2% v/v horse serum (to induce the differentiation process of  

myoblasts to myotubes  (Kubo, 1991)) 24-72h post-irradiation (Mesquita-Ferrari et al., 2015). 

However, in another study published by the same group it was concluded that application of 

NIR light to myoblasts cultured in 10% FBS induced no significant change in cell metabolic 

activity 24-72h post-irradiation (Mesquita-Ferrari et al., 2011). Hence, results previously 

reported corroborate with findings outlined in this project suggesting irradiation of myotubes 

with NIR light induces significant increases in MTT but has no significant effect on the same 

parameters in myoblasts. However, one limitation of these studies is the fact that the 

parameters used may be outside of the therapeutic range for myoblasts. Where, data 

described in Figure 7.1 provides evidence that application of NIR light (740-830 nm) at doses 

>1.44J/cm² induced no significant changes in cell metabolic activity of myoblasts 24h post-

irradiation. Nevertheless, these studies demonstrate the differential response of myoblasts 

and myotubes to PBM. In which, myotubes appear more responsive to light when compared 

with myoblasts. 

 Subsequent to the evaluation of the effects of PBM on markers for mitochondrial 

activity, the Seahorse platform was used to evaluate the effects of PBM on mitochondrial-

respiration directly. Results corroborated with those described above in which the effects of 

PBM correlated with mitochondrial content. Where, application of 400 nm, 450 nm or 810 

nm light to myotube cultures (high mitochondrial content) induced significant increases basal 
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and maximal respiration, ATP production and SRC (Figure 7.7, p<0.05). Whilst comparatively, 

irradiation at 810 nm only induced significant increases in maximal respiration, ATP 

production and SRC from myoblasts (low mitochondrial content, p<0.05). However, mean 

changes in respiration induced by light were higher from myotubes when compared with 

myoblasts. To date, only a handful of studies have evaluated the effects of PBM using the 

Seahorse platform (Chu-Tan et al., 2016, Wigle and Castellanos, 2016). Previously, the effects 

of red light on mitochondrial activity have been investigated and only Chu-Tan et al provided 

evidence that PBM could modulate mitochondrial activity (Chu-Tan et al., 2016).   

Hence, for the first time, these data provide evidence for the utility of the Seahorse 

platform in measuring changes in mitochondrial activity induced by blue and NIR light. This is 

also the first study to demonstrate the mitochondrial content dependent effects of PBM, in 

which cultures with a higher mitochondrial content are more responsive to PBM, particularly 

blue light PBM. 

7.5.3 The effects of PBM on pHGFs are mitochondrial dependent. 

The potential effects of PBM in the management of oral diseases have been widely 

documented (Milward et al., 2014). However, despite the large majority of authors reporting 

the clinical efficacy of PBM, a small yet substantial number still cite that PBM has no significant 

effect in relieving disease symptoms. In a review on the use of PBM in dentistry, Carroll et al 

reported that of the 153 articles reviewed, 15% reported negative or inconclusive outcomes 

(Carroll et al., 2014).  The authors concluded that this lack of effect may be due to the 

irradiation parameters employed being outside the therapeutic range. However, one other 

hypothesis discussed in this thesis is the idea that mitochondrial content could influence 



 

321 
 

response to PBM in vivo. Thus providing some explanation as to the variability of patient 

outcomes in response to PBM.   

 In order to address this hypothesis, firstly high throughput assessment of the effects 

of a range of treatment parameters (400-830 nm, 2.88-5.76J/cm², 24mW/cm²) on cell 

metabolic activity of pHGF cultures isolated from four individuals (B13, B15, B16 and B19, p5-

7) were assessed. Responses were then compared to those elicited from a pool of three pHGF 

isolates (B13, B16 and B19, p5-7) to aid comparison with data described throughout this thesis 

(where pool pHGFs only have been used in Chapters 4-6). Data indicated that the response to 

PBM in vitro is individual dependent where the B15 isolate elicited no significant response to 

PBM, whilst B13, B19 and pool isolates exhibited significant increases in cell metabolic activity 

following application of 400 nm light for 240s (24h post-irradiation, Figure 7.8-10, p<0.05). 

However, mean increases in cell metabolic activity induced by blue light were variable ranging 

from 6.22-14.63% dependent upon the pHGF isolate irradiated. Notably, B19 and pool isolates 

exhibited the greatest increases in cell metabolic activity induced by blue light. Interestingly, 

Basso et al also reported the variability in response of pHGFs isolated from different 

individuals to PBM (Basso et al., 2015). Hence, these data provide evidence that response to 

PBM in vitro is individual dependent. Therefore, the next step in this project was to assess 

whether these difference were due to mitochondrial content.  

 Results indicated that there were significant differences in the mitochondrial content 

of pHGFs isolated from different individuals (Figure 7.9) and the B19 and pool isolates had the 

highest mitochondrial content. However, to further evaluate whether mitochondrial content 

could influence response to PBM, the effects of PBM on cell metabolic activity, ROS 

production and IL-8 were evaluated 8h post-irradiation. IL-8 was evaluated as a downstream 
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marker for NFkB, a gene transcription factor whose activities are modulated by mitochondrial 

activity (Formentini et al., 2017, Biswas et al., 2003). It was found that irradiation of pHGFs 

with a high mitochondrial content (B19 and pool) induced significant increases in both ROS 

production and IL-8 secretion (p<0.05, Figure 7.10 and Figure 7.12). Whilst, comparably violet-

blue light had no significant effect on pHGFs with a relatively low mitochondrial content (B15 

and B16). Individual differences in mitochondrial content may be reflective of a number of 

factors including diet, exercise and age. Key factors that have been cited to dictate 

mitochondrial biogenesis and thus mitochondrial number (Pizzorno, 2014, López-Lluch et al., 

2008). Whilst information regarding pHGF donors was not provided in this study, it will be 

prudent in future studies to take these factors into consideration.  

 However, the same trend was not seen when evaluating the effects of PBM on ROS 

production. Where, response to PBM was more variable and did not appear to be dependent 

on mitochondrial content (Figure 7.11). However, the ROS assay used in this project (H₂DCFDA) 

is not associated with mitochondrial ROS production and is primarily used as a general marker 

for oxidative stress (Forkink et al., 2010). Hence, changes in ROS production induced by PBM 

measured in this assay may not be directly related to changes in mitochondrial activity and 

hence due to differences in mitochondrial content. This outcome may also be due to the time-

point at which ROS production was assessed, as it was reported in this project (Chapters 4, 5 

and 6) that PBM could modulate ROS production 24h post application whilst in comparison 

ROS production was measured 8h post application in this Chapter. Hence, future work may 

involve evaluation of the time dependent response of pHGF isolates to PBM in terms of ROS 

production.   
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 Subsequently, mitochondrial content dependent response of pHGFs to PBM using the 

Seahorse cell Mito stress assay were evaluated. The B16 and B19 isolates were selected for 

analysis due to the fact that they exhibited significantly different mitochondrial contents 

(Figure 7.9). Results corroborated with those described above, in which mitochondrial content 

reportedly influenced the response to PBM in vitro. Where, application of 400 nm or 450 nm 

light induced significant changes in mitochondrial activity from B19 pHGFs but not in B16 

pHGFs.  

These data provide evidence that the response to PBM could be mitochondrial 

content dependent. This may prove useful in understanding the inconsistency in response to 

PBM clinically as it is well reported there is variability in the mitochondrial content between 

individuals (Carter, 2007). Where mitochondrial function and number declines with age 

(Chistiakov et al., 2014a), whilst in comparison, on average athletes are cited to possess 

higher mitochondrial numbers (Menshikova et al., 2006).   Hence, this may enable 

development of strategies for successful application of PBM in vivo. Where, individuals with 

lower mitochondrial contents may require a greater dose of light to ensure stimulation of 

mitochondria, or alternatively supplements could be added to a patients diet to induce 

mitochondrial biogenesis prior to treatment with light such as resveratrol or curcumin 

(Gibellini et al., 2015).  

Data has also shown that PBM induces increased mitochondrial function regardless of 

mitochondrial content. In a study using Drosophila Melanogaster (fruit flies), Weinrich et al 

found that application of 670nm light reduced metabolic, visual and cognitive decline in the 

flies due to an increase in mitochondrial activity (Weinrich et al., 2017). Hence, it is apparent 

from these studies that the mitochondria are instrumental in orchestrating a response to PBM 
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and that the number of mitochondria could be pivotal in determining the level of response. 

To further evaluate this, it will be fundamental to investigate response to PBM using 

fibroblasts from not only a range of patients but also from a range of locations within the oral 

cavity for example through employment of both gingival and periodontal ligament fibroblasts. 

This may give some idea as to how fibroblast heterogeneity influences response to PBM as 

studies currently indicate differences in cell surface marker expression and also mitochondrial 

heterogeneity between different cell types which could mediate response to PBM 

(Palaiologou et al., 2001, Kuznetsov and Margreiter, 2009). 
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8 CONCLUSIONS AND FUTURE PERSPECTIVES 
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8.1 Summary of main findings. 

Despite best efforts to improve oral health across the UK, the prevalence of chronic 

periodontitis remains at 45% (Ahmed, 2017). Indeed, a plethora of authors have reported the 

adverse effects of poor oral health on quality of life (Ferreira et al., 2017) and systemic disease 

(Najafipour et al., 2013). Even with these findings indicating the importance of oral health 

there still remains no novel non-invasive devices to aid in the treatment of periodontal 

disease besides traditional methods. In which, 20-30% of patients exhibit little response to 

conventional periodontal treatment (Shaddox and Walker, 2010). 

 As discussed throughout this thesis, one treatment modality, cited to prove efficacious 

in both the treatment of oral disease and maintenance of oral health is PBM (Milward et al., 

2014). However, despite ~1000 articles citing the application of PBM in treating oral disease 

(April 2019, Figure 9.2), controversy still surrounds the use of PBM clinically. Due to a lack of 

consistency in the reporting and recording of treatment parameters and also a lack of 

knowledge as to how PBM induces its cellular effects (Hadis et al., 2016a). Hence, this thesis 

aimed to address these two issues firstly by providing clear guidelines on how authors should 

measure and report key treatment parameters for PBM applications and secondly, by further 

elucidating the biological effects of PBM. 

 Firstly, data provides evidence of two well characterised systems for evaluation of the 

effects of PBM. Corroborating with current publications citing the importance of the 

measurement of parameters such as beam area (cm²), irradiance (mW/cm²), wavelength ( 

nm) and radiant exposure (J/cm²) to ensure reliable measurement of biological response to 

light (Hadis et al., 2016a, Jenkins and Carroll, 2011, Tunér and Hode, 1998). For example, had 

the assumption been made that average beam area correlated to the area of the aperture 
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used in light studies with the LUMOS™ array (section 3.3.2), cultures would have been seeded 

to cover the entire well area whereas beam profilometry revealed that only a small 

percentage of the well area was illuminated on irradiation and hence a smaller proportion of 

cells irradiated. Meaning the biological response to light may have been masked by those cells 

receiving no light. Indeed, review of the literature revealed that 82% of authors citing the 

effects of blue light failed to report beam area (1.4.2). I hypothesise that this may account for 

variability in results currently published in which a large proportion of authors report that 

PBM has no significant effect both in vitro and in vivo.  It also demonstrates the reproducibility 

of our work, in which authors can directly compare treatment parameters used in our studies 

to those used for example, in clinical applications. The data presented here therefore may 

assist in the translation of PBM to use in practice.  

 Subsequent to characterisation of light sources, the biological effects of PBM were 

evaluated using the most abundant cell type in the oral periodontium: pHGFs (Ara et al., 

2009b).  Results provided novel evidence of the biomodulatory effects of blue light PBM in 

which, application of blue light (400-450 nm, 5.76J/cm², 24mW/cm²) to a model for ‘health’ 

modulated markers for mitochondrial activity (ATP, basal and maximal respiration rates 

chapters 4 and 7) whilst also inducing small increases in markers for inflammation (ROS and 

IL-8, chapter 4). Small, acute increases in markers for inflammation such as cytokines are 

associated with the modulation of cellular proliferation and differentiation, thus they are 

crucial in ensuring cellular homeostasis (Itoh et al., 2005, Turner et al., 2014). It could also be 

hypothesised that promotion of cellular activities in response to light could prove beneficial 

in priming the host to appropriately respond to any future bacterial insult.  
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Comparatively, in a model for ‘periodontal disease’, whilst blue light also modulated 

mitochondrial relevant gene expression (complex I and V gene expression, ATP, chapter 5), 

irradiation of bacterially challenged cultures induced significant decreases in markers for 

inflammation (ROS, IL-8 and TGFβ1 chapters 5 and 6).  Whilst authors have previously 

illustrated similar findings in which PBM induced biomodulatory effects on pHGF cultures 

(Basso et al., 2015), this is the first to report the effects of blue light PBM on inflammation 

induced by four periodontal disease relevant stimuli: LPS, F. nucleatum, P. gingivalis and 

salivary biofilm. The importance of pathogens used in this thesis have been demonstrated 

throughout the literature where it has been shown that P. gingivalis could be instrumental in 

inducing neurodegeneration in Alzheimer’s disease (Dominy et al., 2019) and F. nucleatum 

has been cited to contribute to the progression of colorectal cancer (Wu et al., 2019).  

Interestingly, blue light has also been shown to have a bactericidal effect on both P. gingivalis 

and F. nucleatum (Song et al., 2013). Therefore, it could be hypothesised that blue light could 

be an effective modality in modulating inflammation in disease whilst also inducing bacterial 

cell death.  

Hence, these novel data provide evidence of the potential benefits of blue light for 

use in both health and disease. However, one other key issue reported was the variability in 

response to PBM. In which it was shown that pHGFs isolated from different individuals either 

elicited a positive, negative or no response to PBM (7.4.1). Whilst there are several factors 

that drive response to PBM including the wavelength and dose of light applied in vitro or 

indeed the inflammatory status of cultures (see section 1.5.4) there may be other factors 

contributing to this response. Observed for the first time in this thesis was that mitochondrial 

content could drive response to blue and NIR PBM. In which pHGFs isolated from different 

individuals exhibited different mitochondrial content (7.3). Where, individuals with a higher 
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mitochondrial content elicited a significantly greater biological response to both blue and NIR 

light when compared to those with a lower mitochondrial level. These data may therefore 

provide some clarity as to the reason why there is variability in individual patient response to 

PBM. This may also provide reasoning as to why PBM treatments may needed to be 

specifically tailored to each individual, where patients with a lower mitochondrial content 

may require greater light dose to induce an effect. Indeed, decreasing mitochondrial function 

and numbers are associated with the aging process and light has not only been shown to 

stimulate mitochondrial activity but also induce mitochondrial biogenesis (Chistiakov et al., 

2014b, Ferraresi et al., 2012). Which, could prove beneficial to the aging population, where 

decreased mitochondrial function is associated with increased oxidative stress and thus a 

greater pre-disposition to diseases such as periodontitis (Bhatti et al., 2017, Tóthová and 

Celec, 2017).   

However, despite these novel findings indicating the plausible efficacy of blue light in 

modulating cellular response, it is prudent to highlight limitations of the translation of studies 

to patients. In which, current literature indicates pHGF response to stimuli is driven by a 

number of key factors including the surface cells are cultured upon (Smith et al., 2009) and 

whether pHGFs are cultured in 2D or 3D models (Cukierman et al., 2001). Hence, whilst this 

work provides fundamental detail of the effects of PBM in vitro, future work will endeavour 

to develop models more closely related to those found in the oral cavity to evaluate the 

effects of PBM.   

Nonetheless, this thesis provides not only evidence of a well characterised system for 

evaluation of PBM but also novel evidence that blue light could prove as effective as NIR light 

in modulating pHGF inflammatory and mitochondrial response. This could therefore prove 
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beneficial in the management of inflammation in chronic inflammatory diseases such as 

periodontitis. 

8.2 Future work  

Whilst this thesis provides fundamental evidence for the effects of PBM in vitro using a novel 

reproducible system, there still remains some limitations to the research and questions yet 

to be asked:  

• Notably, while the salivary biofilm induced significant increases in markers for 

inflammation in cell cultures, it was not particularly relevant to periodontal disease as 

it mainly comprised of Streptococcal species, a species more commonly related to oral 

health. Hence, future studies may endeavour to evaluate the effects of PBM in 

modulating inflammation induced by a biofilm more relevant to periodontal disease. 

Comprising species including Fusobacterium and Porphyromonas. This may therefore 

involve the use of biofilm models similar to those developed by Millhouse et al 

(Millhouse et al., 2014), in which models relevant to health, gingivitis and periodontitis 

have been established.  

• A further limitation of this study was that clinical and demographic data of the source 

patients that donated pHGFs isolates used in this study were not available. Hence, 

future work would aim to evaluate the effects of PBM on pHGF isolates from a well 

characterised origin. This may include evaluation of the effects PBM on pHGFs isolated 

from individuals representing a range of periodontal disease severities as well as non-

periodontitis patients to further elucidate the effects of PBM. This would also involve 

examination of the mitochondrial content of these isolates to determine whether 

mitochondrial number is influenced by the onset of disease. Notably periopathogenic 
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bacteria, such as P. gingivalis, have been reported to promote mitochondrial 

dysfunction and thus decreased mitochondrial DNA copy number (Sun et al., 2017). 

Similarly, the mitochondrial content dependent effects of PBM could be further 

evaluated by applying compounds to cell cultures that induce mitochondrial 

biogenesis such as resveratrol (Dominy and Puigserver, 2013).   

• This thesis also provided novel evidence as to how PBM modulates mitochondrial 

relevant gene expression. Specifically the effects of PBM on the expression of subunits 

of complexes I and IV (CCO) of the ETC were evaluated. However, only a single subunit 

comprising each complex was studied. Future work could therefore aim to evaluate 

not only the effects of blue light PBM on a number of subunit of complexes I and IV 

but also of complexes II, III and V. This work may provide an indication as to how PBM 

modulates ETC activity.  

• Other signalling molecules shown to be modulated by blue light included TGFβ1. This 

is a key cytokine that has been shown to not only be a target for PBM (Arany et al., 

2007) but it’s presence in the oral cavity has been correlated with increased severity 

of periodontal disease (Skaleric et al., 1997). Hence, future work may involve 

evaluation of the effects of PBM on TGFβ related signalling, such as determining the 

effects of PBM on Smad protein expression and also TGFβR expression. This work may 

then provide further elucidation as to the downstream effects of PBM.  

• A further limitation of this study was the lack of beam homogeneity across the LUMOS 

array, indeed the entire well area was not uniformly irradiated. It will therefore be 

prudent to evaluate the application of other diffuser materials to improve 

homogeneity whilst also preventing significant increases in media temperature.   
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• Finally, the effects of PBM have been cited both on eukaryotic cells and bacterial cells. 

This thesis provides evidence that blue light could prove an effective modality in 

modulating pHGF cellular response. However, the bactericidal effects of PBM utilising 

the same treatment parameters on periodontopathogens are yet to be evaluated. 

Hence, future work will endeavour to evaluate both either separately or combined, 

through the development of oral cavity relevant 3D models.  

8.3 Concluding remarks 

In conclusion, this thesis provides evidence of two well characterised light sources for reliable 

evaluation of the effects of PBM in vitro. It also provides novel evidence of the biomodulatory 

effects of PBM in which four periodontally relevant stimuli were employed to evaluate the 

effects of irradiation in a ‘disease’ model. Results also show fundamentally that the effects of 

PBM are mitochondrial dependent, where mitochondrial content can dramatically influence 

response to PBM. These findings may therefore aid in providing evidence of possible 

treatment parameters for application in vivo.  In turn, this may enable effective translation of 

these parameters to a novel device utilising blue light to promote tissue healing and modulate 

inflammation in prevalent diseases including periodontitis. 
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10.1 Literature review tables and processes of systematic review  

 

 

Figure 10.1: Flow chart indicating the strategy employed to identify relevant articles for review when 
evaluating the effects of red/NIR light.    
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Table 10.1: Publication identified from review to cite the following key words: ‘red’ OR ‘infrared’ OR 
‘near-infrared’ OR ‘600 nm’ OR ‘630 nm’ OR ‘635 nm’ OR ‘660 nm’ OR ‘740 nm’ OR ‘780 nm’ OR ‘830 
nm’ OR ‘810 nm’ OR ‘809 nm’ OR ‘940 nm’ OR ‘1064 nm’ AND ‘low level light therapy’ OR ‘PBM’ OR 
‘Photobiomodulation’ OR ‘PBM’ OR ‘photobiostimulation’ AND NOT ‘Photodynamic therapy’ OR ‘PDT’ 
OR ’nanoparticle’ 

Citation Application Outcome 
1) Bath et al (Bath and Gupta, 2019) Heart tissue NIR light could be protective for patients after 

myocardial infarction or on ischemic heart 
conditions.   

2) Yu et al (Yu et al., 2019) Regimentation in Vitiligo  HeNe laser (632.8 nm) could be effective in 
inducing regimentation through modulation of 
mitochondrial activity.  

3) Mussttaff et al (Mussttaf et al., 2019) Increased cell proliferation and viability  Red and NIR promote cell viability, proliferation 
rates and DNA repair.  

4) Chan et al (Chan et al., 2019) Characteristics and management of Asian skin NIR light could be useful in managing 
pigmentation and other ethnicity associated skin 
conditions.  

5) Caldieraro et al (Caldieraro and Cassano, 
2019) 

Management of major depressive disorder Red and NIR light could be useful in 
management of depression. Further studies 
required to elucidate possible beneficial 
parameters. 

6) Hamblin et al (Hamblin et al., 2019) The biological response of species across the 
animal kingdom to PBM. 

Response to red and NIR light is not exclusive to 
Humans.  

7) Marson et al (Marson and Baldwin, 2019) Acne  Not only blue but red light could prove effective 
in management of acne vulagris. 

8) Ezzati et al (Ezzati et al., 2019) Post-surgical pain  Red light could prove effective in managing pain 
following surgeries such as tonsillectomy. 
However, further RCTs required to validate 
these findings.  

9) Brassolatti et al (Brassolatti et al., 2018) Bone defects Red and NIR light could prove beneficial in the 
management of bone defects.  

10) Migliario et al (Migliario et al., 2018a) Cell proliferation and redox sensitive pathways 
induced by light.  

NIR light could induce changes in cell 
proliferation through modulation of pathways 
including Nrf2 and NFκB. 

11) Hamilton et al (Hamilton et al., 2018) Parkinson’s disease  Transcranial stimulation using NIR/red light 
could prove and effective modality in managing 
parkinson’s disease symptoms.  

12) Kurata et al (Kurata, 2018) Androgenetic Alopecia (male-pattern baldness) Red light could prove effective in promoting hair 
growth.  

13) Salehpour et al (Salehpour et al., 2018b) Brain disorders  Red/NIR light could be useful in management of 
depression, stroke and traumatic brain injury 
(TBI).  

14) Ao et al (Ao et al., 2018) Retinal pigment epithelium (RPE) Red/NIR light could prove effective in the 
management of RPE through modulation of 
mitochondrial activity. 

15) Moskvin et al (Moskvin and Apolikhin, 
2018) 

Male infertility ‘Local illumination of red (635  nm) and infrared 
(904  nm) spectra should be combined with 
intravenous laser blood illumination (ILBI) of red 
(635  nm) and ultraviolet (UV) (365  nm)’ to treat 
infertility.  

16) Rocha et al (Rocha et al., 2018) TBI Red and NIR light penetrate scalp and skull thus 
may be able to modulate brain activity 

17) Hamblin et al (Hamblin, 2018a) Mitochondrial redox signalling Red and NIR light induce their beneficial effects 
through modulation of mitochondrial activity, 
specifically through interaction with complex IV 
of the electron transport chain.  

18) Hamblin et al (Hamblin, 2018b) TBI  Red/NIR light application has been shown to 
improve executive function, working memory 
and sleep. Key side effects of TBI.  

19) Heiskanen and Hamblin (Heiskanen and 
Hamblin, 2018b) 

LEDs vs Lasers There is no significant beneficial effects of the 
use of lasers or LEDs for application in PBM both 
in vitro and in vivo.  
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Figure 10.2: Flow chart providing evidence of strategy employed to select relevant articles for review 
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Table 10.2: Provides details of relevant articles including in this review citing the following key search 
terms: ‘Oral disease’ OR ‘periodontitis’ OR ‘periodontal disease’ OR ‘gingivitis’ OR ‘Oral mucositis’ OR 
‘dentistry’ OR ‘cavities’ OR ‘orthodontics’ OR ‘implants’ OR ‘oral surgery’ OR ‘endodontics’ AND 
‘Photobiomodulation’ OR ‘PBM’ OR ‘Low level light therapy’ OR ‘PBM’ OR ‘photobiostimulation’ AND 
NOT ‘Photodynamic therapy’ OR ‘PDT’  

Oral 
Speciality 

Application Conclusions References 

Orthodontics • Orthodontic tooth movement (n=7) 
 
 
 
 
 

• Orthodontic related pain (n=5)  

• Rapid maxillary expansion (n=2) 
 
 

• Titanium implant (n=3) 

• Could be effective but evidence is low 
quality, suggestion that dose 
between 5-8J/cm² could be most 
effective. Further RCTs required to 
validate 

• Could be effective but evidence is low 
quality. 

• Promising for stimulating bone 
regeneration, red-NIR light, 0.4-
60J/cm². 

• Effective promotion of 
osseointegration but improved 
experimental design required. Also 
effective in Titanium surface 
decontamination.  

(Carvalho-Lobato 
et al., 2014, Ge et 
al., 2015, Kacprzak 
and Strzecki, 2018, 
Meng et al., 2017, 
Seifi and Vahid-
Dastjerdi, 2015, 
Swidi et al., 2018, 
Yi et al., 2017) 
 
 
 
 
 
 
(Eslamipour et al., 
2017, Fleming et 
al., 2016, Li et al., 
2015, Srivastava 
and Mahajan, 
2014, Tania et al., 
2015) 
 
(Amid et al., 2014, 
Skondra et al., 
2018) 
 
 
 
(Kamel et al., 2014, 
Mathews et al., 
2015, Prados-
Frutos et al., 2016) 

Maxillofacial • Various (n=2) • Treatment of oral mucositis, gingival 
healing, myofacial and dental pain 
but not temporal mandibular jaw 
disorder 

(Doeuk et al., 
2015, Madhumathi 
and Santhosh 
Kumar, 2018) 

Oral Pathology • Oral mucositis (n=12) 
 
 
 
 
 
 
 
 
 

• Various (n=1) 
 
 
 

• Herpes simplex virus (HSV, n=1) 
 
 
 

• Recurrent apthous ulcers (n=1) 

• Red to NIR light could prove effective 
at low doses (<5J/cm²). However, 
outcomes variable possibly due to 
poor experimental design. Some 
authors suggest could act negatively 
in promoting cancer cell proliferation. 

• Promise in recurrent herpes simplex 
virus, OM and burning mouth 
syndrome. 

• Literature is lacking and provides no 
conclusive evidence of the benefits of 
PBM in managing recurrent HSV. 

• Useful but further research required 
with improved experimental design 
to ensure reproducibility.  

 (Anschau et al., 
2019, Bensadoun, 
2018, de Pauli 
Paglioni et al., 
2019, Fekrazad 
and Chiniforush, 
2014, He et al., 
2018b, Peralta-
Mamani et al., 
2019, Robijns et 
al., 2017, Sonis et 
al., 2016, 
Spanemberg et al., 
2016, Sung et al., 
2017, Zecha et al., 
2016a, Zecha et al., 
2016b) 
 
 
 
 
 
 
 
 
 
(Pandeshwar et al., 
2016) 
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(Chi et al., 2015) 
 
 
 
 
(Vale et al., 2015) 

Oral Surgery • Gingival recession defect surgery (n=1) • Shown promise but further RCTs 
required to validate 

(Akram et al., 
2018) 

Endodontics • Dentine hypersensivity (n=1) 
 
 
 

• Periapical lesions (n=2) 

• Relative to other treatments, PBM 
induced the greatest reduction in 
dentine hypersensitivity. 

• No sufficient evidence to draw 
conclusions 

(Moraschini et al., 
2018) 
 
 
 
 
(Del Fabbro et al., 
2016, Maldonado 
et al., 2018) 

Periodontics • Periodontal therapy (n=2) • Useful as an adjunct to scaling and 
root planning (SRP). However, further 
RCTs required to further elucidate 
possible beneficial treatment 
parameters.  

(Ren et al., 2017, 
Porteous and 
Rowe, 2014) 

General • Various dental applications (n=2) • Effective in accelerating wound 
healing and pain management 

• Further RCTs required with greater 
experimental design required to 
validate positive results regarding the 
application of PBM to various oral 
diseases.  

(Kathuria et al., 
2015) 
 
 
(Carroll et al., 
2014) 
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Figure 10.3: Indicates the systematic review process employed to evaluate the effects of PBM on GFs. 
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Table 10.3:  Citations identified from a review of the literature evaluating the effects of PBM on gingival 
fibroblasts using the following key words: gingival fibroblast’ OR ‘HGF’ AND ‘Photobiomodulation’ OR 
‘PBM’ OR ‘Low level light therapy’ OR ‘PBM’ OR ‘Low intensity light therapy’ OR ‘photobiostimulation’ 
AND NOT ‘Photodynamic therapy’ OR ‘PDT.’  

Citation Parameters Cell Type Effects 
(1) Almeida-Lopes et al 2001 

(Almeida-Lopes et al., 
2001b) 

Wavelength: 670 -786 nm 
Light source type: diode laser 
Power (mW): 10 – 50mW 
Pulse frequency: 
Beam area (cm²): 0.01cm² 
Exposure time: 
Radiant energy (J) 
Fluence (J/cm²): 2J/cm² 
Irradiance (mW/cm²): 
 

Human gingival fibroblasts (HGFs), 
primary. 

cells under stress proliferate more 
with light particularly light in the 
infra-red spectrum (5% FBS)  
 

(2) Azevedo et al, 2006 
(Azevedo et al., 2006) 

Wavelength: 660 nm 
Light source type: GaAlAs diode 
Power (mW): 10mW 
Pulse frequency: 
Beam area (cm²): 0.07 
Exposure time: 
4.8s and 14s (2 irradiations in 12h)  
Radiant energy (J) 
Fluence (J/cm²): 2J/cm² 
Irradiance (mW/cm²): 
142.85mW/cm², 428.57mW/cm² 
 
 
 

HGF cell line greater number of cell numbers in 
irradiated groups compared to 
controls, all serum starved 
 

(3) Basso et al, 2012 (Basso 
et al., 2012b) 

 

Wavelength: 780 nm 
Light source type: InGaAsP, 
LaserTABLE 
Power (mW): 0.04mW 
Pulse frequency: 
Beam area (cm²):  
Exposure time: 
40 – 560s (every 24hrs, 3 days)  
Radiant energy (J) 
Fluence (J/cm²): 0.5 – 7J/cm² 
Irradiance (mW/cm²): 
 

HGF cell line increased number of viable cells 
and cell migration capacity 
 

(4) Basso et al, 2013 (Basso 
et al., 2013a) 

 

Wavelength: 780 nm 
Light source type: InGaAsP, 
LaserTABLE 
Power (mW): 0.02mW 
Pulse frequency: 
Beam area (cm²):  
Exposure time: 
40 – 560s  
Radiant energy (J) 
Fluence (J/cm²): 0.5 – 7J/cm² 
Irradiance (mW/cm²): 
 

HGF cell line  at 5Jcm-2 increase total protein 
production, also improve 
attachement to surfaces (za 
usually renders this impossible) 
 

(5) Basso et al, 2015 (Basso 
et al., 2015)  

 

Wavelength: 780 nm 
Light source type: InGaAsP, 
LaserTABLE 
Power (mW): 25mW 
Pulse frequency: 
Beam area (cm²): 2  
Exposure time: 
40 – 240s  
Radiant energy (J) 
Fluence (J/cm²): 0.5 – 3J/cm² 
Irradiance (mW/cm²): 
 

Primary HGFs at 1.5J/cm² and 3J/cm² 
biomodulation of the production 
of cytokines eg IL-6 and TNF-α 
compared to controls 
 

(6) Chen et al, 2000 (Chen et 
al., 2000a) 

 

Wavelength: 1064 nm 
Light source type: Nd:YAG 
Power (mW):  
Pulse frequency: 
Beam area (cm²): 400µm 
(diameter)  
Exposure time: 
10 – 30 pulse/second 
Radiant energy (J): 100 – 150mJ 
Fluence (J/cm²):  
Irradiance (mW/cm²): 
 

Primary HGFs severe damage to HGFs including 
cell death and loss of cellular 
vitality 
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(7) Choi et al, 2012 (Choi et 
al., 2012) 

 

Wavelength: 635 nm 
Light source type: LED 
Power (mW):  
Pulse frequency: 
Beam area (cm²):  
Exposure time: 
1 hour 
Radiant energy (J):  
Fluence (J/cm²): 
Irradiance (mW/cm²): 5mW/cm² 

Primary HGFs decrease in COX-2, PGE-2, IL-6, IL-
8 and p38 phosphorylation 
compared to non-irradiated LPS 
(from P.gingivalis) treated cells 
 

(8) Damante et al, 2009 
(Damante et al., 2009) 

 

Wavelength: 660 nm and 780 nm 
Light source type: InGaAlP and 
GaAlAs 
Power (mW): 40mW 
Pulse frequency: 
Beam area (cm²): 0.042cm²  
Exposure time: 
3s and 5s (two sessions, 6hr 
intervals) 
Radiant energy (J):  
Fluence (J/cm²): 3 and 5J/cm² 
Irradiance (mW/cm²): 
1000mW/cm² 

HGF cell line increased production of bFGF 
 

(9) Frozanfar et al, 2013 
(Frozanfar et al., 2013) 

Wavelength: 810 nm 
Light source type: GaAlAs 
Power (mW): 50mW 
Pulse frequency: 
Beam area (cm²):  
Exposure time: 32s 
Radiant energy (J):  
Fluence (J/cm²): 5J/cm² 
Irradiance (mW/cm²): 
 

HGF significant collagen type 1 
expression, no sig diff in 
proliferation post irradiation but 
occurred after 24hrs - 72h 
 

(10)  Hakki et al, 2012 (Hakki 
and Bozkurt, 2012) 

 

Wavelength: 940 nm 
Light source type: InGaAsP 
Power: 0.3 – 2W 
Pulse frequency: 
Beam area: 20s/cm²  
Exposure time: pulsed 1ms or 
20ms, CW: 20s/cm² 
Radiant energy (J):  
Fluence (J/cm²): 6 – 20J/cm² 
Irradiance (mW/cm²): 
 

Primary HGFs induction of collagen production 
at biostimulation setting, inducing 
growth factor mRNA expression 
including IGF, VEGF and TGFβ. 

(11)  Khadra et al, 2005 
(Khadra et al., 2005) 
 

Wavelength: 830 nm 
Light source type: GaAlAs diode 
Power: 84mW 
Pulse frequency: 
Beam area:   
Exposure time: 90s – 360s (3 days) 
Radiant energy (J):  
Fluence (J/cm²): 0.75 – 3J/cm² 
Irradiance (mW/cm²): 
 

Primary HGFs 1.5J/cm² and 3J/cm² multi 
exposure, significantly higher 
levels of proliferation and 
adhesion compared to control 
 

(12) Kreisler et al, 2002 
(Kreisler et al., 2002) 
 

Wavelength: 809 nm 
Light source type: GaAlAs diode 
Power: 10mW 
Pulse frequency: 
Beam area:   
Exposure time: 75 – 300s (2 -3 
times in 24 hours) 
Radiant energy (J):  
Fluence (J/cm²): 1.96 – 7.84J/cm² 
Irradiance (mW/cm²): 
 

Primary HGFs significant increase in levels of 
HGF proliferation compared to 
control 
 

(13)  Kreisler et al, 2005 
(Kreisler et al., 2005) 

Wavelength: 2940 nm 
Light source type: Er:YAG 
Power:  
Pulse frequency: 1 – 15Hz 
Beam area:   
Exposure time:60s 
Radiant energy (J): 60 – 250mJ  
Fluence (J/cm²): 
Irradiance (mW/cm²): 
 

Primary HGFs Increased HGF proliferation when 
treated with Er:YAG laser 
compared to cells treated only 
with P.gingivalis. 
 

(14)  Kriesler et al, 2001 
(Kreisler et al., 2001) 

Wavelength: 810 nm 
Light source type: GaAlAs diode 
Power: 0.5 – 2.5W 
Pulse frequency: 
Beam area:   

Primary HGFs the higher the power output and 
time of exposure, the lower the 
survival rate, use of very high 
fluence values 
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Exposure time: 60 -240s 
Radiant energy (J): 
Fluence (J/cm²): 24.64 – 
492.8J/cm² 
Irradiance (mW/cm²): 
 

(15) Lim et al, 2007 
(Lim et al., 2007) 

Wavelength: 635 nm 
Light source type: LED 
Power:  
Pulse frequency: 
Beam area:   
Exposure time: 1 hour per 
treatment 
Radiant energy (J): 
Fluence (J/cm²):  
Irradiance (mW/cm²): 
1mW/cm² 

Primary HGFs compared to ibuprofen and 
indomethacin, caused decrease 
ROS, inhibition of PGE-2, COX-2 
and PLA-2 
 

(16)  Lim et al, 2013 
(Lim et al., 2013) 

Wavelength: 635 nm 
Light source type: LED 
Power:  
Pulse frequency: 
Beam area:   
Exposure time: 1 hour per 
treatment 
Radiant energy (J): 
Fluence (J/cm²): 18J/cm² 
Irradiance (mW/cm²): 
 5mW/cm² 

Primary HGFs decrease in PGE2, COX-1 and -2, 
decrease HSP27 activation, 
decrease ROS compared to 
P.gingivalis LPS treated cells 
without light treatment 
 

(17)  Lim et al, 2015 
(Lim et al., 2015) 

Wavelength: 635 nm 
Light source type: LED 
Power:  
Pulse frequency: 
Beam area:   
Exposure time: 1 hour per 
treatment 
Radiant energy (J): 
Fluence (J/cm²):  
Irradiance (mW/cm²): 
5mW/cm² 

Immortalised HGFs decrease in COX-2, PGE-2, leading 
to decrease in overall 
inflammatory state compared to 
non- irradiated LPS treated cells, 
greater effect by direct irradiation 
compared to indirect 
 

(18)  Marques et al, 2004 
(Marques et al., 2004) 

Wavelength: 904 nm 
Light source type: GaAlAs diode 
Power: 120mW 
Pulse frequency: 
Beam area: 0.07cm²  
Exposure time: 24s 
Radiant energy (J): 
Fluence (J/cm²): 3J/cm² 
Irradiance (mW/cm²): 
 

HGF cell line no difference in procollagen 
synthesis, amount of type 1 
collaged and protein lower 
compared to control, 
ultrastructural changes in 
mitochondria and RER 
 

(19)  Nomura et al, 2001 
(Nomura et al., 2001) 

Wavelength: 830 nm 
Light source type: GaAlAs diode 
Power: 700mW 
Pulse frequency: 
Beam area: 130mm diameter  
Exposure time: 3 – 20 mins 
Radiant energy (J): 
Fluence (J/cm²): 7.9J/cm² 
Irradiance (mW/cm²): 
 

Primary HGFs low-energy laser irradiation 
inhibited LPS stimulated 
production of IL-1β 
 

(20)  Pansani et al, 2014 
(Pansani et al., 2014) 
 

Wavelength: 780 nm 
Light source type: InGaAsP, 
LaserTABLE 
Power: 0.025W 
Pulse frequency: 
Beam area: 2cm² 
Exposure time: 40 – 240s 
Radiant energy (J): 
Fluence (J/cm²): 0.5 – 3J/cm² 
Irradiance (mW/cm²): 
 

HGF cell line PBM made no significant 
difference on proliferation rates. 
 

(21)  Park and Hong, 2015 
(Park and Hong, 2014) 

Wavelength: 400 – 750 nm and 
600 – 650 nm (mixed red and 
white light) 
Light source type: LED 
Power: 
Pulse frequency: 
Beam area:  
Exposure time: 9 mins for 3 days 
Radiant energy (J): 
Fluence (J/cm²): 1.26J/cm² (white) 
and 0.3J/cm² (red) 

Primary HGFs Increased cell proliferation, 
increased IGF-1 expression and 
COL1A1 (collagen type 1), 
decreased IGF-1R, ICAM-1 and 
SMAD-3 expression compared to 
control. Also, PBM promoted 
wound healing and cell migration. 
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Irradiance (mW/cm²): 
 

(22) Pourzarandian et al, 2005 
(Pourzarandian et al., 
2005) 

Wavelength: 2940 nm 
Light source type: Pulsed Er:YAG 
Power: 
Pulse frequency: 30Hz 
Beam area:  
Exposure time: 200µs (pulse 
duration) 
Radiant energy (J): 30 – 350mJ 
Fluence (J/cm²): 1.68 – 5J/cm² 
Irradiance (mW/cm²): 
 

Primary HGFs Up to 3.37Jcm-2 greater number 
of cells after 3 days exposure 
compared to control, also increase 
metabolic activities. 
 

(23)  Sakurai et al, 2000 
(Sakurai et al., 2000) 
 

Wavelength: 830 nm 
Light source type: GaAlAs diode 
Power: 700mW 
Pulse frequency:  
Beam area: 130mm diameter 
Exposure time: 3 – 20 minutes 
Radiant energy (J): 
Fluence (J/cm²): 0.95 – 6.32J/cm² 
Irradiance (mW/cm²): 
 

Primary HGFs inhibition of PGE2 production 
usually stimulated by LPS via a 
reduction of COX-2 produced by 
HGFs  
 

(24)  Saygun et al, 2008 
(Saygun et al., 2008) 

 

Wavelength: 685 nm 
Light source type: Diode laser 
(BTL-2000) 
Power: 25mW 
Pulse frequency:  
Beam area: 1cm² 
Exposure time: 140s 
Radiant energy (J): 
Fluence (J/cm²): 3J/cm² 
Irradiance (mW/cm²): 
 

Primary HGFs increase HGF proliferation, 
viability and levels of bFGF, IGF-1 
and IGFBP-3, compared to control  
 

(25)  Schartinger et al, 2012 
(Schartinger et al., 2012) 
 

Wavelength: 600 nm 
Light source type: GaAlAs diode 
Power:  
Pulse frequency:  
Beam area:  
Exposure time: 15 mins per day 
for 3 days 
Radiant energy (J): 
Fluence (J/cm²):  
Irradiance (mW/cm²): 
 

HGFs Increased HGF proliferation 
compared to control  
 

(26) Takema et al, 2000 
(Takema et al., 2000) 
 

Wavelength: 830 nm 
Light source type: GaAlAs diode 
Power: 700mW 
Pulse frequency:  
Beam area: 130mm diameter 
Exposure time: 10 mins 
Radiant energy (J): 
Fluence (J/cm²): 7.9J/cm² 
Irradiance (mW/cm²): 
 0.39 – 63.7mW/cm² 

Primary HGFs PBM reduces levels of PA activity 
to control levels compared to LPS 
stimulated cells only 
 

(27)  Wang et al, 2015 (Wang 
et al., 2015) 
 

Wavelength: 660 nm 
Light source type: LED, red. 
Power:  
Pulse frequency:  
Beam area:  
Exposure time: 6 – 24 mins 
Radiant energy (J): 
Fluence (J/cm²): 0 – 20J/cm² 
Irradiance (mW/cm²): 
 3.5mW/cm² 

Rat GFs Accelerated rate of wound 
closure, increase GF proliferation, 
inhibit cytoxicity, decrease ROS, 
increase type 1 collagen. 
 

(28) Basso et al, 2016 (Basso 
et al., 2016b) 

Wavelength: 780 nm 
Light source type: InGaAsP, 12 
laser diodes 
Power: 25mW 
Pulse frequency:  
Beam area:  
Exposure time: 40, 120, 240s, 3 
consecutive days, 24 hours apart. 
Radiant energy (J): 
Fluence (J/cm²): 0 – 3J/cm² 
Irradiance (mW/cm²): 
 

Primary Gingival Fibroblasts Stimulated fibroblasts with 
concentrations of IL-6, IL-8, IL-1B, 
TNF-α based on ability to induce 
the secretion of NO. The tested 
cell migration ability, cell 
proliferation, growth factor 
production and compared to 
results with PBM. PBM promoted 
acceleration of fibroblast 
migration and proliferation 

(29) Basso et al, 2016 (Basso 
et al., 2016a) 

Wavelength: 780 nm 
Light source type: LaserTABLE 
Power: 70 
Pulse frequency:  

Primary gingival fibroblasts  Investigating PBM in 3D cell 
culture model. 3J/cm² induced 
significantly higher levels of cell 
viability compared to control. 
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Beam area:  
Exposure time: 40, 120, 240s, 3 
consecutive days, 24 hours apart. 
Radiant energy (J): 
Fluence (J/cm²): 0 – 3J/cm² 
Irradiance (mW/cm²): 25 
 

Whilst 0.5J/cm² induced a 
significant increase in EGF and 
COL-1 expression 

(30) Pansani et al, 2016 
(Pansani et al., 2017) 

Wavelength: 780 nm 
Light source type: InGaAsP, 12 
diodes 
Power: 25mW 
Pulse frequency: cw 
Beam area:  
Exposure time: 240s, 3 
consecutive days, 24 hours apart. 
Radiant energy (J): 
Fluence (J/cm²): 3J/cm² 
Irradiance (mW/cm²): 
 

Primary human gingival 
fibroblasts derived from both 
young (18-25) and elderly (>65) 
samples. 

Increase in cell viability, collagen 
synthesis and increased 
expression of VEGF from laser 
irradiated samples. 

(31) Ogita et al, 2015 (Ogita et 
al., 2014) 

Wavelength: 2940 nm 
Light source type: Er: YAG 
Power: 25mW 
Pulse frequency: 30-50mJ/pulse 
Beam area:  
Exposure time: 30s 
Radiant energy (J): 
Fluence (J/cm²): 1.65-2.61 
Irradiance (mW/cm²): 
 

pHGFs Promote HGF proliferation, induce 
significant changes in protein 
expression and the upregulation 
of galectin-7. Grown in 0.5% FBS. 

(32) Yoshida et al, 2013 
(Yoshida et al., 2013) 

Wavelength: 460 nm 
Light source type: LED or quartz-
tungsten halogen lamp (QTH) 
Power: 25mW 
Pulse frequency:  
Beam area:  
Exposure time:  
Radiant energy (J): 
Fluence (J/cm²):  
Irradiance (mW/cm²): 250 
 

pHGFs Increased mitochondrial ROS 
production and cytoxicity induced 
by blue light. Reduced cell 
proliferation following irradiation. 

(33) Pansani et al, 2018 
(Pansani et al., 2017) 

Wavelength: 780 nm 
Light source type: Laser 
Power: 25mW 
Pulse frequency:  
Beam area: 2cm² 
Exposure time: 240s 
Radiant energy (J): 
Fluence (J/cm²): 3 
Irradiance (mW/cm²):  
 

HGF cell line Enhanced synthesis of CCL2 and 
increased proliferation following 
application of LPS 

(34) Yeh et al, 2017 (Yeh et 
al., 2017) 

Wavelength: 660 
Light source type: Laser 
Power: 70mW 
Pulse frequency:  
Beam area:  
Exposure time:  
Radiant energy (J): 
Fluence (J/cm²): 8 
Irradiance (mW/cm²): 15.17 
 

pHGFs PBM induced reduction in 
acrecoline mediated fibrotic 
marker genes. However, 
application of an adenylyl cyclase 
inhibitor prevented this effect 

 

(35) Eslami et al, 2017 (Eslami 
et al., 2017) 

Wavelength: 632.8 
Light source type: Laser 
Power: 500mW 
Pulse frequency:  
Beam area: 9.6cm² 
Exposure time:  
Radiant energy (J): 
Fluence (J/cm²): 0.15-1.5 
Irradiance (mW/cm²):  
 

HGF3-PI 53 Irradiation induced increased 
collagen type I expression. Also 
evaluated combined effects of 
propalis and light.  

(36) Roncati et al, 2016 
(Roncati et al., 2016)  
(Roncati et al., 2016) 

Wavelength: 835 nm 
Light source type: LED 
Power:  
Pulse frequency:  
Beam area:  
Exposure time: 900 
Radiant energy (J): 
Fluence (J/cm²): 155 
Irradiance (mW/cm²):  
 

pHGF LED irradiation correlated to 
elastin gene expression. ELN 
expression inversely related to 
patient age where expression 
decreases with aging.  
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(37) Liang et al, 2015 (Liang et 
al., 2015) 

Wavelength: 810 nm 
Light source type: Diode laser 
Power:  
Pulse frequency:  
Beam area:  
Exposure time: 10-60s 
Radiant energy (J): 
Fluence (J/cm²): 10-60 
Irradiance (mW/cm²): 1000 
 

HGFs and human oral cancer 
(OC2) cell  

Reduced cell viability of oral 
cancer cells but had no significant 
effect on HGFs. ROS and MMP 
elevated in cancer cells but no 
significant effect on HGFs. Also 
induced caspase-3 dependent 
apoptosis in cancer cells but no 
significant effect from HGFs. 

(38)  Basso et al, 2013 (Basso 
et al., 2013b) 

Wavelength: 780 nm 
Light source type: Laser 
Power: 25mW 
Pulse frequency:  
Beam area:  
Exposure time:  
Radiant energy (J): 
Fluence (J/cm²): 0.5-7 
Irradiance (mW/cm²):  
 

HGF cell line Following Zoledronic acid (to 
induce cell death to mimic 
osteonecrosis), PBM at 5 and 
7J/cm² induced significant 
increases in Col-I and VEGF 
expression. Key markers for tissue 
healing  

(39) Khadra et al, 2005 
(Khadra et al., 2005) 

Wavelength: 830 nm 
Light source type: Laser 
Power: 84mW 
Pulse frequency:  
Beam area:  
Exposure time:  
Radiant energy (J): 
Fluence (J/cm²): 1.5-3 
Irradiance (mW/cm²):  

 

pHGFs Laser irradiation promoted 
attachement to titanium implant 
material.  

(40)  Khadra at al, 2005 
(Khadra et al., 2005) 

Wavelength: 830 nm 
Light source type: GaAlAs laser 
Power: 84mW 
Pulse frequency:  
Beam area:  
Exposure time:  
Radiant energy (J): 
Fluence (J/cm²): 1.5-3 
Irradiance (mW/cm²):  
 

pHGFs and osteoblast like cells  Irradiation promoted attachment 
to titanium Application of light at 
3J/cm² induced significant 
increases in Osteocalcin and 
TGFβ1.  
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Figure 10.4: Indicates strategy employed to systematically evaluate the effects of PBM on ROS 
production. 
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Table 10.4: Citations identified from a review evaluating the effects of PBM on ROS production using 
the following key words: ‘ROS’  OR  ‘Reactive oxygen species’  AND ‘photobiomodulation’  OR  ‘pbm’ 
OR  ‘low level light therapy’  OR   ‘PBM’  OR  ‘photobiostimulation’  AND NOT  ‘photodynamic  
therapy’  OR  ‘pdt’   

Citation Light Parameters 
used 

Subject/cell 
type 

Effects Probe Used 

Lim et al, 2015 (Lim 
et al., 2015) 

Wavelength:635 nm 
Light source type: LED 
Power (mW):  
Pulse frequency: N/A (continuous 
wave (cw)) 
Beam area (cm²):  
Exposure time: 1 hour 
Radiant energy (J) 
Fluence (J/cm²): 
Irradiance (mW/cm²): 5 

immortalized gingival 
fibroblasts 
 

Light irradiation induced a 
decrease in ROS production 
compared to cells treated with 
LPS only. Indirect irradiation 
induced an initial increase in ROS 
production but then induced a 
decrease long term. 
 

H₂DCFDA 
 

Cavalcanti et al, 
2015 (Cavalcanti et 
al., 2015) 

Wavelength: 660 
Light source type: laser  
Power (mW): 50 
Pulse frequency:  
Beam area (cm²): 0.38 Exposure 
time (s): 0-90 
Radiant energy (J) 
Fluence (J/cm²): 1-12 
Irradiance (mW/cm²):  

dog bone marrow 
stem cell cultures 

 

Irradiation induced no significant 
changes in ROS production.  

Monoaldehyde formation 
assay (MDA)  

Wang et al, 2015 
(Wang et al., 2015) 

Wavelength: 660 nm 
Light source type: LED 
Power (mW):  
Pulse frequency:  
Beam area (cm²): Exposure time 
(s):  
Radiant energy (J) 
Fluence (J/cm²): 0-20 
Irradiance (mW/cm²): 

Sprague-Dawley male 
rats, with wound 
inflicted by incision  

 

Application of 20J/cm² light 
induced increase in Heme 
oxygenase-1 (HO-1), thus thought 
to induce decreases in ROS 
production.   

HO-1 gene expression as a 
marker for ROS  

Liang et al, 2015 
(Liang et al., 2015) 

Wavelength: 810 nm 
Light source type: laser 
Power (mW):  
Pulse frequency:  
Beam area (cm²): Exposure time 
(s): 0-60 
Radiant energy (J) 
Fluence (J/cm²):  10-60 
Irradiance (mW/cm²): 1000 

Human oral cancer cell 
(OC2)  

Increased ROS production 
induced by light.  

H₂DCFDA 

Fuma et al, 2015 
(Fuma et al., 2015) 

Wavelength: 670 nm 
Light source type: LED 
Power (mW):  
Pulse frequency:  
Beam area (cm²): Exposure time 
(s): 250 (twice a day, for 4 days) 
Radiant energy (J) 
Fluence (J/cm²):  
Irradiance (mW/cm²): 3.89 

ARPE-19 and human 
retinal pigment 
epithelium cells  

PBM reduced ROS production. 
 

CM-H2DCFDA 

Denadai et al, 2015 
(Denadai et al., 
2015) 

Wavelength: 660 nm 
Light source type: laser (InGaAlP) 
Power (mW): 100 
Pulse frequency:  
Beam area (cm²): 0.028 Exposure 
time (s): 60s per point 
Radiant energy (J) 
Fluence (J/cm²): 6 
Irradiance (mW/cm²): 3570 

Male Wistar rats, with 
diabetes induced by 
streptozotocin. 
Wounds also induced 
by incision. 

Application of light reduced 
oxidative stress induced by 
wound incision.  

TBARs (using MDA) 

Giacci et al, 2015 
(Giacci et al., 2015) 

Wavelength: 440 nm, 550 nm, 
670 nm, 810 nm 
Light source type:  
Power (mW):  
Pulse frequency:  
Beam area (cm²): Exposure time 
(s):  
Radiant energy (J) 
Fluence (J/cm²): 0.000234-0.38 
Irradiance (mW/cm²): 0.013-
20.11 

pheochromocytoma 
(PC12), Müller (rMC1) 
and primary mixed 
retinal cells. 

PBM induced no significant effect 
on ROS production.  

DCFH-DA and H₂O₂ detection 
assays 
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Spitler et al, 2015 
(Spitler et al., 2015) 

Wavelength: 652 nm, 806 nm, 
637 nm and 901 nm 
Light source type: laser (652 nm 
and 901 nm), LED (637 nm and 
901 nm)  
Power (mW):  
Pulse frequency:  
Beam area (cm²): Exposure time 
(s): 1800 
Radiant energy (J) 
Fluence (J/cm²): 10.02(red), 2.334 
(NIR) 
Irradiance (mW/cm²): 5.57 (red), 
1.3 (NIR) 

Human osteosarcoma 
cells (U202) 

Light application significantly 
reduced ROS production relative 
to the untreated control.  

DCFDA 

Khan et al, 2015 
(Khan et al., 2015) 

Wavelength: 810  
Light source type:  
Power (mW): 3200-4500 (cells, 6 
well plate), 1500-2100 (96-well 
plate) 
Pulse frequency:  
Beam area (cm²): Exposure time 
(s):  
Radiant energy (J) 
Fluence (J/cm²): 21 (mice), 20.7-
28.2  
Irradiance (mW/cm²): 1000 
(mice), 69-94 (cells) 

HaCaT cells and 
normal oral 
keratinocyte cells 
(NOKSI). C57BL/6NCr 
male mice 

Irradiation induced significant 
increases in ROS production from 
black plates, could be due to 
increase in temperature also. 
Laser also induced increases in 
ROS production from mice.  

H₂DCFDA (cells), ROSstar 
800CW probe, detects 
extracellular ROS (mice) 

Velikanov et al, 
2015 (Velikanov et 
al., 2015) 

Wavelength: 590 
Light source type: laser 
Power (mW):  
Pulse frequency: 2-60Hz 
Beam area (cm²): Exposure time 
(s): 30fs 
Radiant energy (J) 
Fluence (J/cm²): 6-4299 
Irradiance (mW/cm²): 1.07-
3.2x10¹³ 

rat mesenchymal 
stromal cells 
(MSCs)and human 
HaCaT keratinocytes  

 

No increase in ROS generation 
was observed in analysis of 
culture medium.  

Iodide-iodine method 
(measures H₂O₂). 

 

Dong et al, 2015 
(Dong et al., 2015) 

Wavelength: 830 nm 
Light source type:  
Power (mW):  
Pulse frequency:  
Beam area (cm²): Exposure time 
(s):  
Radiant energy (J) 
Fluence (J/cm²): 0.1-10 
Irradiance (mW/cm²): 

Human 
neuroblastoma SH-
SY5Y and C57BL/6 
mice with induced 
traumatic brain injury 
(TBI)  
 

 

Decreased ROS production from 
Cobalt chloride treated cells 

H₂DCFDA 

Carvalho et al, 2016 
(Costa Carvalho et 
al., 2016) 

Wavelength:660 nm 
Light source type: GaAlAs diode 
laser 
Power (mW): 30 
Pulse frequency: N/A (continuous 
wave (cw)) 
Beam area (cm²): 0.8 
Exposure time: 5 minutes 
Radiant energy (J): 9 
Fluence (J/cm²): 112.5 
Irradiance (mW/cm²): 375  

BALF from Balb/c 
mice. 

Light induced and increase in SOD 
activity of allergic mice but had no 
effect on healthy mice. Light also 
caused a reduction in ROS 
generation from allergic mice but 
had no effect on ROS generation 
from healthy mice. 

ROS generation was 
assessed using ELISA. SOD 
activity was assessed using 
hypoxanthine. 

Cedeira et al, 2016 
(Cerdeira et al., 
2016) 

Wavelength:660 nm or 780 nm 
Light source type:  
Power (mW): 40 
Pulse frequency: N/A (continuous 
wave (cw)) 
Beam area (cm²): 0.04  
Exposure time (s): 6-480 
Radiant energy (J): 19.2 
Fluence (J/cm²): 
Irradiance (mW/cm²): 1000  

Neutrophils (healthy 
male) 

Light induced an increase in 
generation of radicals including 
hydroxyl radical, hypochlorite 
anions and superoxide anions. 
PBM also induced generalised 
increase in ROS generation. 660 
nm and 19.2J were most effective 
in inducing this increase. 

Hydroxyl radical and 
hypocholite anion 
generation was assessed 
using hydroxyphenyl 
fluorescein and aminophenyl 
flourescein.  

Bartos et al, 2016 
(Bartos et al., 2016) 

Wavelength:810 nm 
Light source type:  
Power (mW):  
Pulse frequency: N/A (continuous 
wave (cw)) 
Beam area (cm²):  
Exposure time (s): 100 
Radiant energy (J): 1 
Fluence (J/cm²): 3 
Irradiance (mW/cm²): 30  

Cochlear hair cells 
(HEI-OCI, mouse) 

PBM induced a decrease in 
gentamicin or LPS induced 
oxidative stress. 

CellROX and DCF-DA were 
used to assess superoxide 
generation and generalised 
ROS generation. 
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Erthal et al, 2016 
(Erthal et al., 2016) 

Wavelength:830 nm 
Light source type: GaAlAs diode 
laser 
Power (mW):  
Pulse frequency: N/A (continuous 
wave (cw)) 
Beam area (cm²): 6 
Exposure time (s): 10 
Radiant energy (J) 
Fluence (J/cm²): 4 
Irradiance (mW/cm²):  

Paw tissue from 
Female swiss mice. 

PBM induced a decrease in ROS 
generation by 55% caused by 
inflammation from edema 
induced by the drug carrageenan.  

DCFH-DA 

Alves et al, 2016 
(Alves et al., 2016) 

Wavelength:808 nm 
Light source type: GaAlAs diode 
laser 
Power (mW): 30 
Pulse frequency: N/A (continuous 
wave (cw)) 
Beam area (cm²):  
Exposure time: 
Radiant energy (J) 
Fluence (J/cm²): 28 or 56 
Irradiance (mW/cm²):  

Sperm from rams 
diluted in TALP 
medium. 

PBM had no significant effect on 
ROS generation from sperm. 

CellROX 

Tatmatsu-Rocha et 
al 2016 (Tatmatsu-
Rocha et al., 2016) 

Wavelength:904 nm 
Light source type: GaAlAs diode 
laser 
Power (mW): 40  
Pulse frequency: pulsed, 20ms 
Beam area (cm²): 0.1309 
Exposure time (s): 60 
Radiant energy (J) 
Fluence (J/cm²): 
Irradiance (mW/cm²):  

Male Swiss mice, skin 
supernatant 

PBM induced a reduction in 
oxidative stress in diabetic mice 
compared to non-irradiated 
diabetic mice and non-irradiated 
control. However, light also 
induced an increase in oxidative 
stress in irradiated control mice 
compared to the control. 

TBARs 

Riberio et al, 2016 
(Ribeiro et al., 
2016) 

Wavelength: 660 nm and 780 nm 
Light source type: AlGaInP (660 
nm) or AlGaAs (780 nm) 
Power (mW): 40 
Pulse frequency:  
Beam area (cm²): 0.04 
Exposure time (s): 80  
Radiant energy (J): 3.2 
Fluence (J/cm²): 10 
Irradiance (mW/cm²): 1000 

Wisar rats with 
cryoinjury of tibialis 
anterior  

Oxidative stress was modulated 
following application of 660 nm 
light  
 
 
 

2,4-dinitrofenylhydrazyne, 
chemiluminecence assay, 
oxidative stress profile 
assessment  

de Silva Neto 
Trajano et al, 2016 
(Alexsandra da 
Silva Neto Trajano 
et al., 2016) 

Wavelength: 808 nm 
Light source type:  
Power (mW): 100 
Pulse frequency:  
Beam area (cm²): Exposure time 
(s): 2-19 
Radiant energy (J) 
Fluence (J/cm²): 10-70 
Irradiance (mW/cm²): 

C2C12 myoblast 
cultures 

No significant increase in ROS 
production detected.  

Flow cytometry 

Shu et al, 2016 (Shu 
et al., 2016) 

Wavelength: 810 nm 
Light source type: laser 
Power (mW):  
Pulse frequency:  
Beam area (cm²): Exposure time 
(s):  
Radiant energy (J) 
Fluence (J/cm²): 60 
Irradiance (mW/cm²): 1000 

Oral cancer cells Light application induced 
significant increases in ROS 
production  

Hydrogen peroxide assay kit  
 

Becker et al, 2016 
(Becker et al., 
2016b) 

Wavelength: 453 
Light source type: LED  
Power (mW):  
Pulse frequency:  
Beam area (cm²): Exposure time 
(s):  
Radiant energy (J) 
Fluence (J/cm²): 0-41.4 
Irradiance (mW/cm²): 23 

HaCaT cells Initial increase in ROS production 
induced by PBM however levels 
resume to that of the control 2h 
post application.  

Amplex UltraRed 
 

Janzedeh et al, 
2016 (Janzadeh et 
al., 2016) 

Wavelength: 660 
Light source type: diode laser   
Power (mW): 100 
Pulse frequency:  
Beam area (cm²): 0.238 Exposure 
time (s): every day for 2 weeks 
Radiant energy (J) 
Fluence (J/cm²): 4 
Irradiance (mW/cm²):  354 

Adult male Wistar rats 
with chronic 
constriction injury 
(CCI) to mimic 
neuropathic injury.  

Irradiation increased antioxidant 
levels.  

GSH as a marker for changes 
in ROS levels 
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Mamalis et al, 2016 
(Mamalis et al., 
2016) 

Wavelength: 633 
Light source type:  
Power (mW):  
Pulse frequency:  
Beam area (cm²): Exposure time 
(s):  
Radiant energy (J) 
Fluence (J/cm²): 320-640 
Irradiance (mW/cm²): 872.6 

Human dermal 
fibroblast cells  

Irradiation increased ROS 
production  

Flow cytometry:  7‐amino‐
actinomycin D, Annexin V 
and FlowJo.  

Engel et al, 2016 
(Engel et al., 2016) 

Wavelength: 808 
Light source type: GaAlAs laser 
diode  
Power (mW): 600-900 
Pulse frequency:  
Beam area (cm²):  
Exposure time (s):   
Radiant energy (J) 
Fluence (J/cm²): 11.3-17 
Irradiance (mW/cm²): 38-57 

Oral keratinocytes and 
fibroblasts  

Increased ROS production in 
keratinocytes compared to 
fibroblasts.  

DCFDA 

Lee et al, 2017 (Lee 
et al., 2017a) 

Wavelength: 635 nm 
Light source type:  
Power (mW):  
Pulse frequency:  
Beam area (cm²):  
Exposure time (s): 300 
Radiant energy (J) 
Fluence (J/cm²): 
Irradiance (mW/cm²): 5 

Bone marrow derived 
macrophages (BMMs)  

Light application decreased ROS 
production.  

H₂DCFDA 

Zhu et al, 2017 (Zhu 
et al., 2017) 

Wavelength: 633 nm 
Light source type: laser diode 
Power (mW): 750 
Pulse frequency:  
Beam area (cm²):  
Exposure time (s): 15 
Radiant energy (J): 10.95 
Fluence (J/cm²): 
Irradiance (mW/cm²): 

Mouse neuronal stem 
cells (NSCs)  

Light treatments induced ROS 
production.  

DCFDA 

Yin et al, 2017 (Yin 
et al., 2017) 

Wavelength: 660 
Light source type:  
Power (mW): 3-4.5 
Pulse frequency: 50 
Beam area (cm²):  
Exposure time (s):  
Radiant energy (J) 
Fluence (J/cm²): 
Irradiance (mW/cm²): 

Mesenchymal stem 
cells  

Increased intracellular ROS, to 
enhance stem cell survival  

DCFH2-DA 

Santos et al, 2017 
(Santos et al., 2017) 

Wavelength: 405 
Light source type: LED 
Power (mW):  
Pulse frequency:  
Beam area (cm²):  0.27 
Exposure time (s): 30-60 
Radiant energy (J) 
Fluence (J/cm²): 
Irradiance (mW/cm²): 300 

In vitro: Subventricular 
zone (SVZ) cell culture. 

Blue light induced transient 
increases in ROS, causing 
increased neuronal differentiation 
and increases retinoic acid 
receptor levels. 

DCFDA or MitoSOX red  

Salehpour et al, 
2017 (Salehpour et 
al., 2017) 

Wavelength: 660 nm and 810 nm 
Light source type: laser 
Power (mW): 200 
Pulse frequency: 10 
Beam area (cm²):  
Exposure time (s):  
Radiant energy (J) 
Fluence (J/cm²): 4-8 
Irradiance (mW/cm²): 4.75 

Mitochondria isolated 
from adult male 
BALB/c mice 
 

Application of light reduced D-
galactose induced increases in 
ROS production. 

DCFDA 
 
 

Wang et al, 2017 
(Wang et al., 
2017c) 

Wavelength: 415, 540, 660, 810 
Light source type: LED array (415 
nm), Filtered lamp (540 nm), 
Diode laser (660 nm and 810 nm) 
Power (mW):  
Pulse frequency:  
Beam area (cm²): 4 
Exposure time (s): 188 
Radiant energy (J) 
Fluence (J/cm²): 3 
Irradiance (mW/cm²): 16 

In vitro: human 
adipose-derived stem 
cells.  
 

Blue and green light induce 
significant increases in 
intracellular calcium and ROS, 
reduce mitochondrial membrane 
potential, lower intracellular pH 
and reducing cellular 
proliferation. Red and NIR light 
have the opposite effect. 

CM-H2DCFDA 
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Djavid et al, 2017 
(Djavid et al., 2017) 

Wavelength: 685 nm 
Light source type:  
Power (mW): 50 
Pulse frequency:  
Beam area (cm²):  
Exposure time (s): 300-1200 
Radiant energy (J) 
Fluence (J/cm²): 5-20 
Irradiance (mW/cm²): 16.6 

HeLa cells 20J/cm² enhanced radio 
sensitivity to ionising radiation 
due to increased oxidative stress. 

DCF-DA 

Hammami et al, 
2018 (Hammami et 
al., 2018) 

Wavelength: 655 nm and 780 nm 
simultaneously 
Light source type: diode laser  
Power (mW):  
Pulse frequency:  
Beam area (cm²):  
Exposure time (s): 3600  
Radiant energy (J) 
Fluence (J/cm²): 55.4 
Irradiance (mW/cm²): 15.43 

in vivo model of the 
chick embryo 
chorioallantoic 
membrane 

Irradiation inhibited UV induced 
ROS production and lipid 
peroxidation  

Dihydroethidium (DHE) 

Rupel et al, 2018 
(Rupel et al., 2018) 

Wavelength: 970 nm, 660 nm, 
880 nm, 800 nm, combined (660 
nm, 880 nm, 970 nm) 
Light source type: GaAs diode 
laser 
Power (mW):  
Pulse frequency:  
Beam area (cm²):  
Exposure time (s):  
Radiant energy (J) 
Fluence (J/cm²): 3-6 
Irradiance (mW/cm²): 50-200 

10 patients affected 
by oral mucositis. 
Polymorphonuclear 
neutrophils (PMNs) 
were isolated from 5 
healthy volunteers.  
HaCaT and 
keratinocyte cells. 

Reduced ROS production 
significantly from OM patients. 
970 nm light application induced 
reductions in ROS production 
from both LPS stimulated and 
unstimulated PMNs. Real time 
evaluation revealed 880 nm and 
970 nm reduced H₂O₂ induced 
increases in ROS production.  

Total antioxidant status 
(saliva). DCFDA for PMNs 
and keratinocyte cells. 
HaCaT cells transfected with 
roGFP2-Orp1 to establish 
real time effects of PBM on 
ROS production.  

Salehpour et al, 
2018 (Salehpour et 
al., 2018a) 

Wavelength: 810 nm 
Light source type: GaAlAs 
Power (mW): 200 
Pulse frequency: 10Hz (88% duty 
cycle) 
Beam area (cm²): 0.03  
Exposure time (s): 5 
Radiant energy (J) 
Fluence (J/cm²): 8 
Irradiance (mW/cm²): 4750 

Adult male BALB/c 
mice 

Reduced ROS production in sleep 
derived mice. 

DCFDA 

Diniz et al, 2018 
(Diniz et al., 2018) 

Wavelength: 660 
Light source type: InGaAIP 
Power (mW): 20 
Pulse frequency:  
Beam area (cm²):  
Exposure time (s): 4-7  
Radiant energy (J) 
Fluence (J/cm²): 3-5 
Irradiance (mW/cm²): 710 

DPSCs ROS production is dose 
dependent, addition of 
recombinant human Bone 
Morphogenetic Protein 4 
(rhBMP4) abrogates this effect.  

Dihydrorhodamine 123 (DHR 
123), flow cytometry.  

Feng et al,  2018 
(Feng et al., 2018) 

Wavelength: 635 
Light source type: LED  
Power (mW):  
Pulse frequency:  
Beam area (cm²):  
Exposure time (s):  300 (0, 6, 24, 
48h time points) 
Radiant energy (J) 
Fluence (J/cm²): 
Irradiance (mW/cm²): 15 

Hepatocytes Induced ROS production ROS detection assay kit  

Mignon et al, 2018 
(Mignon et al., 
2018) 

Wavelength: 450, 490, 550, 590, 
650, and 850  nm 
Light source type: LED 
Power (mW):  
Pulse frequency:  
Beam area (cm²):  
Exposure time (s):  
Radiant energy (J) 
Fluence (J/cm²): 0-250 
Irradiance (mW/cm²): 30 (450 
nm, 500 nm, 530 nm), 7 (590 nm), 
60 (655 nm), 80 (850 nm). 

Primary human 
reticular and papillary 
dermal fibroblasts 
 

Dose dependent increase in ROS 
production from blue light 
exposed cultures.  

CellROX deep red  
 

George et al, 2018 
(George et al., 
2018)  

Wavelength: 636 nm and 825 nm 
Light source type: laser  
Power (mW): 75 (636 nm) and 
104 (825 nm) 
Pulse frequency:  
Beam area (cm²): 9.08 
Exposure time (s):  605.28-3026.4 
(636 nm), 436.5-2128.5 (825 nm)  
Radiant energy (J) 

Human dermal 
fibroblasts 

ROS production is both 
wavelength and dose dependent.  

H₂DCFDA 
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Fluence (J/cm²): 5-25 
Irradiance (mW/cm²): 8.26 (636 
nm), 11.45 (825 nm) 

Serrage et al, 2019 
(Serrage et al., 
2019b) 

Wavelength: 400-830 nm 
Light source type: LED  
Power (mW):  
Pulse frequency:  
Beam area (cm²):  0.335-0.370 
Exposure time (s): 30 
Radiant energy (J) 
Fluence (J/cm²): 0.72 
Irradiance (mW/cm²): 24 

C2C12 myoblast cells Significant increases in ROS 
production induced by blue light 
particularly 24h post irradiation 

H₂DCFDA 

Migliario et al, 
2019 (Migliario et 
al., 2018b) 

Wavelength: 980 
Light source type: diode laser  
Power (mW): 1000 
Pulse frequency:  
Beam area (cm²): 1.54 
Exposure time (s): 0-75 
Radiant energy (J): 0-75 
Fluence (J/cm²): 0-48.7 
Irradiance (mW/cm²): 

Neutrophils (primary) PBM induces NETosis through 
dose dependent increases in ROS 
production (>50J) 

Application of ROS 
scavengers (e.g. vitamin C) 
to abrogate effects of PBM 
induced NETosis. 

Amaroli et al, 2019 
(Amaroli et al., 
2019) 

Wavelength: 808 
Light source type: laser 
Power (mW): 950 
Pulse frequency:  
Beam area (cm²): 1 
Exposure time (s): 60  
Radiant energy (J): 67 
Fluence (J/cm²): 57 
Irradiance (mW/cm²):  

human endothelial cell 
line (HECV) 

Induced significant increases in 
oxidative stress 30-60min post 
irradiation  

TBARs 
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Figure 10.5: Flow chart describing the strategy employed to identify relevant articles illustrating the 
effects of  blue light  
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Table 10.5: Citations identified from a review of the literature evaluating the effects of blue light PBM 
using the following search terms: ‘Blue AND light’ OR ‘400  nm’ OR ‘405  nm’ OR ‘420  nm’ OR ‘450  nm’ 
OR ‘475  nm’  OR ‘480  nm’ AND ‘Photobiomodulation’ OR ‘PBM’ OR ‘LLLT’ OR ‘Low AND Level AND 
light AND therapy’ OR ‘LILT’ OR ‘Low AND Intensity AND Light AND therapy’ OR ‘Photobiostimulation’ 
AND NOT ‘Photodynamic AND therapy’ OR ‘PDT’ 

Citation Light Source Dose Study type Conclusion 

1. Mignon et al, 2018(Mignon et al., 
2018) 

Source: LED 
Wavelength ( nm): 450, 
490, 550, 650 and 850  
Power (mW): 
Frequency (Hz):  
Spot area (cm²):  

Irradiance (mW/cm²): 30 
(450  nm), 30 (490  nm), 30 
(550  nm), 7 (590  nm), 60 
(655  nm), 80 (850  nm)  
Time (s):  
Energy (J):  
Radiant exposure (J/cm²): 
0-250 (dependent upon 
wavelength) 

In Vitro: Human 
reticular and papillary 
dermal fibroblasts 

450 nm light at 
30J/cm² induced 50% 
reductions in cell 
metabolic activity. 
450 nm and 500 nm 
induced stronger 
inhibitory effects on 
reticular DFs vs 
papillary DFs. 450 nm 
light induced 
increases in 
intracellular ROS 
production. Blue and 
NIR light induced 
changes in some 
similar gene groups. 
However, more genes 
were downregulation 
following irradiation 
with blue light 
compared to NIR.  
Blue light also 
downregulated 
expression of genes 
associated with the 
TGF-β pathway. 

 2.Tani et al, 2018  (191) Source: LED 
Wavelength ( nm): 405, 
635, 808 
Power (mW): 
Frequency (Hz):  
Spot area (cm²):   

Irradiance (mW/cm²): 12.59  
Time (s): 30 
Energy (J):  
Radiant exposure (J/cm²): 
0.378  

In Vitro: human 
osteoblasts and human 
mesenchymal stromal 
cells. 

Blue light had no 
significant effect on 
molecular signalling. 
635 nm light could be 
effective in promoting 
or improving bone 
regeneration as 
shown through 
molecular analysis. 

3.Priglinger et al, 2018   (Priglinger et 
al., 2018) 

Source: LED 
Wavelength ( nm): 475, 
516, 635  
Power (mW): 
Frequency (Hz): pulsed 
2.5 (pulse rate 50%) 
Spot area (cm²):  

Irradiance (mW/cm²): 40  
Time (s): 600 
Energy (J):  
Radiant exposure (J/cm²): 
24 

In Vitro: Stromal 
Vascular fraction cells 

Blue, green and red 
light did not have a 
cytotoxic effect on 
cells. Red and green 
light induced 
significant increases in 
vascular endothelial 
growth factor 
expression. 
 

4.Falcone et al, 2018 (Falcone et al., 
2018) 

Source: LED 
Wavelength ( nm): 453 
Power (mW): 
Frequency (Hz): 5% duty 
cycle, 100Hz  
Spot area (cm²):  

Irradiance (mW/cm²): 10 
(cw), 200 (pulsed) 
Time (s): 1800 
Energy (J):  
Radiant exposure (J/cm²): 
18 

In Vivo: effects on 
inflammation and skin 
barrier recovery. 

Reduced IL-1α 
following irradiation.  

5.Veleska-Stevkoska and Koneski, 
2018 (Veleska-Stevkoska and Koneski, 
2018) 

Source: LED 
Wavelength ( nm): 410 
and 470 
Power (mW): 
Frequency (Hz):  
Spot area (cm²):   1.25 

Irradiance (mW/cm²): 750 
Time (s): 10-20 
Energy (J): 50-100 
Radiant exposure (J/cm²):  
7.5-15 

In Vivo: Haemostasis in 
oral surgery (bleeding 
from tooth 
extractions). 

Blue light shortens 
bleeding time from 
extraction socket. 

6. Castellano-Pellicena et al, 2018 
(Castellano-Pellicena et al., 2018) 

Source: LED 
Wavelength ( nm): 447, 
505, 530, 655 and 850 
(24 well) or 453, 656 (ex 
vivo) 
Power (mW): 
Frequency (Hz):  
Spot area (cm²):  

Irradiance (mW/cm²): 
Time (s): 1200 (24 well) 
Energy (J):  
Radiant exposure (J/cm²):  
453  nm- 2, 656  nm- 30 

In vitro and ex vivo: 
Keratinocytes and 
human skin epidermis 

Blue light stimulated 
metabolic activity of 
cultured 
keratinocytes. Low 
levels of blue light 
reduced DNA 
synthesis and 
stimulated 
keratinocyte 
differentiation. Level 
of differentiation 
induced by blue light 
was reduced in opsin 
3 (OPN3) knockdown, 
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suggesting OPN3 may 
be Important in blue 
light induced 
restoration of barrier 
function. 

7. Fekrazad et al, 2018(Fekrazad et al., 
2018) 

Source: Laser 
Wavelength ( nm): 810, 
660, 532, 485, 
combinations: 810-660, 
810-485, 660-532, 660-
485 
Power (mW): 30-200 
(dependent on 
wavelength) 
Frequency (Hz):  
Spot area (cm²): 0.113-
0.18 

Irradiance (mW/cm²): 266 
(blue), 266 (green) 167 
(red), 1333(NIR) 
Time (s): 3-24 (dependent 
upon wavelength) 
Energy (J):  
Radiant exposure (J/cm²):  
4 (8 for combination) 

In vitro: Mesenchymal 
stem cells. 

Cartilage markers 
were upregulated by 
810 nm and 810-485 
nm light. Red and 
blue-green irradiation 
induced expression of 
COL1. Blue, blue-
green and green light 
irradiation reduced 
osteocalcin 
expression. 
Stimulatory effects on 
osteogenesis were 
seen for red and near 
infra-red lasers but 
green light had 
inhibitory effects. 
Blue light was not 
reported to induce 
inhibitory effects. 
Cons: Parameters 
differ considerably 
from one wavelength 
to the next, 
particularly when 
evaluating 
combination 
treatments. Making 
results of which 
wavelength is most 
effective 
questionable. 
 

8. Rocca et al, 2018 (183) (Rocca et al., 
2018) 

Source: diode laser (450  
nm, 635  nm, 808  nm, 
Er:YAG laser (2940  nm) 
Wavelength ( nm): 2940, 
808, 450, 635 
Power (mW):  200 (635  
nm), 1500 (808  nm), 500 
(450 nm) 
Frequency (Hz): 20 
(Er:YAG)  
Spot area (cm²):   

Irradiance (mW/cm²): 280 
(808  nm), 280 (450  nm), 
1000 (63 5 nm) 
Time (s): 60 (2940  nm), 
3x30 (635  nm), 60 (808  
nm), 60 (450  nm) 
Energy (J):  
Radiant exposure (J/cm²):  
76.43 (Er:YAG), 36 (635  
nm), 50 (808  nm), 17 (450  
nm)   

In Vivo: 
Human 

The diode lasers 
proved more effective 
than the Er:YAG in 
reducing pain scores 
over a 7 day period. 
635 nm had the most 
immediate effect, but 
there was no 
significant difference 
pain score using the 3 
diode lasers after 7 
days.  

9. Wang et al, 2018 (Wang et al., 2018) Source: LEDs 
Wavelength ( nm): 405 
Power (mW): 200 
Frequency (Hz):   
Spot area (cm²):   

Irradiance (mW/cm²): 20 
Time (s): 900 
Energy (J):  
Radiant exposure (J/cm²):   
12 

In Vitro: 
Whole blood samples 
(human) 

No significant change 
in the absorption 
spectra exhibited by 
blood following 
irradiation.  

10. Kim et al, 2017(Kim et al., 2017b) Source: LEDs 
Wavelength ( nm): 410, 
630, 830 
Power (mW):  
Frequency (Hz):   
Spot area (cm²):   

Irradiance (mW/cm²):  
Time (s):  
Energy (J):  
Radiant exposure (J/cm²):    

In Vivo: 
Mouse model 

Wound closure 
percentage over 10 
days was greatest 
when an 830 nm LED 
used. Increased TGF-β 
and collagen 1 but 
downregulated 
SMAD7.  

11.Rohringer et al, 2017 (Rohringer et 
al., 2017) 

Source: LED 
Wavelength ( nm): 475, 
516, 635 
Power (mW): 
Frequency (Hz): 50% 
pulse rate, 2.5Hz 
Spot area (cm²):  

Irradiance (mW/cm²): 80 
Time (s): 600 
Energy (J):  
Radiant exposure (J/cm²):  
24 

In Vitro: Human 
umbilical vein 
endothelial cells 

Red and green light 
induced proliferation 
and migration of 
endothelial cells 
whilst blue light had 
no significant impact. 
Blue light only 
induced significant 
increases in ROS 
production. 
NOTE: irradiance and 
irradiation time values 
do not correlate with 
fluency. Cells 
irradiated at 20% 
confluency – may 
explain negative 
effects of blue light. 
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12.Wang et al, 2017 (Wang et al., 
2017c) 

Source: LED array (415  
nm), Filtered lamp (540  
nm), Diode laser (660  
nm and 810  nm) 
Wavelength ( nm): 415, 
540, 660, 810 
Power (mW): 
Frequency (Hz):  
Spot area (cm²): 4 

Irradiance (mW/cm²): 16 
Time (s): 188 
Energy (J):  
Radiant exposure (J/cm²):  
3 

In vitro: human 
adipose-derived stem 
cells.  
 

Blue and green light 
induce significant 
increases in 
intracellular calcium 
and ROS, reduce 
mitochondrial 
membrane potential, 
lower intracellular pH 
and reducing cellular 
proliferation. Red and 
NIR light have the 
opposite effect. 
Labelled fluency as 
irradiance. Different 
delivery systems may 
alter light delivery 
(coherent vs non-
coherent light 
sources). 

13.Wang et al, 2017(Wang et al., 
2017a) 

Source: LED 
Wavelength ( nm): 480, 
560, 660 and white (400-
750) 
Power (mW): 3000 
Frequency (Hz):  
Spot area (cm²):  

Irradiance (mW/cm²): 250 
Time (s):  
Energy (J):  
Radiant exposure (J/cm²):   

In vitro and in vivo: 
Irradiated fertile 
broiler eggs and 
isolated skeletal 
muscle and satellite 
cells. 

Green PBM promoted 
muscle growth and 
satellite cell 
proliferation through 
insulin growth factor-
1 signalling in late 
embryogenesis. 
 

14.Choe et al, 2017 (Choe et al., 2017) Source: LED 
Wavelength ( nm): 622, 
535, 462 
Power (mW): 24000 
Frequency (Hz):  
Spot area (cm²):  

Irradiance (mW/cm²): 16 
Time (s): 600-1800 (daily) 
Energy (J):  
Radiant exposure (J/cm²):   

In Vitro: HeLa cells 
(cancer cell line). 

Blue light and high 
frequency ultrasound 
induced significant 
reductions in cell 
density when 
compared to red and 
green light combined 
with ultrasound.  This 
could be beneficial in 
alleviating cancer cell 
proliferation. 

15.Buscone et al, 2017 (Buscone et al., 
2017) 
 

Source: LED 
Wavelength ( nm): 453, 
689 
Power (mW): 
Frequency (Hz):  
Spot area (cm²):  

Irradiance (mW/cm²): 
Time (s):  
Energy (J):  
Radiant exposure (J/cm²):  
3.2 

In vitro and ex vivo: 
hair growth and outer 
root sheath cells.  

Blue light at low 
radiant exposure 
stimulate hair growth 
ex vivo. 

16. Santos et al, 2017 (Santos et al., 
2017) 

Source: LED 
Wavelength ( nm): 405 
Power (mW): 
Frequency (Hz):  
Spot area (cm²): 0.27  

Irradiance (mW/cm²): 300 
Time (s): 30-60 
Energy (J):  
Radiant exposure (J/cm²):   

In vitro: Subventricular 
zone (SVZ) cell culture. 

Blue light induced 
transient increases in 
ROS, causing 
increased neuronal 
differentiation and 
increases retinoic acid 
receptor levels. The 
effects are 
heightened with the 
addition of light 
reactive 
nanoparticles. 

17. Fekrazad et al, 2017(Fekrazad et 
al., 2017) 

Source: laser: GaAs (405  
nm, 532  nm), InGaAlP 
(660  nm) and GaAlAs 
(810  nm) 
Wavelength ( nm): 405, 
532, 660, 810 
Power (mW): 
Frequency (Hz):  
Spot area (cm²): 1  

Irradiance (mW/cm²): 200 
Time (s):  
Energy (J):  
Radiant exposure (J/cm²):  
1.5 

In Vivo: Male Wistar 
rats (n=60) 

Green, blue, red and 
infrared light 
irradiation may 
accelerate healing 
process. 

18.Lee et al, 2017(Lee et al., 2017b) Source: LED 
Wavelength ( nm): 410, 
630, 830 
Power (mW): 
Frequency (Hz):  
Spot area (cm²):  

Irradiance (mW/cm²): 205 
(405 nm), 172 (630), 50 
(830) 
Time (s):  
Energy (J):  
Radiant exposure (J/cm²):  
10 

In Vitro: Keloid 
fibroblasts 

Blue did not affect cell 
viability. COL1 gene 
and protein 
expression decreased 
significantly after 
irradiation with blue 
light and may be 
effective in preventing 
keloid formation. 

19. Alba et al, 2017 (Alba et al., 2017) Source: LED (470) and 
laser (660) 
Wavelength ( nm): 470 
and 660 
Power (mW): 
Frequency (Hz):  
Spot area (cm²):  

Irradiance (mW/cm²): 
Time (s): 180 (470), 60 (660) 
Energy (J): 6-8 
Radiant exposure (J/cm²):   

In Vivo: treatment of 
acne vulgaris 

The combined use of 
red and blue light 
proved beneficial in 
reducing 
inflammation and 
enhancing wound 
healing when 
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compared to the use 
of salicylic acid for 
treatment. 

20. Mignon et al, 2017(Mignon et al., 
2017) 

Source: LED 
Wavelength ( nm): 400, 
500, 530, 590, 655, 850 
Power (mW): 
Frequency (Hz):  
Spot area (cm²):  

Irradiance (mW/cm²): 3-80 
Time (s):  
Energy (J):  
Radiant exposure (J/cm²):  
2-30 

In Vitro: Human dermal 
fibroblasts 

The effects of blue 
light on cell 
metabolism were 
dramatically 
influenced by FBS 
concentration, 
confluency level of 
cells and the fluency 
values applied to cells.  

21. Yoshimoto et al, 2017(Yoshimoto 
et al., 2018) 

Source: LED 
Wavelength ( nm): 465 
Power (mW): 
Frequency (Hz):  
Spot area (cm²):  

Irradiance (mW/cm²): 30 
Time (s): 1800  
Energy (J):  
Radiant exposure (J/cm²):  
54 

In Vitro: Human colon 
cancer cells (HT-29 or 
HCT-116) 

Blue light irradiation 
reduced cancer cell 
viability. However, 
this effect was 
reversed in an Opsin 3 
(Opn3) knockdown. 

22. Yuan et al, 2017(Yuan et al., 2017) Source: LED 
Wavelength ( nm): 470 
Power (mW): 
Frequency (Hz):  
Spot area (cm²):  

Irradiance (mW/cm²): 20 
Time (s): 60-3600 
Energy (J):  
Radiant exposure (J/cm²):   

In Vitro: Bone marrow-
derived mesenchymal 
stem cells (BMSCs) 
 

Blue light inhibited 
osteogenic 
differentiation, 
induced apoptosis as a 
result of increased 
ROS production and 
DNA damage. 

23. Monrazeri et al, 2017 (Montazeri et 
al., 2017) 

Source: LED 
Wavelength ( nm): 630, 
808, 450 
Power (mW):100 (630  
nm and 808  nm), 3000 
(450  nm) 
Frequency (Hz):  
Spot area (cm²): 1 

Irradiance (mW/cm²): 100 
(630  nm) 
Time (s):  
Energy (J): 48J per point 
Radiant exposure (J/cm²):   

In vivo: 
Human 

Combining all three 
wavelengths reduced 
abdominal girth 
significantly.  

24. Li et al, 2016(Li et al., 2016) Source: LED 
Wavelength ( nm): 630, 
460 
Power (mW):100 (630 
nm and 808 nm), 3000 
(450 nm) 
Frequency (Hz):  
Spot area (cm²): 300 

Irradiance (mW/cm²): 50 
Time (s): 900-1800 
Energy (J):  
Radiant exposure (J/cm²):  
45-90 

In vivo: 
Japanese big ear white 
rabbits, induced 
wound model 
(incisions in back) 

Red light was more 
effective in promoting 
wound healing than 
blue light.  

25. Khori et al, 2016 (Khori et al., 2016) Source: Laser 
Wavelength ( nm): 405, 
532, 632 
Power (mW): 1-3  
Frequency (Hz):  
Spot area (cm²):  

Irradiance (mW/cm²): 
Time (s): 600 (10 
treatments, 3 times a week) 
Energy (J):  
Radiant exposure (J/cm²):   

In vivo and in vitro: 
BALB/c inbred female 
mice and mouse 
mammary carcinoma 
cell line (4T1). 

Blue light reduced 
tumour volume and 
gene expression 
markers for 
tumorigenesis.  

26. AlGhamdi et al, 2016 (AlGhamdi et 
al., 2016) 

Source: laser 
Wavelength ( nm): 457, 
635, 355 
Power (mW): 
Frequency (Hz):  
Spot area (cm²):  

Irradiance (mW/cm²): 25 
Time (s): 80 
Energy (J):  
Radiant exposure (J/cm²):  
2 

In Vitro: Melanocytes 
from normal human 
melanocytes. 

PBM at all 
wavelengths induced 
the production of 
stage I melanosomes 
to the highest levels 
relative to control 
cells. In particular, red 
and blue laser PBM 
induced the highest 
increase in % level of 
stage I melanosomes. 
This indicates 
significant stimulation 
of melanogenesis. 

27. Wang et al, 2016 (Wang et al., 
2016) 

Source: LED array (420), 
Filtered lamp (540), 
Diode laser (660, 810). 
Wavelength ( nm): 420, 
540, 660, 810 
Power (mW): 
Frequency (Hz):  
Spot area (cm²):  4 

Irradiance (mW/cm²): 16 
Time (s): 188 (five times, 
every 2 days). 
Energy (J):  
Radiant exposure (J/cm²): 3  

In Vitro: Human 
adipose-derived stem 
cells. 

Blue and green light 
were effective in 
stimulating osteoblast 
differentiation and 
increasing 
intracellular calcium 
levels than red and 
near infra-red light. 
Blue and green light 
could activate light-
gated calcium ion 
channels. 

28. Masson-Meyers et al, 
2016(Masson-Meyers et al., 2016a) 

Source: LED 
Wavelength ( nm): 470 
Power (mW): 150 
Frequency (Hz):  
Spot area (cm²):  

Irradiance (mW/cm²): 30 
Time (s):  
Energy (J):  
Radiant exposure (J/cm²):  
3, 5, 10, 55 

In Vitro: Human 
Dermal Fibroblasts 

Blue light and radiant 
exposure of 5J/cm² 
improved wound 
healing, increased 
protein concentration 
and reduced IL-6 
secretion significantly. 
There was no effect of 
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irradiation on cell 
viability. 

29. Ashworth et al, 2016 (Ashworth et 
al., 2016) 

Source: LED 
Wavelength ( nm): 450, 
510, 660, 860 
Power (mW): 
Frequency (Hz):  
Spot area (cm²):  

Irradiance (mW/cm²): 
Time (s):  
Energy (J):  
Radiant exposure (J/cm²): 
Other:   
photons/cm²/s 

Ex Vivo: Rat or mouse 
spinal cord slices 

All four wavelengths 
at the highest 
intensity output 
reduced 
immunoreactivity. 

30. Figurova et al, 2016 (Figurová et al., 
2016) 

Source: LED 
Wavelength ( nm): 
685/470 combined 
Power (mW): 
Frequency (Hz):  
Spot area (cm²):  

Irradiance (mW/cm²): 8 
Time (s):  
Energy (J):  
Radiant exposure (J/cm²): 
3.36  

In Vivo: Minipigs Combined red and 
blue light therapy 
induced improved 
tissue healing relative 
to control groups.  

31. Becker et al, 2016 (Becker et al., 
2016a) 

Source: LED 
Wavelength ( nm): 453 
Power (mW): 
Frequency (Hz):  
Spot area (cm²):  

Irradiance (mW/cm²): 23 
Time (s): 1800 
Energy (J):  
Radiant exposure (J/cm²):   

In Vitro: Melanoma 
cells 

The effects of blue 
light on cell viability 
were dose dependent 
and blue light down 
regulated anti-
inflammatory genes 
but upregulated 
genes associated with 
apoptosis. Significant 
decreases in viability 
were witnessed after 
irradiation times of 
1800s. 

32. Dereci et al, 2016 (Dereci et al., 
2016) 

Source: LED (blue, 400-
490), GaAlAs diode laser 
(NIR, 980 nm) 
Wavelength ( nm): 400-
490, 980 
Power (mW): 
Frequency (Hz):  
Spot area (cm²):  

Irradiance (mW/cm²): 12 
(400-490), 200 (980)  
Time (s):  
Energy (J):  
Radiant exposure (J/cm²): 
13 (400-490, 20 (980)   

In Vivo: Wistar rats Whilst high doses of 
blue light were 
inhibitory, low doses 
proved efficacious in 
promoting bone 
regeneration to 
similar levels to NIR 
light.  

33. Takhtfooladi and Sharifi, 2015 
(Takhtfooladi and Sharifi, 2015) 

Source: GaAlAs (680), 
LED (650, 450)  
Wavelength ( nm): 680, 
650, 450 
Power (mW): 10 (680) 
Frequency (Hz): Pulsed 
(no info, 680 only) 
Spot area (cm²): 0.4 
(680), 1.5 (650, 450) 

Irradiance (mW/cm²): 
Time (s): 200s (680), 600s 
(450, 650) 14 days 
Energy (J):  
Radiant exposure (J/cm²): 
10 (680), 650 (2.4), 450 (2.4)   

In Vivo: New Zealand 
rabbits 

Blue and red LEDs had 
no significant effect 
on cell proliferation or 
myelination. 
Conversely, laser red 
light had a significant 
effect. This may be 
due to the pulsed 
modality of the laser 
light source. 

34. Fekrazad et al, 2015 (Fekrazad et 
al., 2015) 

Source: laser 
Wavelength ( nm): 630, 
532, 425 
Power (mW): Frequency 
(Hz):  
Spot area (cm²):  

Irradiance (mW/cm²): 50 
(630  nm and 532  nm), 55 
(425  nm) 
Time (s):  
Energy (J):  
Radiant exposure (J/cm²): 2  

In Vivo: 
Diabetes induced male 
Wistar rats 

All three wavelengths 
induced significant 
increases in wound 
healing, where red 
light was most 
effective.  

35. Masson-Meyers et al, 2015 
(Masson-Meyers et al., 2015) 

Source: LED or Laser 
Wavelength ( nm): 405 
Power (mW): 
Frequency (Hz):  
Spot area (cm²):  

Irradiance (mW/cm²): 
Time (s): 900, 1800, 14400 
Energy (J):  
Radiant exposure (J/cm²): 
40, 54, 81, 121  

In Vitro: Methicillin 
Resistant 
Staphylococcus Aureus 
(MRSA) 

Both LED and laser 
proved efficacious in 
supressing bacterial 
growth to significant 
levels at all four 
radiant exposure 
values evaluated. 

36. Schafer and McNeely, 2015 
(Schafer and McNeely, 2015) 

Source: LED 
Wavelength ( nm): 405 
Power (mW): 
Frequency (Hz):  
Spot area (cm²):  

Irradiance (mW/cm²): 30 
Time (s):  
Energy (J):  
Radiant exposure (J/cm²):   

In Vitro: 
Staphylococcus 
Epidermis, 
Staphylococcus Aureus 
and Propionibacterium 
Acnes 

The effects of blue 
light combined with 
ultrasound were dose 
dependent where it is 
proposed that 
bacterial cells become 
more susceptible to 
the antimicrobial 
effects of blue light 
following ultrasound 
application. 

37. Niu et al, 2015 (Niu et al., 2015) Source: LED 
Wavelength ( nm): 405, 
630, 660 
Power (mW): 
Frequency (Hz):  
Spot area (cm²):  

Irradiance (mW/cm²): 
161µW/cm² nm (405  nm), 
300µW/cm² nm (630  nm), 
545µW/cm² nm (660  nm) 
Time (s): 600 
Energy (J):  
Radiant exposure (J/cm²):  
1.604 (405  nm), 3.409 (630  
nm), 6.538 (660  nm) 

In Vitro: Keratinocytes The combination of 
blue light, red light 
and curcumin was 
able to regulate 
proliferation and 
apoptosis of 
keratinocytes. 
Without curcumin, 
light did not influence 
cell viability. 
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38. AlGhamdi et al, 2015 (AlGhamdi et 
al., 2015) 

Source: diode laser 
Wavelength ( nm): 355, 
457, 635 
Power (mW): 
Frequency (Hz):  
Spot area (cm²):  

Irradiance (mW/cm²): 25 
Time (s): 20-200 
Energy (J):  
Radiant exposure (J/cm²):  
0.5-5 

In Vitro: Melanocytes Blue laser proved 
most efficacious in 
promoting cell 
proliferation and 
migration. 

39. Pfaff et al, 2015 (Pfaff et al., 2015) 
  

Source: LED 
Wavelength ( nm): 453 
Power (mW): 
Frequency (Hz): High 
(200mW/cm²) and low 
(100mW/cm²) duty 
cycles employed 
Spot area (cm²):  

Irradiance (mW/cm²): 100 
(low), 200 (high) 
Time (s): 1800 
Energy (J):  
Radiant exposure (J/cm²):  
90 

In Vivo: Treatment of 
patients with mild 
Psoriasis Vulgaris (Pv). 

Blue light proved to 
significantly reduce Pv 
severity at both 
irradiance outputs.  

40. Bumah et al, 2015(Bumah et al., 
2015) 

Source: LED 
Wavelength ( nm): 470 
Power (mW): 150 (18 
delivered to cultures) 
Frequency (Hz):  
Spot area (cm²):  

Irradiance (mW/cm²): 30 
Time (s):  
Energy (J):  
Radiant exposure (J/cm²):  
55 

In Vitro: MRSA Blue light alone is 
effective in supressing 
MRSA growth, where 
there was no 
significant difference 
in the effect of blue 
light and the 
combination of blue 
light and hyperbaric 
oxygen.  

41. Jung et al, 2015 (Jung et al., 2015) Source: LED 
Wavelength ( nm): 415, 
630 
Power (mW): 
Frequency (Hz):  
Spot area (cm²):  

Irradiance (mW/cm²): 
Time (s): 76-615 
Energy (J):  
Radiant exposure (J/cm²):  
5-40 

In Vitro: Human 
Sebocytes 

Blue and red light 
influence lipid 
production and may 
have beneficial effects 
on acne through the 
suppression of sebum 
production. 

42. Teuschl et al, 2015 (Teuschl et al., 
2015a) 

Source: LED 
Wavelength ( nm): 470, 
630 
Power (mW): 1000 
Frequency (Hz):  
Spot area (cm²):  

Irradiance (mW/cm²): 50 
Time (s): 600 (5 times, once 
per day) 
Energy (J):  
Radiant exposure (J/cm²):  
30 

In Vitro: C2C12 
(myoblast), NIH/3T3 
(fibroblast), BICR10 
(keratinocytes) 

Blue light reduced cell 
proliferation and 
promoted necrosis. 
Red light promoted 
cell proliferation and 
increased rate of 
wound healing. 

43. Hadis et al, 2015(Hadis et al., 2015) Source: LED 
Wavelength ( nm): 400-
900 
Power (mW): 
Frequency (Hz):  
Spot area (cm²):  

Irradiance (mW/cm²): 3.5 
Time (s): 15-120 
Energy (J):  
Radiant exposure (J/cm²):  
0.05-0.42 

In Vitro: Dental Pulp 
cells (DPCs) 

Blue light had no 
significant effect on 
DPCs whilst 
wavelengths of 625 
nm, 660 nm, 789 nm 
and 800 nm induced 
significant increases in 
mitochondrial 
activity. Particularly 
after 24hrs and 
irradiation periods of 
30s. 

44. De Sousa et al, 2015 (De Sousa et 
al., 2015) 

 Source: LED 
Wavelength ( nm): 450 
Power (mW): 70 
Frequency (Hz):  
Spot area (cm²): 0.00785 

 Irradiance (mW/cm²): 
Time (s): 0-343 
Energy (J):  
Radiant exposure (J/cm²):  
3-24 

In Vitro: 
Staphylococcus aureus, 
Pseudomonas 
aeruginosa 

Blue light inhibited 
bacterial growth at 
fluency values greater 
than 6J/cm². 

45. Gold et al, 2014 (Gold et al., 2014)  Source: LEDs 
Wavelength ( nm): 405-
460 
Power (mW):  
Frequency (Hz):  
Spot area (cm²):  

 Irradiance (mW/cm²): 
Time (s):  
Energy (J):  
Radiant exposure (J/cm²):   

In Vivo: 
Human 

Induced a reduction in 
acne vulgaris 
inflammatory lesions. 
Did induce increases 
in skin temperature 
up to 41ºC. 

46. Schoenly et al, 2014(Schoenly et 
al., 2014) 

 Source: laser 
Wavelength ( nm): 400 
Power (mW):  
Frequency (Hz): 60ns 
laser pulse  
Spot area (cm²):  

 Irradiance (mW/cm²): 
Time (s):  
Energy (J):  
Radiant exposure (J/cm²):   
<8 

In Vitro: 
Human teeth 

Removal of calculus is 
thickness dependent 
and can occur at 
radiant exposure 
<5J/cm² 

47. Buravlev et al, 2014 (Buravlev et 
al., 2014b) 

Source: LED 
Wavelength ( nm): 442 
Power (mW): 70 
Frequency (Hz):  
Spot area (cm²): 0.00785 

Irradiance (mW/cm²): 
Time (s): 30-300 
Energy (J):  
Radiant exposure (J/cm²):  
30 

In Vitro: Mitochondria 
isolated from male 
albino rat livers. 

Blue light restored 
nitric oxide inhibited 
rates of respiration to 
normal. It is 
hypothesised blue 
light irradiation 
induces photolytic 
destruction of nitrosyl 
complexes that inhibit 
the activities of 
complex I and III of the 
electron transport 
chain. 
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48. Sinclair et al, 2014 (Sinclair et al., 
2014) 

Source: LED 
Wavelength ( nm): 465, 
574 
Power (mW): 
Frequency (Hz):  
Spot area (cm²):  

Irradiance (mW/cm²): 
0.0848 (blue), 0.0185 
(yellow) 
Time (s): 2700 
Energy (J):  
Radiant exposure (J/cm²):   
Other: 68 lux, 
1.21xphotons/cm²/s  

In Vivo: Patients with 
traumatic brain injury 
(TBI) 

Blue light is effective 
in alleviating fatigue 
and daytime sleeping 
following TBI 

49. Hochman et al, 2014 (Hochman et 
al., 2014) 

Source: LED (470  nm 
and 660  nm) and Laser 
(660  nm and 808  nm, 
no details of laser 
source) 
Wavelength ( nm): 470, 
660, 808 
Power (mW): 100 (808 
nm, 660 nm Laser) and 
350 (470 nm and 660 nm 
LED). 
Frequency (Hz):  
Spot area (cm²): 0.5 
(LED), 0.028 (laser) 

Irradiance (mW/cm²): 
Time (s): 114 (LED), 396 
(laser) 
Energy (J): 40 (both) 
Radiant exposure (J/cm²):  
80 (LED), 1429 (laser) 

In Vivo: Skin of adult 
male Wistar rats. 

Infrared (808 nm) 
laser irradiation 
enhances 
neuropeptide 
secretion in healthy 
rat skin, whilst other 
sources of light and 
wavelengths had no 
significant impact. 

50. Dungel et al, 2014(Dungel et al., 
2014) 

Source: LED 
Wavelength ( nm): 470, 
629 
Power (mW): 
Frequency (Hz):  
Spot area (cm²):  

Irradiance (mW/cm²): 50 
Time (s): 600 
Energy (J):  
Radiant exposure (J/cm²):  
30 

In Vivo: Sprague-
Dawley rats 

Both wavelengths 
promoted 
angiogenesis, 
improved tissue 
perfusion, reduced 
tissue necrosis and 
therefore promoted 
wound healing.  

51. KazemiKhoo and Ansari et al, 2014 
(KazemiKhoo and Ansari, 2014) 

Source: Optical fiber 
Wavelength ( nm): 405, 
632.8 
Power (mW): 1.5 
Frequency (Hz):  
Spot area (cm²): 0.01 

Irradiance (mW/cm²): 
Time (s): 1800 (every other 
day, 14 sessions) 
Energy (J):  
Radiant exposure (J/cm²):   

In Vivo: Intravascular 
laser irradiation of 
blood in type 2 diabetic 
patients and 
measurements of 
changes in blood sugar. 

Both wavelengths 
induced significant 
decreases in blood 
sugar levels. 

52. Burvalev et al, 2014 (Buravlev et 
al., 2014a) 

Source: Laser (442  nm, 
532  nm) and LED (650  
nm) 
Wavelength ( nm): 442, 
532, 650 
Power (mW): 20 
Frequency (Hz):  
Spot area (cm²): 1.57 

Irradiance (mW/cm²): 30 
Time (s):  30-300 
Energy (J):  
Radiant exposure (J/cm²):  
3-31 

In Vitro: Mitochondria 
isolated from rat liver. 

Laser of mitochondria 
at 442 nm restored 
mitochondrial 
respiration inhibited 
by NO. Blue light also 
restored complex IV 
activity but not 
complexes I-III. Other 
wavelengths had no 
significant effect. 

53. Turrioni et al, 2013(Turrioni et al., 
2013) 

Source:  
Wavelength ( nm): 450, 
630, 850 
Power (mW):  
Frequency (Hz):  
Spot area (cm²):  

Irradiance (mW/cm²):  
Time (s):   
Energy (J):  
Radiant exposure (J/cm²):   

In Vitro: 
Human dentin 

All three wavelengths 
passed through the 
dentin barrier. LED 
power loss and 
transmittance varied 
dependent upon 
dentin thickness and 
wavelength.  

54. Kazemi Khoo et al, 2013(Kazemi 
Khoo et al., 2013) 

Source: laser 
Wavelength ( nm): 405 
Power (mW): 1.5 
Frequency (Hz):  
Spot area (cm²):  

Irradiance (mW/cm²):  
Time (s):  1800 
Energy (J):  
Radiant exposure (J/cm²):   

In Vivo: 
Human diabetic 
patients 

Resulted in 
modulation of 
metabolites 
associated with type 2 
diabetes following 
intravenous PBM.  

55. Cheon et al, 2013 (Cheon et al., 
2013) 

Source: LED 
Wavelength ( nm): 470, 
525, 633 
Power (mW): 
Frequency (Hz):  
Spot area (cm²):  

Irradiance (mW/cm²): 3.55 
(470 nm), 4.02 (525 nm) and 
6.78 (633 nm) 
Time (s): 3600 (9 days) 
Energy (J):  
Radiant exposure (J/cm²):   

In Vivo: Sprague 
Dawley rats and 
histological analysis 

Blue and green light 
promoted wound 
healing significantly. 
Red light promoted 
collagen production. 

56. Burvalev et al, 2013 (Buravlev et 
al., 2013) 

Source: HeCd laser (442  
nm) diode pumped solid 
state laser (532  nm) and 
LED (650  nm) 
Wavelength ( nm): 442, 
532, 650 
Power (mW): 20 
Frequency (Hz):  
Spot area (cm²): 1.57 

Irradiance (mW/cm²): 
Time (s): 30-300 (1 
treatment) 
Energy (J):  
Radiant exposure (J/cm²):   

In Vivo: 
Lipopolysaccharide B 
was applied through 
intraperitoneal 
injection to outbred 
albino rats. 
Mitochondria were 
then isolated from rat 
liver.  

Blue light induced a 
40% increase in 
mitochondrial 
respiration from LPS 
treated animals at a 
dose of 6J/cm² 

57. Kushibiki et al, 2013 (Kushibiki et 
al., 2013) 

Source: Laser 
Wavelength ( nm): 405, 
664, 808 
Power (mW): 
Frequency (Hz):  
Spot area (cm²):  

Irradiance (mW/cm²): 100 
Time (s): 60-120 
Energy (J):  
Radiant exposure (J/cm²):   

In Vitro: mouse 
preadipocytes (3T3-L1), 
prechondrocytes 
(ATDC5), myoblasts 
(C2C12), mesenchymal 
stromal cells (KUSA-

After blue light 
irradiation, 
intracellular ROS 
production was 
significantly increased 
in all cell types whilst 
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A1), lung cancer cells 
(LLC), insulinoma cells 
(MIN6), fibroblasts 
(NIH-3T3), human 
cervix adenocarcinoma 
cells (HeLa), 
macrophages 
differentiated from 
lymphocytes (THP-1) 
after treatment with 
phorbol ester, and rat 
basophilic leukemia 
cells (RBL-2H3)  
 
 

red and near infra-red 
light had no significant 
effect. 

58. Fushimi et al, 2012(Fushimi et al., 
2012) 

Source: LED 
Wavelength ( nm): 456, 
518, 638 
Power (mW): 7560 (63 8 
nm), 6930 (456  nm) and 
6840 (518  nm) 
Frequency (Hz):  
Spot area (cm²): 30 

Irradiance (mW/cm²): 0.75 
(638  nm), 0.25 (456  nm) 
and 0.17 (518  nm) 
Time (s): 1200 
Energy (J):  
Radiant exposure (J/cm²):  
0.6 (638  nm), 0.3 (456  nm), 
0.2 (518  nm) 

In Vivo and in vitro: 
Induced wound model 
in ob/ob mice 

LED irradiation 
induced significant 
increases in growth 
factor and cytokine 
secretion. Green LEDs 
promote wound 
healing by inducing 
migratory and 
proliferative 
mediators.  

59. Lavi et al, 2012(Lavi et al., 2012) Source: LED 
Wavelength ( nm): 400-
505, 600-800 
Power (mW):  
Frequency (Hz):  
Spot area (cm²):  

Irradiance (mW/cm²): 30 
(600-800  nm), 10 (400-505  
nm) 
Time (s):  
Energy (J):  
Radiant exposure (J/cm²):   

In Vitro: 
Sperm membranes  

Visible (especially 
blue) light induce 
increase in ROS 
production in isolate 
sperm isolated plasma 
membranes 

60. Adamskaya N et al, 
2011(Adamskaya et al., 2011) 

Source: LED 
Wavelength ( nm): 470, 
630 
Power (mW): 1000 
Frequency (Hz):  
Spot area (cm²):  

Irradiance (mW/cm²): 50 
Time (s): 600 
Energy (J):  
Radiant exposure (J/cm²):   

In Vivo: 
Induced wound model 
(excision wound on 
dorsum), Sprague 
Dawley rats  

Blue light was 
effective in inducing 
wound healing and 
promoting keratin 
expression. 

61. Shuvaeva et al, 2011(Shuvaeva et 
al., 2011) 

Source: laser 
Wavelength ( nm): 473, 
650 
Power (mW): 20 
Frequency (Hz):  
Spot area (cm²):  

Irradiance (mW/cm²): 20 
Time (s):  
Energy (J):  
Radiant exposure (J/cm²):   

In vivo: 
WKY and SHR rats 

Irradiation with red 
light proved more 
effective than blue 
light in augmenting 
the constrictive 
effects of 
Norepinephrine on 
pial arteries. However 
both exerted a 
significant difference 
relative to the control.   

62. Bonatti et al, 2011(Bonatti et al., 
2011) 

Source: LED 
Wavelength ( nm): 470 
Power (mW): 100 
Frequency (Hz):  
Spot area (cm²): 0.8 

Irradiance (mW/cm²): 125 
Time (s): 60-180 
Energy (J): 6, 12, 18 
Radiant exposure (J/cm²):  
59.87, 122.3, 183.43 

In vitro: 
Keloid and skin 
fibroblasts, human 

Reduced skin 
fibroblasts following 
irradiation at 
183.43J/cm² but 
induced no significant 
effect on keloid 
fibroblast number. 

63. Ankri et al, 2010(Ankri et al., 
2010b) 

Source: LED 
Wavelength ( nm): 400-
830 
Power (mW):  
Frequency (Hz):  
Spot area (cm²):  

Irradiance (mW/cm²): 
Time (s): 
Energy (J): 
Radiant exposure (J/cm²):   

Computational model 
of human dermis: 
photon migration 
model 

 

480 nm may be useful 
for treating infected 
wounds whilst 780 nm 
has a higher 
penetration depth 
and therefore may be 
useful for wound 
healing.  

64. De Sousa et al, 2010(de Sousa et 
al., 2010) 

Source: LED 
Wavelength ( nm): 700, 
530, 460 
Power (mW): 15 (700 
nm), 8 (530 nm), 22 (460 
nm)  
Frequency (Hz):  
Spot area (cm²): 2.01 

Irradiance (mW/cm²): 7.46 
(700  nm), 3.98 (530  nm), 
10.94 (460  nm) 
Time (s): 668 (700  nm), 
1250 (530  nm), 456 (460  
nm) 
Energy (J): 
Radiant exposure (J/cm²):  
10 

In Vivo and In vitro: 
Male Wistar rats with 
excisional wound, 
followed by histological 
analysis. 
 

Green and red LEDs 
induced increases in 
fibroblast number 
relative to the control.  

65. Ankri et al, 2010(Ankri et al., 
2010a) 

Source: LED 
Wavelength ( nm): 400-
800 
Power (mW):  
Frequency (Hz):  
Spot area (cm²):  

Irradiance (mW/cm²): 130 
Time (s): 300 
Energy (J): 
Radiant exposure (J/cm²):   

In vitro: 
Sperm and endothelial 
cells 

Illumination induced 
increase in NO 
concentration, 
particularly blue light. 

66. Kushibiki et al, 2010(Kushibiki et 
al., 2010) 

Source: LED 
Wavelength ( nm): 405 
Power (mW):  

Irradiance (mW/cm²): 100 
Time (s): 180 
Energy (J): 

In vitro:  
Prechondrogenic cells 

Intracellular ROS 
increased and mRNA 
levels relating to 



 

401 
 

Frequency (Hz):  
Spot area (cm²):  

Radiant exposure (J/cm²):   chondrogenesis were 
elevated.  

67. Sebbe et al, 2009(Sebbe et al., 
2009) 

Source: LED 
Wavelength ( nm): 472 
Power (mW):  
Frequency (Hz):  
Spot area (cm²):  

Irradiance (mW/cm²): 1.26-
4.73 
Time (s): 8-24h 
Energy (J): 
Radiant exposure (J/cm²):   

In vivo: 
Male Wistar rats. 

Increased bilirubin 
degradation, 
important for 
neonatal jaundice.  

68. Tamarova et al, 2009 (Tamarova et 
al., 2009) 

Source: LED 
Wavelength ( nm): 480-
3400 (range of source, 
evaluated ‘red, orange, 
yellow, blue, green, 
violet’) 
Power (mW):  
Frequency (Hz):  
Spot area (cm²):  

Irradiance (mW/cm²): 40 
Time (s): 600 
Energy (J): 
Radiant exposure (J/cm²):  
2.4 (per minute) 

In vivo: 
Male albino rats with 
area of pain induced by 
saline injection 

Red light was more 
effective in inducing 
an analgesic effect. 
However, all colours 
induced significant 
increases in analgesia 
relative to control.  
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10.2 Conference abstracts 

Photobiomodulatory Effect of Low Level Light on Oral Fibroblasts: H. Serrage, P. Cooper, W. 

Palin, O. Darch, M. Milward, M Hadis, BSODR-IADR17/ British Society for Oral and Dental 

Research. 

The Photobiomodulatory Effect of Blue Light on Oral Fibroblasts: H. Serrage, P. Cooper, W. 

Palin, O. Darch, M. Milward, M Hadis IADR, IADR18/ International Association for dental 

research.  

The Differential Responses of Myoblasts and Myotubes to Photobiomodulation is associated 

with Mitochondrial Number: H. Serrage, S. Joanisse, P. R. Cooper, W. Palin, M Hadis, O. 

Darch, A. Philp, M. R. Milward, WALT 18/World Association for Light Therapy.  

Photobiomodulatory Effect of Blue Light on Oral Fibroblasts: H. Serrage, P. Cooper, W. Palin, 

O. Darch, S. Kuehne, M Hadis, M. Milward, OMIG19/ Oral Microbiology and Immunology 

group PGR prize symposium.  

The use of Photobiomodulation in the management of oral disease: H. Serrage, P. Cooper, 

W. Palin, O. Darch, P. Horstman, M Hadis, M. Milward, BSP19/British Society for 

Periodontology 

10.3 Awards, grants and prizes 

2018: IADR 3MT® (3 minute thesis):  1st Place 

(www.youtube.com/watch?v=wHCMqwTY8fo) 

2019: OMIG PGR Prize Symposium, 15-minute presentation: 1st Place 

2019: Finalist for 3MT® competition (University of Birmingham, UK). 

2019: Last round Finalist for the Sir Wilfred Fish Prize (BSP, Brighton, UK). 

http://www.youtube.com/watch?v=wHCMqwTY8fo
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10.4 Publications 

Published: (Major contributor and first author)  

Serrage H, Joanisse S, Cooper PR, Palin W, Hadis M, Darch O, Philp A, Milward M. 

Differential Responses of Myoblasts and Myotubes to Photobiomodulation are associated 

with Mitochondrial Number. J Biophotonics. 2019:e201800411. 

Published: (Major contributor and first author) 

Serrage H, Heiskanen V, Palin W, Cooper P, Milward M, Hadis M, Hamblin M. Under the 

spotlight: mechanisms of photobiomodulation concentrating on blue and green light. 

Photochemistry and Photobiology Sciences. doi: 10.1039/c9pp00089 
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Objective: Photobiomodulation (PBM)
is the application of light to promote
tissue healing. Current indications sug-
gest PBM induces its beneficial effects
in vivo through upregulation of mito-
chondrial activity. However, how
mitochondrial content influences such
PBM responses have yet to be evalu-
ated. Hence, the current study assessed
the biological response of cells to PBM with varying mitochondrial contents.
Methods: DNA was isolated from myoblasts and myotubes (differentiated myo-
blasts), and mitochondrial DNA (mtDNA) was amplified and quantified using a
microplate assay. Cells were seeded in 96-wellplates, incubated overnight and sub-
sequently irradiated using a light-emitting diode array (400, 450, 525, 660,
740, 810, 830 and white light, 24 mW/cm2, 30-240 seconds, 0.72-5.76J/cm2). The
effects of PBM on markers of mitochondrial activity including reactive-oxygen-
species and real-time mitochondrial respiration (Seahorse XFe96) assays were
assessed 8 hours post-irradiation. Datasets were analysed using general linear
model followed by one-way analysis of variance (and post hoc-Tukey
tests); P = 0.05).
Results: Myotubes exhibited mtDNA levels 86% greater than myoblasts
(P < 0.001). Irradiation of myotubes at 400, 450 or 810 nm induced 53%, 29%
and 47% increases (relative to non-irradiated control) in maximal respiratory rates,
respectively (P < 0.001). Conversely, irradiation of myoblasts at 400 or 450 nm
had no significant effect on maximal respiratory rates.
Conclusion: This study suggests that mitochondrial content may influence cellular
responses to PBM and as such explain
the variability of PBM responses seen
in the literature.
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low-level laser therapy, low-level light therapy, mitochondria, myogenesis,
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1 | INTRODUCTION

Photobiomodulation (PBM) is a non-invasive treatment that
utilises light at a power output less than 500 mW at wave-
lengths from 400 to 1100 nm to promote tissue healing, reduce
inflammation and induce analgesia [1]. Over 800 publications
have reported the efficacy of PBM in treating an array of mus-
culoskeletal conditions including subacute and chronic low
back pain [2] and exercise induced muscle fatigue [3]. Muscu-
loskeletal disorders relate to an array of conditions that affect
movement and are a significant burden, not only to the affected
individual but also to healthcare systems due to the costs asso-
ciated with management. Indeed, a report by the World Health
Organization concluded that up to 33% of the population are
affected by lower back pain at any given time [4].

Despite the positive evidence surrounding the use of
PBM in treating musculoskeletal conditions, controversy
still surrounds its application in practice due to a lack of con-
sistency in the recording of treatment parameters. Notably, a
number of key irradiation parameters should be reported
including wavelength (nm) and irradiance (mW/cm2),
amongst others [5]. These parameters are often either misre-
ported or not reported at all making it difficult to compare
literature currently published.

Another key caveat in the use of PBM is the lack of
knowledge as to how light energy elicits its beneficial molecu-
lar effects. Current literature indicates light acts directly upon
the mitochondrial electron transport chain (ETC), specifically
complex IV [6]. The ETC is formed of five complexes, and its
main purpose is to produce adenosine triphosphate (ATP), the
cells energy source. It is understood that photons of light at
wavelengths including 810 nm excite complex IV, causing the
dissociation of nitric oxide (NO) from its binding site, allow-
ing oxygen to bind in its place and therefore allowing the pro-
gression of the ETC [6, 7]. As the ETC progresses, complexes
I and III of the chain also produce reactive oxygen species
(ROS). The production of ROS and ATP then induce the acti-
vation of transcription factors and subsequent gene expression
changes including increased nuclear factor E2-related factor
2 (Nrf2) [8], a gene whose expression is commonly associated
with increased mitochondrial biogenesis [9].

Many studies report the effect of PBM on mitochondrial
activity through the use of surrogate assays including ROS
[10] and ATP [11] generation. However, despite wide evi-
dence supporting this ideology, no studies to date report the
effects of PBM on mitochondrial respiration or whether
mitochondrial number can influence response to PBM. In
fact, the number of mitochondria per cell can vary from
80 to 2000 dependent upon the cell type explored [12].
Robin and Wong reported that there are approximately 1000
mitochondria per liver cell, whilst there are around 300 mito-
chondria per human lung fibroblast cell [13].

This study aimed to first characterise a system that could
be employed to evaluate the effects of PBM on changes in

mitochondrial respiration in real time and second to deter-
mine the optimal treatment parameters that elicit a molecular
response in muscle-derived cells in which mitochondrial
activity is key to their behaviour. C2C12 myoblasts have
been suggested to be an appropriate model for mimicking
the process of skeletal muscle cell differentiation in vitro
[14]. When exposed to appropriate conditions myoblasts dif-
ferentiate into myotubes in vitro [15]. Mature myotubes are
cited to have a higher population of mitochondria than myo-
blasts [16, 17]. Hence, myoblasts and myotubes were
employed to determine whether cells with a higher mito-
chondrial population responded differently to PBM.

2 | METHODS

2.1 | Light-emitting diode array characterisation

2.1.1 | Spectral characterisation

A UV–Vis spectrometer (USB4000; Ocean Optics, Largo,
Florida) coupled to a 200-μm optical fibre and 3.9-mm cosine
corrector and calibrated to the National Institute of Standards
and Technology (NIST) standards was employed to assess the
spectral irradiance and wavelength delivered at the base of
each individual culture well (n = 6). Absolute irradiance was
determined from the integral of the spectral irradiance
(380-880 nm). Further detail outlining spectral characterisa-
tion methods, light-emitting diode (LED) array design and
selection of wavelengths are described by Hadis et al [18].

2.1.2 | Beam profile

A charge coupled device beam profile camera (SP620; Ophir,
Spiricon, Israel) was employed to measure spatial distribution
of power emitted from each LED in the array. A 50-mm
closed-circuit television lens (Ophir) was attached to the cam-
era and focused on the base of each well. Following linear,
optical and ambient light correction, images were recorded
using BeamGage software (Ophir). Detailed experimental pro-
cedure has previously been reported by Hadis et al [18].

2.2 | Biological responses

2.2.1 | Myoblasts culture

A mouse myoblast cell line (C2C12 [American Type Culture
Collection (ATCC) CRL-1722], ATCC, LGC standards,
UK, passage 8-11) [14] was cultured in monolayers in Dul-
becco's modified eagle medium (DMEM, Gibco, Thermo-
Fischer Scientific, Waltham, Massachusetts) supplemented
with 10% v/v fetal calf serum, 1% v/v penicillin/streptomy-
cin (P/S) and 1% v/v L-glutamine (Sigma-Aldrich, St Louis,
Missouri). Cells were seeded into 96-well black clear bottom
plates (7000 cells/well; Sigma-Aldrich) and Seahorse XFe96
plates (10,000 cells/well; Agilent, Santa Clara, California),
incubated overnight (37�C, 5% CO2>), irradiated as
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described in Section 2.2.3 and changes in mitochondrial
activity were assessed 8 or 24 hours post-irradiation.

2.2.2 | Myotube differentiation

Myoblast cultures were seeded into Seahorse XFe96 plates as
described in Section 2.2.1 and approximately 70% confluency
was reached, cultures were washed with phosphate buffered
saline (PBS) and differentiation media was subsequently
applied which contained phenol red free DMEM containing
2% v/v horse serum and 1% v/v sodium pyruvate (Sigma-
Aldrich) to induce differentiation for 6 days. Myotubes were
then irradiated as described above, and changes in mitochon-
drial activity were assessed 8 hours post-irradiation.

2.2.3 | Array characterisation for Seahorse XF cell
mitochondrial stress assay [Agilent]

A Seahorse XFe96 Analyser (Agilent) was employed to
measure the cells’ oxygen consumption rate (OCR) as a
marker of mitochondrial respiration. One hour prior to
undertaking the assay, culture media was aspirated, cells
washed with PBS three times and Seahorse XF assay
media (25-mM glucose, 1-mM pyruvate and 2-mM gluta-
mine; Agilent) was applied and equilibrated in a CO2 free
incubator (INCU-line; VWR, Radnor, Pennsylvania).
Compounds altering mitochondrial activity were then
applied to the system including: Oligomycin (inhibits com-
plex V of the ETC, 1 μM), carbonyl cyanide-4(triflouro-
methoxy)phenylhydrazone (FCCP, uncoupling agent
induces respiration to be undergone at maximal rates,
2 μM), antimycin and rotenone A (inhibit complexes I and
III, inhibiting ETC activity, 0.5 μM). Subsequently, the
plate was placed in a Seahorse XFe96 analyser (Agilent)
and compounds were sequentially injected into the system
to induce changes in ETC activity. The Seahorse analyser
then measured changes via assessment of OCR in real time
(OCR, pmol/min). OCR values were subsequently normal-
ised for protein content in individual wells. Protein con-
centration was determined using detergent compatible
protein assay (Bio-rad, Hercules, California). This enabled
calculation of individual parameters including basal respi-
ration, maximal respiration, ATP production, spare respi-
ratory capacity and non-mitochondrial respiration [8].
During analysis, values for non-mitochondrial activity
were subtracted from values evaluating the effects of PBM
directly on the mitochondrial activity. This provided a fur-
ther control step ensuring results would reflect the effects
of PBM on mitochondrial activity only.

An opaque dental silicone impression material (3 M;
Impregum Penta Soft, Maplewood, Minnesota) mask
(Figure 1B) was created to ensure uniform irradiation of
in vitro cultures and to eliminate light bleed at the base of
wells where cells adhere (Figure 1C and D). The distance
between the LEDs and specimen surface was fixed at 3 mm
in each well. The spectral irradiance and beam profile of

each diode were evaluated with the mask fitted to a Seahorse
microplate (Figure 1D). Characterisation was then under-
gone as described in Section 2.1. The effects of PBM were
evaluated at wavelengths spanning the visible and near infra-
red spectra (400-830 nm) at irradiation periods between
30 and 240 seconds and an irradiance output of 24 mW/cm2

to achieve radiant exposures of 0.72 to 5.76 J/cm2.

2.2.4 | Mitochondrial DNA quantification

A REPLI-g mitochondrial DNA kit (Qiagen, Hilden, Ger-
many) was used to amplify mtDNA in whole DNA samples
isolated from cell cultures. Sample DNA concentrations
were measured spectrophotometrically (Eppendorf Biophot-
ometer, Eppendorf, UK) and diluted accordingly to contain
10 ng/μl of DNA. Amplification of mtDNA was then under-
taken according to the manufacturer's protocol.

To assess mtDNA quantities in cell supernatants, initially
a standard curve was generated using calf thymus DNA at a
maximal concentration of 10 ng/μl. SYBR Safe DNA gel
stain (10 000× concentrate; Invitrogen, Carlsbad, California)
was diluted in Tris-acetate-EDTA buffer at 1:1250. Samples
and standards were then combined at 2% v/v with the dilute
SYBR Safe dye and incubated for 10 minutes [19]. Fluores-
cence was measured using a fluorimeter (Twinkle LB
970, 485 nm/535 nm, excitation/emission, respectively;
Berthold Industries Ltd., Bad Wildbad, Germany).

2.2.5 | 3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide assay

To assess cell metabolic activity, a 3-(4, 5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (Sigma-
Aldrich) was utilised [20]. MTT was dissolved in PBS at
0.05 g/mL and aliquoted at 15 μL/well 8/24 hours post-
irradiation and incubated for 4 hours at 37�C. MTT solution
was aspirated and replaced with 50 μL/well of dimethyl
sulphoxide (Sigma-Aldrich). Absorbance was read at
570 nm using a microplate reader (ELx800 Universal Micro-
plate reader; Bio-Tek Instruments, Winooski, Vermont).

2.2.6 | ROS assay

ROS formation was assessed using 20, 70-
dichlorodihydrofluorescein diacetate (H2DCFDA) fluorescent
probe (Thermo-Fischer Scientific, Waltham, Massachusetts).
Free radicals catalyse the conversion of H2DCFDA to its fluo-
rescent bi-marker 20,70-dichlorofluorescein, enabling quantifi-
cation of ROS production. At 8 hours post-irradiation media
was aspirated, cells were washed with PBS and were treated
with 10-μm H2DCFDA and incubated for 1 hour at 37�C
[21]. Fluorescence was read using a fluorimeter as described
in Section 2.2.3.

2.3 | Statistical analysis

Data were processed utilising Excel software (Microsoft
Redmond, Washington), and analysis was performed using
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SigmaPlot software (Systat Software Inc, San Jose, Califor-
nia). All data were analysed using a general linear model fol-
lowed by one-way analysis of variance test followed by a
Tukey test to determine significant differences between non-
irradiated controls and light treated groups (P < 0.05).

3 | RESULTS AND DISCUSSION

3.1 | Characterisation of LED arrays for use in
seahorse assays

LED arrays provide a high-throughput approach for analysis
of multiple parameters and their effects in vitro. The current
study first aimed to characterise a system that could be
employed for use with the Seahorse XFe96 analyser system.

A mask constructed from silicon was designed to sur-
round each well of the plate, preventing bleed between wells
to ensure only a single wavelength of light would impact the
biological response in each well-culture. Spectral characteri-
sation undertaken to confirm wavelength and spectral irradi-
ance values were consistent with those used in previous
studies employing different plate formats [18]. Data

indicated the array employed for in vitro studies emitted
wavelengths ranging from 400 to 830 nm (Figure 2A) and
an average irradiance of 23.05 mW/cm2 (Figure 2B). These
data also confirmed there was no bleed of light between
LED columns where Figure 2A indicates LEDs exhibited
only a single peak of the expected wavelength and
Figure 2B shows there was no significant difference in irra-
diance output from one wavelength to the next. Similar irra-
diance values have also been used in studies exploring the
effect of PBM on myoblast function (see Table S3 in Appen-
dix S1, for examples, [22, 23]). Table 1 indicates radiant
exposure values in which there is no significant difference
from one wavelength to the next (irradiation parameters and
the effects of PBM on media temperature are further eluci-
dated in Figure S1, Figure 2 and Table 1). Hence, the data
confirm the accurate delivery of key radiometric parameters
without confounding effects such as temperature.

Another key parameter to be considered was that of the
beam profiles of each LED utilised in this array. LEDs
employed in this array exhibit a typical Gaussian distribution
of light (Figure 3A, indicates a single representative from
each wavelength channel) in which spectral irradiance is

FIGURE 1 Indicates design and experimental setup of the LED array in 96 well format in which shows (A) LED array without plate-overlaid (B) array
overlaid with 96 well black clear bottom plate (no wavelengths on) (C) mask constructed from opaque dental silicone impression material and (D) seahorse
XFe96 plate fitted with mask and placed upon LED array when on (all wavelengths). All spectral characterisation experiments were undertaken with the
Seahorse plate fitted mask placed directly above the LED array ensuring concentric alignment with LEDs beneath
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most intense in the central area and becomes more diffuse
towards the edges of the beam area [24]. Table 2 indicates
LEDs emitting a wavelength of 525 nm exhibited a signifi-
cantly smaller (P < 0.05) beam area and power output than
LEDs emitting wavelengths of 400 and 660 nm, whilst there
was no significant difference at all other wavelengths. In this
particular experimental setup, the LED array was designed
to enable alignment of LEDs with the plate directly above at
a specific irradiance value. As described by Hadis et al [18]
that whilst there is variability in the homogeneity of each
LED, the effects of this have been minimised through ensur-
ing there is no significant difference in the output of a series
of parameters including irradiance (mW/cm2) and radiant
exposure (J/cm2). However, despite this it will be important

to take into account the effects this may have on the biologi-
cal output of our experiment. These data indicate the impor-
tance of evaluation of beam area.

The data obtained for array characterisation indicate its
suitability for use in subsequent in vitro assay application.

3.2 | The effects of PBM on mitochondrial activity

The second objective of this study was to evaluate the effects
of PBM on mitochondrial activity of myoblasts and myo-
tubes. Myotubes are reported to possess higher quantities of
mitochondrial proteins and enzymes [25] and hence greater
numbers of mitochondria. Whilst it is not feasible to directly
measure the number of mitochondria per cell due to the
dynamic nature of mitochondria, mtDNA copy number has
been correlated to mitochondrial content in previous studies
[26]. Hence, mtDNA was isolated from both myoblasts and
myotubes and quantified. Figure 4 provides evidence that
myotubes possessed a greater ratio of mtDNA:nDNA com-
pared with myoblasts (P < 0.05). Therefore, an MTT assay
was employed as a high-throughput method to examine the
effects of a series of wavelengths (400-830 nm) and irradia-
tion times (30-240 seconds) on the cell metabolic activity of
myoblasts 24 hours post-irradiation. Irradiation for 30 sec-
onds at wavelengths of 400 and 810 nm induced 18.46%,
and 16.38% increases in cell proliferation, respectively
(Figure 5, P < 0.05). Interestingly, white light induced a sig-
nificant increase in cell proliferative capacity following irra-
diation for 240 seconds, whilst all other wavelengths proved
to induce the greatest affect following a 30-second irradia-
tion period. This may be reflective of the differential
biphasic dose response from one wavelength to the next
where longer or shorter periods of irradiation could cause
the most significant effects dependent upon the wavelength
used. Also, white light is a combination of multiple visible
light wavelengths and therefore the contribution of a single
wavelength for any potential therapeutic effect within the
white light band must be substantially reduced compared to
the use of narrower wavebands at similar irradiance. It can
also be noted that whilst wavelengths within the red spectra
are commonly used in PBM research (620-750 nm) [27], no

TABLE 1 Indicates values of emitted wavelengths, spectral irradiance and radiant exposure after irradiation periods ranging between 30 and 240 seconds

Wavelength (nm)

Radiant exposure (J/cm2)

30 seconds 60 seconds 120 seconds 240 seconds

399.89 ± 1.55 0.72 1.43 2.86 5.73

447.76 ± 1.69 0.68 1.35 2.70 5.41

525.08 ± 1.25 0.69 1.37 2.75 5.50

661.27 ± 0.56 0.68 1.37 2.74 5.48

734.99 ± 1.21 0.64 1.28 2.55 5.11

817.12 ± 0.64 0.69 1.37 2.75 5.50

829.63 ± 2.64 0.72 1.44 2.88 5.76

455.33 ± 0.11 0.72 1.44 2.87 5.75

Average 0.69 ± 0.03 1.38 ± 0.05 2.76 ± 0.10 5.53 ± 0.21

FIGURE 2 Array spectral characterisation data where (A) Spectral
irradiance values of LED channels in the array (n = 6) and (B) average
absolute irradiance in each channel (n = 6)
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FIGURE 3 Demonstrates spatial distribution of irradiance of LEDs emitting each wavelength on the array. Images were taken in the plane of a target screen
placed over the array surface to enable accurate measurement of beam diameter using BeamGage software. The target screen was placed at the same distance
away from the array as a Seahorse XFe96 plate. Whilst the target screen could not be incorporated with the plate in place Figure S3 and Table S1 indicate
beam profiles, average beam areas and power output with the plate in place
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effect on cell metabolic activity was measured here. This
may be due to the homogeneity of the beam profile at
660 nm (Figure 3) or indeed as discussed above, the optimal
range for red light to induce an effect was not reached in this
experimental setup. Hence, further study will be required to

determine whether irradiation at 660 nm and with a more
homogenous beam profile will influence biological output
in vitro. Whilst other wavelengths and irradiation periods
proved effective in inducing a significant response from
myoblasts, wavelengths of 400, 450 and 810 nm and an irra-
diation period of 30 seconds were selected to compare the
response of myoblasts and myotubes to PBM due to their
efficacy in inducing a response from an array of other cell
types previously studied (data not shown).

Once parameters were identified for further study, a
series of key markers for mitochondrial activity were
explored 8 hours post-irradiation. A period of 8 hours post-
irradiation was selected as a previous study indicated this
time point post-irradiation induced the most significant and
reliable changes in real-time mitochondrial activity
(Figure S4, [1, 8 and 24 hours post-irradiation were evalu-
ated]). Figure 6 indicates that whilst a wavelength of
400 nm and irradiation period of 30 seconds induced signifi-
cant increases in markers for mitochondrial activity from
myoblasts and myotubes, increases in the activities of these
mitochondrial markers at all wavelengths were only
observed in myotube cultures (P < 0.05). This may indicate
that cells with higher mitochondrial content have increased
responsivity to light. Interestingly, Kushibiki et al investi-
gated the effect of PBM at wavelengths of 405 and 808 nm
at 100 mW/cm2 on ROS production from C2C12 cells. They
found that only violet-blue light upregulated ROS produc-
tion whilst near infrared light had no effect. Our data provide
similar findings, with a wavelength of 400 nm inducing sig-
nificant increases in ROS production from myoblasts [28].
Some authors have also reported the effects of PBM in
inducing myogenic differentiation from myoblasts to myo-
tubes [29, 30]. Hence, future work may involve evaluation
of the effects of parameters illustrated in this study on
markers for myogenic differentiation.

TABLE 2 Indicates differences in average beam area and power output
emitted from one wavelength to the next

Wavelength (nm) Average Beam area (cm2) Power (mW)

400 0.370 ± 0.008A 8.931 ± 0.184A

450 0.337 ± 0.003AB 8.484 ± 0.063AB

525 0.257 ± 0.007B 6.039 ± 0.157B

660 0.364 ± 0.003A 9.01 ± 0.068A

740 0.298 ± 0.007AB 6.834 ± 0.159AB

810 0.335 ± 0.007AB 7.688 ± 0.158AB

830 0.307 ± 0.01AB 7.453 ± 0.233AB

White 0.291 ± 0.009 AB 7.721 ± 0.242AB

Means that do not share the same letter are significantly different, in which LEDs
emitting wavelengths of 400 and 660 nm (A) exhibit significantly larger beam
areas and power outputs than LEDs emitting 525-nm light (B, P = <0.05). Aver-
age beam area was calculated from diameters provided from the use of Beam-
Gage software.

FIGURE 4 Shows relative differences in the ratio of mtDNA:nDNA
between myoblasts and myotubes (n = 4, p8). Significance was assessed
using a t test (*** = P < 0.001)

FIGURE 5 Indicates high-throughput analysis of wavelengths (400-830 nm) and irradiation periods (30-240 seconds) on cell metabolic activity of mouse
myoblast cells (C2C12, n = 12 replicates, three plates irradiated) (24 mW/cm2, 0.72-5.76J/cm2, 30-240 seconds). Significance is indicated by ** = P < 0.01,
* = P < 0.05 relative to the non-irradiated control, where all data are shown as a percentage of the non-irradiated control, where the non-irradiated control
was normalised to 0%
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Subsequently, Seahorse assay technology was utilised to
explore the effect of a series of wavelengths on real-time
mitochondrial respiration. Whilst several studies have
explored the effect of specific PBM parameters utilising Sea-
horse technology [31, 32], ours is the first that has explored
an array of wavelengths and in particular the use of blue
light in PBM. Our data showed that PBM at all wavelengths
upregulated both maximal and basal respiratory rates, ATP
production and spare respiratory capacity (the amount of
extra ATP produced through oxidative phosphorylation
available in the case of an increase in energy demand [33])
in myotubes (Figure 7, P < 0.05), whilst these were only
upregulated at a wavelength of 810 nm from myoblasts
(P < 0.05). Comparatively, previous studies exploring the
effects of PBM using a Seahorse analyser only explored the
effects of red light (635-700 nm) and only Chu-Tan et al
found PBM modulated real-time mitochondrial activity [31].
Data from this study suggest that mitochondrial content may
influence cellular response to PBM. However, further inves-
tigations are required to confirm this finding. Furthermore,
our data indicate that blue light promoted greater increases
in mitochondrial activity from myotubes compared with near
infra-red (NIR) irradiation. Interestingly, PBM research does
not often employ light within the blue range. However,
recently, the application of blue light has gathered consider-
able interest and several authors have provided evidence that

blue light not only could be beneficial in reducing inflamma-
tion by reducing circulating levels of cytokines [34] and pro-
moting cell proliferation [35]. Hence, in future studies, it
will be important to explore the response of other cell types
to low doses of blue light. However, whilst we have reported
blue light induces a greater response compared to NIR light
in vitro, it may be wise to consider the possible limitations
of blue light in terms of tissue penetration depth. Hence,
future studies may aim to evaluate the effects of combining
both blue and NIR light to ensure light penetrates target tis-
sue in vivo. The use of blue light may also be considered for
superficial injuries including applications for wound healing,
which have proven beneficial both in vitro [34] and in vivo
[36, 37].

In summary, we demonstrate for the first time that PBM
promotes greater increases in mitochondrial respiration in
myotubes compared with myoblasts, a cell type with higher
levels of mitochondrial content. These data may prove useful
in understanding why some patients are more responsive to
PBM in vivo as it is well reported there is a great deal of var-
iability in the mitochondrial genome from one individual to
the next [38]. We also provide novel evidence that blue light
could also be effective in promoting mitochondrial respira-
tion. These data provide further evidence supporting the pre-
mise that response to PBM in vitro is induced by changes in
mitochondrial activity and provide evidence that PBM could

FIGURE 6 (A) Effect of PBM on cell metabolic activity from myoblasts and myotubes (30 seconds, 0.72 J/cm2, n = 18, three plates irradiated) to
wavelengths of 400, 450 and 810 nm. (B) Indicates the effects of PBM on ROS production from myoblasts and myotubes (30 seconds, 0.72 J/cm2, n = 18,
three plates irradiated). The effects of PBM were evaluated 8 hours post-irradiation. Means that do not share the same letter are significantly
different (P < 0.05)
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be employed to promote increased muscle cell activity.
Hence, these data support current findings that indicate the
potential effectiveness of PBM in sport performance and
rehabilitation following muscle injury [39].
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Photobiomodulation (PBM) describes the application of light at wavelengths ranging from 400–1100 nm

to promote tissue healing, reduce inflammation and promote analgesia. Traditionally, red and near-infra

red (NIR) light have been used therapeutically, however recent studies indicate that other wavelengths

within the visible spectrum could prove beneficial including blue and green light. This review aims to

evaluate the literature surrounding the potential therapeutic effects of PBM with particular emphasis on

the effects of blue and green light. In particular focus is on the possible primary and secondary molecular

mechanisms of PBM and also evaluation of the potential effective parameters for application both in vitro

and in vivo. Studies have reported that PBM affects an array of molecular targets, including chromophores

such as signalling molecules containing flavins and porphyrins as well as components of the electron

transport chain. However, secondary mechanisms tend to converge on pathways induced by increases in

reactive oxygen species (ROS) production. Systematic evaluation of the literature indicated 72% of publi-

cations reported beneficial effects of blue light and 75% reported therapeutic effects of green light.

However, of the publications evaluating the effects of green light, reporting of treatment parameters was

uneven with 41% failing to report irradiance (mW cm−2) and 44% failing to report radiant exposure

(J cm−2). This review highlights the potential of PBM to exert broad effects on a range of different

chromophores within the body, dependent upon the wavelength of light applied. Emphasis still remains

on the need to report exposure and treatment parameters, as this will enable direct comparison between

different studies and hence enable the determination of the full potential of PBM.

1. Introduction

The potential application of what is now known as
Photobiomodulation (PBM) was first reported by Endre
Mester in 1967 at Semmelweiss University, Budapest.1

Mester shaved the backs of mice and shone a ruby red laser
emitting a wavelength of 694 nm on the backs of a group of
mice in order to investigate carcinogenicity. To his surprise, the
hair on the backs of the irradiated mice grew back faster com-
pared with that of the non-irradiated control group. He called
this phenomenon ‘photobiostimulation’ and to date (January
2019), over 6000 papers have been published regarding the
efficacy of PBM in treating a number of ailments by inducing

analgesia,2 promoting wound healing3 and reducing
inflammation.4

PBM encompasses a broad range of different terminologies
including low level laser/light therapy (LLLT), cold laser
therapy and phototherapy. Whilst the term PBM is the most
recent addition to this list, and is currently the preferred
Medical Subject Heading Term (MeSH) which encompasses
both the stimulatory and inhibitory mechanisms involved,
PBM is also often called photobiomodulation therapy (PBMT)
which further adds to the list of terms for the same therapy.
Fig. 1 gives an overview of PBM publications so far.

Nonetheless, a growing number of observations suggests
that specific wavelengths of electromagnetic radiation span-
ning the visible to near infra-red spectrum (400–1100 nm)
could lead to photo-physical and photochemical effects that
can modulate major biological processes to achieve thera-
peutic goals such as cellular proliferation, mitochondrial func-
tion and inflammatory signalling5 in various eukaryotic organ-
isms, including humans. The majority of the literature reports
the beneficial therapeutic effects of red and near infrared light
(red: ∼600–750, NIR: ∼750–1100 nm) in promoting tissue
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healing and reducing inflammation.6–14 Nevertheless, contro-
versy still surrounds the application of PBM in practice, due to
the lack of knowledge concerning how PBM elicits its mole-
cular effects and also a poor understanding of photophysics
and radiometric parameters which affect repeatability and
reliability.15 The importance of reporting treatment parameters
in a more consistent and reliable way has been emphasised in
several articles and guidance for reporting radiometric pro-
perties has previously been published15,16 to little or no
general avail.17–21 Indeed, those articles that have provided
guidance for reporting radiometric parameters have commonly
recommended the consistent reporting of up to ten key radio-
metric parameters (wavelength, power, irradiation time, beam
area (at the skin or culture surface; this is not necessarily the
same size as the aperture), radiant energy, radiant exposure,
pulse parameters, number of treatments, interval between
treatments and anatomical location).22

Whilst the majority of the literature supports the appli-
cation of PBM using wavelengths between 600–1100 nm, wave-
lengths <600 nm are less commonly researched or reported.
The use of blue light in particular (400–500 nm) is additionally
surrounded by significant controversy relating to the premise
that the margin between ‘safe’ blue light and potentially
damaging ultraviolet (UV) light is not well defined.

UV light is divided into three discrete categories: UV-C
(∼100–280 nm), UV-B (∼280–315 nm) and UV-A
(∼315–400 nm).23 A common misconception is that all UV
radiation is associated with DNA damage and mutagenesis.24

In fact, DNA damage is reportedly more efficient at UV-C and
UV-B wavelengths with a peak absorption at 254 nm which
corresponds to absorption by one of the nucleotide bases of
DNA known as thymine, resulting in the formation of thymine
dimers and rendering the DNA molecule inactive and unable
to replicate. UV-A radiation on the other hand has a poor
efficiency in inducing DNA damage, because it is not absorbed
by native DNA or any of its bases. However, like red and NIR

wavelengths, UV-A wavelengths are able to generate singlet
oxygen (reactive oxygen species, ROS), and if the concentration
of these radicals is in sufficient quantity, they can damage
DNA.25 However, ROS in small quantities can be beneficial to
cells and is commonly associated with proposed mechanisms
of PBM.26 Indeed, the production of ROS is likely to be influ-
enced by radiometric parameters, namely, wavelength, irradi-
ance, dose and the number of photons delivered and again
highlighting the importance of these parameters. Nonetheless,
the use of wavelengths in PBM at 400 nm or lower should be
utilised in practice with extreme caution.

In addition, another key caveat regarding the use of blue
light for PBM is the low penetration depth of blue light through
tissue compared with that of red or NIR light.27 Whilst blue
light is cited to possess a penetration depth corresponding to
an intensity decrease by 1/e (or approximately 63%) at 1 mm,
NIR light has a penetration depth of up to 5 mm through
tissue.28 However, there is a body of growing evidence support-
ing the use of PBM using blue light to reduce inflammation in
superficial tissues29 and promote wound healing,30 as well as
being able to limit bacterial growth.31 Similarly, wavelengths
within the green section of the visible spectrum (495–570 nm)
have also gathered considerable interest. Published reports have
indicated PBM effects for green light ranging from improved
cellulite appearance32 to reduced tissue swelling.33

This review aims to evaluate the main primary and second-
ary mechanisms involved in light transduction in particular
with blue and green wavelength of light. Secondly we focus on
evaluation of current literature regarding the therapeutic
efficacy of blue and green PBM.

2. Primary mechanisms of PBM

According to the Grotthuss–Draper law, commonly termed
“the First Law of Photochemistry”, photochemical reactions

Fig. 1 Preliminary PBM research overview based on a personal database of approximately 4000 scientific articles related to PBM, compiled by
manual PubMed and Google Scholar literature search using more than 80 different keywords (http://www.bitly.com/PBM-database). (a) The amount
of newly published PBM-related scientific articles has been increasing steadily during the 21st century, recently reaching a level of approximately
400 new articles per year. (b) The published research includes experimental in vitro studies and animal research. Also, a variety of randomized
human trials and systematic reviews have been published so far.
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are dependent on the absorption of light by a system.
Subsequently in this section, we provide a review of the litera-
ture of the most often proposed cellular photoacceptors
(chromophores) that are reported to mediate the biological
effects in PBM. We cover in particular the possible photoaccep-
tors responsible for the transduction of blue and green wave-
lengths of light.

2.1. Cytochrome c oxidase

It has been proposed that PBM acts directly on the electron
transport chain located in the mitochondrial membrane,
specifically on the enzyme cytochrome c oxidase (CCO), also
known as complex IV.34 The electron transport chain is com-
prised of five complexes: complex I (NADH-CoQ reductase),
complex II (succinate dehydrogenase), complex III (cytochrome
c reductase), cytochrome c oxidase and complex V (ATP
synthase). Electrons are passed systematically down the chain
of these complexes in order to generate a proton gradient to
provide the activation energy for ATP synthase to catalyse the
production of ATP.35 CCO is responsible for the conversion of
molecular oxygen (O2) to two molecules of water (H2O). CCO
contains two copper centres (CuA, CuB) and two hemes (cyto-
chrome a, cytochrome a3), which are involved in redox reac-
tions within the enzyme.

The most widely accepted explanation for the beneficial
photobiological effects of red and near-infrared light has been
the “CCO theory” largely established by Tiina Karu in the
1990s. It posits that the light-cell interaction responsible for
the observed PBM effects occurs initially at the redox-active
copper atoms of CCO complex in the mitochondrial electron
transport chain.36–39 The CCO theory was based on Karu’s
earlier findings in the 1980s, which showed that the position
of peaks in the action spectrum measured for a variety of light-
induced cellular changes (including DNA synthesis, RNA syn-
thesis and cell attachment) were practically identical. These
findings suggested that a universal cellular photoacceptor
could be capable of absorbing those specific wavelengths and
producing cellular changes affecting multiple cellular compart-
ments. The observed peaks in the action spectrum were
located within the blue (404 nm), red (620 and 680 nm) and
near-infrared (760 and 820 nm) parts of the electromagnetic
spectrum.36

Various in vitro and in vivo studies have observed effects
related to increased mitochondrial activity, including
increased ATP levels, ROS levels, and mitochondrial mem-
brane potential following irradiation. Interestingly, the time it
takes for these effects to become evident varies from minutes
to hours depending upon the experimental settings.40–42

Effects on mitochondrial function have also been demon-
strated in animals.43,44

Interestingly there remains no clear understanding,
however, of the exact events that occur within the electron
transport chain or the enzyme CCO during light absorption to
produce these effects. A multitude of hypotheses have been
proposed, including photodissociation of nitric oxide (NO),
changes in CCO redox properties with acceleration of electron

transfer, superoxide generation and biochemical changes
related to transient heating of irradiated photoacceptors.45 It
has also been suggested that cytochrome c oxidation by CCO
might be catalysed by red light irradiation.46 However, a later
replication study failed to confirm this effect, and also raised
doubts indicating that the initial positive results could have
been experimental artefacts due to lack of detergent used for
the CCO solubilization.47 An alternative explanation for the
observed mitochondrial effects could also be an increased
efficiency of CCO proton pumping.48 Regardless, the very
limited amount of observations allows no firm conclusions to
be made on the subject.

The hypothesis of NO photodissociation from CCO is rela-
tively popular, and based on the understanding of the revers-
ible inhibitory effects of NO on CCO.49,50 There is some evi-
dence suggesting that light can attenuate the mitochondrial
inhibitory effects of NO51 and some suggesting that NO can
also inhibit the cellular effects of light.52 Light has been
shown to increase NO levels in cells and blood.53 However, the
evidence is not completely consistent. One experiment failed
to demonstrate the protective effect of red light against NO-
induced inhibition of mitochondrial respiration, but demon-
strated partial protective effects with blue light (442 nm).54

Another experiment with blue light (430 nm) recovered the
mitochondrial function that had been inhibited by nitric oxide
at the levels generated under septic conditions.55 Hence, these
data demonstrate that wavelengths outside the red and NIR
range could be effective in modulating mitochondrial activity.

2.2. Opsins

Opsins are G-protein coupled receptors that have gained con-
siderable interest in phototherapy research due to their exci-
tation by blue or green light56 (see Fig. 2). Opsins can be
divided into subcategories dependent upon the location they
are expressed.

Opsin 1 (OPN1) and 2 (OPN2) expression is localised to the
retina in the eye. OPN1 is expressed by cone cells, photo-
receptors within the eye that recognise coloured light and can
be subdivided into three types: OPN1 short wavelength (OPN1-
SW), OPN1 medium wavelength (OPN1-MW) and OPN1 long
wavelength (OPN1-LW). Conversely, OPN2 (rhodopsin) is
expressed by rod photoreceptors, cells that recognise dim light
and are important in peripheral vision.17 Three further opsins
are expressed within the human body including OPN3 (ence-
phalopsin), OPN4 (melanopsin) and OPN5 (neuropsin) all of
which exhibit an absorption spectrum ranging between
380–496 nm. Notably, OPN expression has been detected
throughout the body with the expression of OPN2, OPN3 and
OPN5 being found in epidermal skin58 and the expression of
OPN3 in the brain.59

A number of publications have explored the role of OPNs in
blue light mediated PBM signalling both in vitro and in vivo.
For example, Regazzetti et al.44 explored the effects of
irradiation at 415 nm (50 J cm−2) or 465 nm (62.5 J cm−2) on
the regulation of pigmentation through OPN signalling. The
authors concluded that OPN3 could provide a novel target for
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regulating melanogenesis.60 Oritz et al.45 also explored the
effects of irradiation at 400 nm or 460 nm on the influence of
signalling through OPN3 and OPN4 on pulmonary vaso-relax-
ation.61 The authors concluded that blue light induced vaso-
relaxation and reduced arterial relaxation, through OPN3 and
OPN4 signalling. A series of further publications have also
evaluated the role of blue light in influencing opsin signalling
to regenerate visual pigments62 and promote hair regrowth.56

Notably, whilst there is a wealth of literature supporting the
idea that opsin signalling influences responses both in vitro
and in vivo, the molecular and cellular mechanisms of this sig-
nalling pathway are yet to be fully elucidated.

Current literature indicates that different opsins are
coupled to different subtypes of G-proteins and hence induce
different signalling pathways. For example OPN4 is coupled to
Gq (activates the phospholipase C pathway) whilst other
opsins (OPN1, OPN2, OPN3 and OPN5) are coupled to Go
(inhibits adenylate cyclase), Gi (inhibits adenylate cyclase), Gt
(transducing, activates phosphodiesterase 6) and Gs (activates
adenylate cyclase).57,63,64

It is proposed that one downstream target of opsins is tran-
sient receptor potential (TRP) channels, particularly the TRPV1
subtype (capsaicin receptor), which has been cited to be acti-
vated by light.65 TRP channels are ligand-gated ion channels.
When a stimulus is applied, the TRP channel opens and this
enables a flood of calcium (Ca2+) ions into the cytoplasm of
the cell. In turn, Ca2+ then induces the activity of calcium/cal-

modulin dependent kinase II (CAMKII), which in turn induces
the phosphorylation of the transcription factor, cAMP
response element-binding protein (CREB) located in the
nucleus. In turn, CREB induces a series of changes in gene
transcription ultimately proposed to lead to some of the ben-
eficial effects of PBM, seen both in vitro and in vivo.60,66 Fig. 2
highlights the current proposed molecular mechanisms relat-
ing to how blue and green light PBM triggers opsin signalling.
It has also been shown that increased activity of TRP channels
induces ROS generation67 and thus the activation of the Ras
pathway, a key pathway involved in the modulation of the
activity of small GTPases, ultimately leading to the modulation
of calcium signalling and apoptosis.68 Hence, these mecha-
nisms may explain current findings which indicate that blue
light induces significant increases in ROS production.19,69–73

However, evidence also suggests this may be due to the effects
of blue light on mitochondrial activity, inducing increases in
ROS production as a result of the stimulation of the electron
transport chain.74 Therefore, whilst there is a wealth of litera-
ture suggesting that blue light induces the activity of opsins
and TRP channels, the pathway that links these two complexes
is yet to be elucidated. Therefore, further work is required to
determine the molecular mechanisms involved.

2.3. Flavins and flavoproteins

Blue light (400–500 nm) is known to excite flavins and flavo-
proteins including flavin mononucleotide (FMN) and flavin

Fig. 2 Possible molecular mechanism of blue light PBM in which an opsin receptor is activated by blue light, which induces a conformational
change in the cis-retinaldehyde cofactor, allowing it to act as a guanine nucleotide exchange factor. This then enables the dissociation of guanosine
diphosphate (GDP) from subunit Gα of the associated G protein and the binding of guanosine triphosphate (GTP). In turn this provides the activation
energy to enable Gα to dissociate from Gβ and Gγ (the other subunits of the G protein) and enables signalling of Gα through a series of pathways
including the cAMP and phosphatidylinositol pathways. In turn, signalling through these pathways is understood to induce the downstream activity
of transient receptor protein (TRP) channels including the capsaicin receptor (TRPV1), which causes a flood of calcium ions into the intracellular
space, resulting in the activation of calcium/calmodulin dependent protein kinase-II (CAMKII) and thus the phosphorylation of CREB (a transcription
factor). CREB then induces a series of transcriptional events.
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adenine dinucleotide (FAD).75 A well-characterised family of
flavin containing complexes is called “cryptochromes”.76

Notably, cryptochromes have been widely documented to
absorb blue light77 and are proposed to be involved in the
regulation of the circadian rhythm in mammals.78 Notably,
FMN is also found within complex I of the electron transport
chain and it is proposed that blue light provides the activation
energy for FMN to catalyse the reduction of oxygen (O2) to
superoxide (O2

•−).79 Hence, blue light is understood to induce
increases in the levels of circulating ROS.80 Complex II is also
a flavin (contains FADH2) containing cytochrome,81 and also
absorbs blue light.82 Hence, it is plausible that like red and
NIR light, blue light could affect mitochondrial activity.
Indeed, Serrage et al. demonstrated that blue light
(400–450 nm, 5.76 J cm−2) was as effective in inducing
increases in mitochondrial activity as NIR light (810 nm, 5.76 J
cm−2 (ref. 83)). However, further work is required to validate
this hypothesis to determine whether blue light can modulate
the activity of flavin containing complexes of the ETC.

2.4. Porphyrins

Porphyrins, a group of heterocyclic organic compounds found
complexed to proteins ranging from haemoglobin,84 to cyto-
chrome p450 enzymes,85 to complex IV of the electron trans-
port chain (CCO)86 are known to possess a typical Soret band
at 400–420 m and hence possess the ability to absorb blue
light.87 Blue light of wavelengths between 400–415 nm induces
the π to π* transition in porphyrin rings.88 Wavelengths
between 400–420 nm could oxidise porphyrin containing
heme groups (found within complex IV), whilst a wavelength
of 450 nm could induce CuB (a component of complex IV)
reduction hence inducing complex IV oxidation or reduction
respectively.89

When evaluating the influence of PBM on mitochondrial
electron transport chain activity, Evgeny et al. concluded that
blue light application (442 nm, 30 mW cm−2, 3 J cm−2)
induced significant increases in complex IV activity and cell
metabolic activity, compared to NO which inhibited cell
responses.54 Also, Ankiri et al. reported that complex IV pos-
sesses a maximal absorption at 410 nm and hence this could
be due to porphyrins contained within the complex.90

Similarly, Del Olmo-Aguado et al. evaluated the effects of blue
light on retinal ganglion cell mitochondrial activity. The
authors concluded that blue light upregulated the activities of
complexes III, IV and V of the electron transport chain, but
also induced significant reduction in cell viability, and
induced apoptosis.91 These data indicated a possible role of
blue light in affecting porphyrin-containing complexes of the
electron transport chain.

Cytochrome p450s (CYPs) are also porphyrin-containing
complexes that have gained interest in phototherapy research,
as their activation by blue light has been cited.92 CYPs are a
family of proteins that contain heme and are vital for drug
metabolism. The p450 element of the cytochrome refers to the
protein absorption spectra, since CYPs exhibit a maximal
absorption peak at 450 nm when bound to carbon monox-

ide.93 CYPs are membrane bound proteins and can be located
either in the endoplasmic reticulum or the inner mitochon-
drial membrane. Mitochondrially-located CYPs including cyto-
chrome P450 reductase, transfer electrons from nicotinamide
adenine dinucleotide phosphate (NAPDH) and thus could play
a role in ETC activity.94

Interestingly, Becker et al. evaluated the effects of blue LED
irradiation (453 nm, 23 mW cm−2, 41.4 J cm−2) on the prolifer-
ation and gene expression of keratinocytes, and found that
irradiation induced a decrease in cell proliferation. However,
the authors also reported that blue light induced significant
increases in the transcription of electron transport chain-
related genes, cytochrome P450-related genes and also genes
relevant to steroid hormone synthesis.95 Becker and colleagues
also reported that genes relevant to inflammation were signifi-
cantly down-regulated due to this exposure, and proposed that
this may be due to the induction of steroid hormone biosyn-
thesis via the CYPs pathway. Hence, these data provide an
additional hypothesis as to how blue light PBM could affect
cellular signalling.

2.5. Nitric oxide (NO)-containing compounds and nitrite
reductases

In addition to the NO photodissociation hypothesis (see
section 2.1), there is some literature suggesting that light-
mediated effects are related to the synthesis combined with, or
without, the release of NO due to light exposure.

Firstly, CCO has also been shown to function as a nitrite
reductase, thus being able to produce NO locally in the mito-
chondria. This nitrite-dependent NO synthesis in isolated
mitochondria has been demonstrated to increase by yellow
light (590 nm), without any concomitant increase in mitochon-
drial oxygen consumption.96 These data suggest that light-
induced cellular effects do not necessarily have to be coupled
with changes in mitochondrial respiration.

Secondly, there is also evidence that certain wavelengths of
light can induce the release of NO from photolabile sources of
stored NO, such as nitrosyl hemoglobin (HbNO), nitrosyl myo-
globin (MbNO), S-nitrosothiols (RSNO) or dinitrosyl iron com-
plexes (DNIC). This effect is reportedly much greater with red
light (670 nm) compared with some longer wavelengths that
have been examined, including 740 nm and 830 nm.97,98 NO
release from some S-nitrosothiols (RSNOs) has also been
demonstrated with ultraviolet (340 nm) and green (545 nm)
wavelengths of light.99 Blue light (420–453 nm) has been
shown to be capable of eliciting NO release from
S-nitrosoalbumin (SNO-Alb), HbNO and aqueous nitrite
solutions.100,101

3. Secondary mechanisms of PBM

From evaluation of the possible hypotheses of the primary
mechanisms of PBM, it is apparent that several pathways con-
verge on the induction of the same signalling molecules; i.e.
ROS. Therefore, this section of the review evaluates the poss-
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ible effects of PBM on ROS-related pathways. It is important to
point out that this review evaluates the effects of PBM on a
number of downstream targets. PBM may modulate a different
number of these targets, dependent upon the dose of light
used, the wavelength employed and also the in vitro/in vivo
model that the light is applied to. The same is true for the
primary mechanisms of PBM, illustrated in section 2.

3.1. Nuclear factor kappa-light-chain-enhancer of activated B
cells (NFκB)

ROS production instigates a signalling cascade ultimately
leading to the phosphorylation of IκB, an inhibitor of the pro-
inflammatory transcription factor NFκB. In its inactive state
IκB is bound to NFκB in the cytoplasm, however, once phos-
phorylated, IκB dissociates from NFκB and is targeted to the
proteasome for degradation. This then allows the translocation
of free NFκB to the nucleus binding to DNA, and initiation of a
series of gene transcription changes, mRNA production and
potential downstream expression of key cytokines, chemokines
and growth factors including interlukin-8 (IL-8), IL-6 and vas-
cular endothelial growth factor (VEGF102–105).

A number of authors report the modulation of NFκB by
light. For example, Chen et al. reported that irradiation at
810 nm and radiant exposure of 0.003 J cm−2 induced the acti-
vation of NFκB through increased ROS production induced by
light.40 Similarly, Curra et al. evaluated the effects of a 660 nm
diode laser on NFκB protein levels using an in vivo hamster
model of oral mucositis.106 The authors concluded that PBM
reduced disease severity through the activation of the NFκB
pathway. Conversely, PBM reportedly may reduce NFκB acti-
vation and subsequently reduce the expression of pro-inflam-
matory mediators in several diseases.107 Interestingly, de
Farias Gabriel also reported that application of 660 nm (4 J
cm−2) modulated NFκB activation leading to keratinocyte
migration, resulting in improved wound healing in a rat model
for oral epithelial wound healing.108 Hence, modulation of
NFκB not only affects pathways related to inflammation but
also those influencing wound healing.

Another gene directly regulated by NFκB activation is
cyclooxygenase-2 (COX-2). Its main role is to catalyse the con-
version of arachidonic acid to prostaglandins including
PGE2.109 PGE2 has then been reported to be involved in the
activation of a variety of pathways including cyclic adenosine
monophosphate/protein kinase A (cAMP/PKA) signalling.110,111

To stimulate activity of the cAMP pathway, PGE2 binds to
prostaglandin E2 receptor 4 (EP4). EP4 is a GPCR coupled to a
stimulatory G protein (Gs). On binding, PGE2 induces a confor-
mational change activating Gs, which then activate adenylyl
cyclase to catalyse the conversion of ATP (a second molecule
whose production is increased by PBM) to cAMP.112 cAMP
then induces the activation of protein kinase A (PKA) leading
to the phosphorylation of transcription factors including
CREB.113 Several authors have reported the effects of PBM on
NFκB induced signalling. Lim et al. reported that irradiation at
635 nm modulated both COX2 and PGE2 protein expression.114

Current literature also indicates the effects of PBM on a series

of signalling proteins/molecules implicated in this pathway,
including CREB.115

Another key molecule modulated by NFκB signalling is
VEGF, a growth factor central to the promotion of angiogenic
events.116,117 Literature reports indicate that activation of EP4
induces the upregulation of the expression of VEGF and
several authors have reported the effects of PBM on VEGF
expression and activity. Tim et al. concluded that 830 nm
irradiation of male Wistar rats with induced bone defects
induced significant increases in COX2 and VEGF
expression,118 and das Neves et al. also reported an increase in
VEGF expression following irradiation of male Wistar rats with
transverse rectus abdominis musculocutaneous flap at 660 nm
or 830 nm.103 Cheng et al. also reported application of 450 nm
light induced significant increases in COX2 and VEGF in a
dose dependent manner (0.001–0.1 J cm−2) relative to lipopoly-
saccharide treated microglial cells.119 Hence, the effects of
blue, red and NIR light on NFκB associated pathways have
been reported in a handful of studies. However, none to date
have evaluated the effects of green light on these pathways.
Hence, it will be prudent in the future to evaluate the wave-
length and dose dependent effects of light on downstream
targets of PBM.

3.2. Transforming growth factor-β (TGFβ) signalling

Transforming growth factor-β (TGF-β) molecules represent a
family of growth factors in which there are three mammalian
isoforms: TGF-β1, TGF-β2 and TGF-β3. They have been exten-
sively documented for their crucial role in wound healing pro-
cesses120 and in promoting angiogenesis and fibrosis.121 They
are secreted by a variety of cell types in inactive form as latent-
TGF-β in which a TGF-β dimer held together by disulphide
bonds is non-covalently bound to a pro-domain known as
latency associated peptide (LAP). This complex is also com-
monly referred to as small latent complex (SLC). The dis-
sociation of this complex to enable activation of free TGF-β can
be induced by a range of activation stimuli including heat and
pH changes.122,123 Notably, one mechanism of particular inter-
est here is that PBM could induce activation of TGF-β
signalling.124–126 In a recent study Arany et al. employed a laser
emitting a wavelength of 904 nm with radiant exposure
outputs ranging from 0.1–6 J cm−2 and concluded that PBM
was able to activate latent-TGFβ1.127 It has subsequently been
hypothesised that light induces an increase in levels of ROS
including superoxide (O2

•−)128 which interacts with the meth-
ionine 253 amino acid residue on LAP.129 This, in turn, then
induces a conformational change in LAP, enabling its dis-
sociation from TGF-β enabling it to bind with high affinity to
its cell-surface receptors, including TGF-β receptors (TGFβRI,
TGFβRII and TGFβRIII). Notably, TGFβRIII binds TGF-β1 and
then transfers it to TGFβRI and TGFβRII, which are both
serine/threonine kinases. In turn, these receptors phosphory-
late transcription factors including “small mothers against
decentaplegic” (Smad). Once phosphorylated Smad2 and
Smad3 bind Smad4, the complex then translocates to the
nucleus and interacts with transcriptional coactivators includ-
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ing p300, a nuclear scaffolding protein. This signalling then
enables the binding of the complex with the Smad binding
element, leading to the transcription of multiple target
genes.130

Interestingly, several authors have also provided evidence
for an increase in the activity of Smad proteins following
irradiation. The Smad family is comprised of the receptor
Smads (Smad-1, -2, -3, -5 and -8/-9), the inhibitory Smads
(Smad-6 and -7) and the co-Smad, Smad-4. Hirata et al. found
that irradiation at 805 nm induced increases in phosphoryl-
ation of Smad-1/-5/-8.131 Interestingly, Dang et al. also found
an increase in phosphorylated Smad proteins, specifically
Smad-2 and Smad-4 following irradiation at 800 nm.132

Similarly, Yuchao et al. reported application of 475 nm light
induced significant increases in Smad2 phosphorylation, pro-
viding evidence that blue light may also show efficacy in modu-
lating TGFβ signalling.133 Hence, these data indicate the poss-
ible involvement of TGF-β signalling through Smad proteins
during the transduction of the molecular effects of PBM.
However, other pathways are also induced by TGF-β signalling
including the mitogen associated protein kinase pathway
(MAPK134). Therefore, it will be interesting to determine how
PBM, modulates TGF-β signalling through these interlinked
pathways, and which wavelengths of light can induce which
pathway.

3.3. Nuclear factor erythroid 2-related factor 2 (Nrf2)
signalling

Nrf2 is a protein in the “basic leucine zipper protein” (bZIP)
family and is implicated in regulation of the expression of anti-
oxidant proteins.135 Increases in ROS production lead to the
dissociation of Nrf2 from its inhibitor, Keap1, targeting it for
degradation. This enables Nrf2 to translocate into the nucleus
and induce the transcription of antioxidant genes, due to the
binding of Nrf2 to antioxidant response elements (AREs). To
date, only a handful of studies have evaluated the effects of
PBM on Nrf2 expression and activity. Interestingly, Sohn et al.
reported an increase in Nrf2 gene expression following
irradiation at 635 nm.136 Similarly, Trotter et al. also found
that application of blue light induced significant increases in
Nrf2 expression in vitro.137 This acts as a feedback mechanism
following NFkB activation so the interaction of these two path-
ways may be important in PBM modulation of chronic inflam-
matory diseases. Indeed a differential upregulation of
Nrf2 may be important in such diseases. However, further
work will be required to fully dissect the effects of blue and
green light on Nrf2 signalling.

3.4. Mitogen activated protein kinase (MAPK) signalling

Mitogen activated protein kinases (MAPKs) are a family of
serine/threonine protein kinases that play an essential role in
the regulation of a diverse number of cellular activities ranging
from cell signalling to cell death. There are three subgroups of
MAPKs including extracellular signal regulated kinases (ERKs
including ERK-1 and ERK-2), p38 MAPKs (p38α, p38β, p38γ
and p38δ) and c-Jun-N-terminal kinases (JNKs including

JNK-1, JNK-2 and JNK-3). The three subgroups of MAPKs are
finely regulated by a series of different kinases. Their acti-
vation is initiated by first the induction of MAPK kinase kinase
(MAP3K) which in turn phosphorylates MAPK kinase (MAP2K).
This then finally leads to the phosphorylation and activation
of the MAPKs. Each MAPK is regulated by specific kinases as
described below:

3.4.1. Extracellular-regulated kinase (ERK) signalling. The
activity of the ERK pathway can initially be induced by receptor
tyrosine kinases including TGFβR1, a member of the TGFβ sig-
nalling pathway previously proposed to play a role in transdu-
cing the effects of PBM.127 The activation of TGFβR1 enables
the downstream activation of Ras-activating protein, which cat-
alyses the phosphorylation of inactive Ras bound to guanosine
diphosphate (Ras-GDP) to form active Ras guanosine tripho-
sphate (Ras-GTP). Ras then phosphorylates Raf, which in turn
phosphorylates MEK, which ultimately induces phosphoryl-
ation of ERK, culminating in gene transcription changes that
lead to proliferation, differentiation or apoptosis. Interestingly,
several authors have reported the effects of PBM on signalling
molecules involved in this pathway. In their study, Kim et al.
evaluated the response of human outer root sheath cells to
PBM at wavelengths of 415 nm, 525 nm, 660 nm or 830 nm.138

Notably they found that PBM induced an increase in ERK
phosphorylation.

3.4.2. p38 MAPKs. The p38 MAPK pathway is activated by
an array of stimuli including inflammatory cytokines, heat
shock or ligands for G-protein coupled receptors (GPCRs).
These stimuli induce the activation of an array of MAP3Ks
including TGFβ activated kinase-1 (TAK1). Activation of
MAP3Ks enables the phosphorylation of MEK3 or MEK6. In
turn, these kinases phosphorylate members of the p38 family,
inducing their activation and hence a series of downstream
effects including modulation of cytokine production and
apoptosis.139

Several authors have reported the effects of PBM on p38
MAPK signalling. Interestingly, both Kim et al. and Chu et al.
concluded that red light PBM induced increased p38 phos-
phorylation and therefore increases in the activity of this
pathway.138,140 However, a further study concluded that follow-
ing application of red light, there was a decrease in p38 phos-
phorylation.141 The difference in response may be due to the
difference in radiant exposures employed in the different
studies. For example, the authors reporting an increase in p38
phosphorylation when using a light source with a radiant
exposure output of less than 12 J cm−2, whilst, a radiant
exposure of 18 J cm−2 induced a decrease in p38 phosphoryl-
ation. Hence, this may show a biphasic dose response in
which lower doses of light induce stimulatory effects whilst
higher doses cause inhibitory effects. However, further work
will be required to evaluate this hypothesis, particularly with
reference to blue and green light.

3.4.3. c-Jun N-terminal kinase (JNK). The JNK pathway is
activated by an array of stimuli including cytokines, growth
factors and the ligation of specific receptors. In turn these
stimuli activate some of the same MAP3Ks induced in the p38
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MAPK pathway including apoptosis signal-regulating kinase 1
(ASK1), mitogen-activated protein kinase kinase kinase
(MEKK1) and mitogen-activated protein kinase kinase kinase 3
(MEKK3). In turn, these MAP3Ks can phosphorylate either
MKK4 or MKK7, Mitogen-activated protein kinase kinases
(MAP2Ks) specific to the JNK pathway. MKK4 and MKK7 can
also activate MKK3 and 6, enabling the activation of the p38
MAPK pathway.142

Interestingly, Silva et al. explored the effects of 780 nm light
at a radiant exposure of 10 J cm−2 on JNK phosphorylation of
mice with diet-induced obesity. They concluded that PBM
induced a significant reduction in JNK phosphorylation and
hence could prove useful in treating effects induced by a high
fat diet.143 Similarly, in a mouse model for depression,
Salehpour et al. evaluated the effects of 810 nm light at a
radiant exposure of 33.3 J cm−2 and found that PBM induced
reductions in JNK phosphorylation and other members of the
MAPK signalling pathway including p38.144 The authors also
reported that treatment induced decreases in the serum levels
of key pro-inflammatory cytokines, including Tumour necrosis
factor-α (TNF-α). Hence, these data provide evidence that PBM
could modulate JNK signalling and therefore downstream
effects, including the production of pro-inflammatory cytokines.
However, the effects of blue and green light on JNK signalling
are yet to be explored, hence future work should evaluate the
wavelength dependent effects of PBM on the JNK pathway.

4. In vitro and in vivo application of
blue and green light PBM therapy
4.1. Introduction

Whilst a number of reviews have been published detailing the
possible therapeutic efficacy of red and NIR PBM,128,145 none
to date have extensively explored the effects of blue or green
light either in vitro or in vivo. Hence, this section investigates
the potential of blue and green light PBM in therapeutic appli-
cation to determine whether these short wavelengths of light
could be efficacious.

4.2. Methods

To assess literature surrounding the effects of green and blue
light PBM, a systematic review of relevant literature was per-
formed using Scopus. The Scopus database was employed as a
means to undergo key word searches to provide an overview of
literature regarding the effects of blue and green light PBM.
Future work may endeavour to use a broader range of data-
bases including MEDLINE and PubMed to evaluate the effects
of blue and green light PBM.

The two searches outlined in Fig. 3 were performed separ-
ately and a series of key terms and wavelengths were included
to refine the search. Following literature searches, the results
were filtered for ‘articles only’ and for articles published
within the past ten years (25/1/2008–25/1/2019). This timeline
was selected to ensure a manageable sample of articles were
included in the review, where key MeSH accepted terms were

relevant to articles (including LLLT and PBM) investigated. Key
words described in Fig. 3 were input into the Scopus database
and systematic evaluation ensured irrelevant articles were
excluded from the review. For example, those reporting the use
of PBM but using biological assays including ‘Alamar blue’
(cell metabolic activity assay) or ‘trypan blue’ (a vital stain used
to differentiate between live and dead cells in vitro) were not
included as they did not specifically report the effects of blue
light in vitro or in vivo. Other exclusion criteria included elim-
ination of articles that reported the effects of lasers on remo-
delling tissue at a high power. For example, photoselective
vaporisation commonly uses lasers emitting green light and
the procedure involves the burning away of excess tissue to
enable normal urine flow through the prostate.146 As PBM is
commonly defined as modulation of tissue response rather
than removal of tissue, these articles were excluded. Review
articles were also excluded from analysis. Articles selected for
review were then assessed in terms of the reporting of light
properties (including wavelength, irradiance, radiant exposure,
exposure time and beam area), the application of the light
source (i.e. in vitro, in vivo or ex vivo) and the outcome of each
study (therapeutically beneficial or harmful).

4.3. Results

A Scopus search was undergone to identify publications citing
key words illustrated in Fig. 3 and published within the follow-
ing time frame: 25/1/2008–25/1/2019. This would then enable
identification of key parameters that may induce beneficial
effects in vivo.

4.3.1 Blue light PBM. An initial search employing the
Scopus database resulted in 317 articles citing the search
terms described in Fig. 3a, articles were then subsequently fil-
tered and screened, and it was concluded that 68 articles were
suitable for further review.17–21,29–31,57,66,69–74,80,90,147–198

Of the articles reviewed, 72% (49/68) reported a positive
effect following the application of blue light, with 7% (5/68)
reporting negative effects and 21% (14/68) reporting no signifi-
cant effect. Whilst, the majority of articles within this review
reported the effects of PBM on tissue, a handful also evaluated
the bactericidal effect of blue light PBM (3/68154,179,186).
Although, the mechanism of blue light in inducing bacterial
cell death is not a focus of this current review, we felt it impor-
tant to highlight this as a further application of PBM which
has therapeutic application.199 Notably however, the para-
meters required to induce a bactericidal effect (>55 J cm−2) are
much higher than those applied to induce tissue effects (<55 J
cm−2). Hence, when exploring possible beneficial parameters
for tissular applications, articles evaluating the antimicrobial
properties of blue light were excluded.

When evaluating the recording and reporting of treatment
parameters, it was found that 68% (46/68) of articles failed to
report any information regarding light characterisation pro-
cedures and relied entirely on the manufacturers reported
values. Of the other 22 articles, the light characterisation pro-
cedures reported were minimal, where the majority reported
either analysis of power or irradiance output of a light source
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(12/2269,74,147,151,155,156,161,166,182,184,191,193). Interestingly, these
figures are similar to those reported by Hadis et al. in which
76% of articles evaluated failed to report the use of any light
characterisation techniques.15 A series of other key parameters
were also not reported in full by authors including irradiance
(29%, 20/68), exposure time (34%, 23/68), radiant exposure
(38%, 26/68) and beam area (82%, 56/68).

From those articles reporting parameters, median values
could be calculated. For example, for those articles reporting a

positive effect of PBM, a median value of radiant exposure of
7.8 J cm−2 (range: 1.5–90 J cm−2) was determined. In fact, 63%
(17/27) of articles reporting both positive effects of PBM used
radiant exposure values <10 J cm−2. Interestingly, only one
article reported a beneficial effect of PBM on tissue at a
radiant exposure >55 J cm−2.183 For articles reporting negative
effects of PBM, a median radiant exposure of 7.5 J cm−2

(range: 3–183.43 J cm−2) was calculated. However, of the 5
articles reporting a negative effect of PBM only 4 reported

Fig. 3 Flow chart describing the strategy employed to identify relevant articles illustrating the effects of (a) blue light and (b) green light PBM.
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Table 1 Citations identified from a review of the literature evaluating the effects of blue light PBM using the following search terms: ‘Blue AND
light’ OR ‘400 nm’ OR ‘405 nm’ OR ‘420 nm’ OR ‘450 nm’ OR ‘475 nm’ OR ‘480 nm’ AND ‘Photobiomodulation’ OR ‘PBM’ OR ‘LLLT’ OR ‘Low AND
Level AND light AND therapy’ OR ‘LILT’ OR ‘Low AND Intensity AND Light AND therapy’ OR ‘Photobiostimulation’ AND NOT ‘Photodynamic AND
therapy’ OR ‘PDT’

Citation Light source Dose Study type Conclusion

1. Mignon et al.,
201819

Source: LED Irradiance (mW cm−2): 30
(450 nm), 30 (490 nm), 30
(550 nm), 7 (590 nm), 60
(655 nm), 80 (850 nm)

In vitro: human reticular and
papillary dermal fibroblasts

450 nm light at 30 J cm−2 induced
50% reductions in cell metabolic
activity. 450 nm and 500 nm
induced stronger inhibitory
effects on reticular DFs vs. papil-
lary DFs. 450 nm light induced
increases in intracellular ROS pro-
duction. Blue and NIR light
induced changes in some similar
gene groups. However, more
genes were downregulation fol-
lowing irradiation with blue light
compared to NIR. Blue light also
downregulated expression of
genes associated with the TGF-β
pathway

Wavelength (nm): 450,
490, 550, 650 and 850

Time (s):

Power (mW): Energy (J):
Frequency (Hz): Radiant exposure (J cm−2):

0–250 (dependent upon
wavelength)

Spot area (cm2):

2. Tani et al.,
2018178

Source: LED Irradiance (mW cm−2):
12.59

In vitro: human osteoblasts and
human mesenchymal stromal cells

Blue light had no significant
effect on molecular signalling.
635 nm light could be effective in
promoting or improving bone
regeneration as shown through
molecular analysis

Wavelength (nm): 405,
635, 808

Time (s): 30

Power (mW): Energy (J):
Frequency (Hz): Radiant exposure (J cm−2):

0.378Spot area (cm2):
3. Priglinger
et al., 2018184

Source: LED Irradiance (mW cm−2): 40 In vitro: stromal Vascular fraction
cells

Blue, green and red light did not
have a cytotoxic effect on cells.
Red and green light induced
significant increases in vascular
endothelial growth factor
expression

Wavelength (nm): 475,
516, 635

Time (s): 600

Power (mW): Energy (J):
Frequency (Hz): pulsed
2.5 (pulse rate 50%)

Radiant exposure (J cm−2):
24

Spot area (cm2):
4. Falcone et al.,
2018162

Source: LED Irradiance (mW cm−2): 10
(cw), 200 (pulsed)

In vivo: effects on inflammation
and skin barrier recovery

Reduced IL-1α following
irradiation

Wavelength (nm): 453 Time (s): 1800
Power (mW): Energy (J):
Frequency (Hz): 5% duty
cycle, 100 Hz

Radiant exposure (J cm−2):
18

Spot area (cm2):
5. Veleska-
Stevkoska and
Koneski, 201821

Source: LED Irradiance (mW cm−2):
750

In vivo: haemostasis in oral surgery
(bleeding from tooth extractions)

Blue light shortens bleeding time
from extraction socket

Wavelength (nm): 410
and 470

Time (s): 10–20

Power (mW): Energy (J): 50–100
Frequency (Hz): Radiant exposure (J cm−2):

7.5–15Spot area (cm2): 1.25
6. Castellano-
Pellicena et al.,
201817

Source: LED Irradiance (mW cm−2): In vitro and ex vivo: keratinocytes
and human skin epidermis

Blue light stimulated metabolic
activity of cultured keratinocytes.
Low levels of blue light reduced
DNA synthesis and stimulated
keratinocyte differentiation. Level
of differentiation induced by blue
light was reduced in opsin 3
(OPN3) knockdown, suggesting
OPN3 may be Important in blue
light induced restoration of
barrier function

Wavelength (nm): 447,
505, 530, 655 and 850 (24
well) or 453, 656 (ex vivo)

Time (s): 1200 (24 well)

Power (mW): Energy (J):
Frequency (Hz): Radiant exposure (J cm−2):

453 nm – 2, 656 nm – 30Spot area (cm2):

Perspective Photochemical & Photobiological Sciences

1886 | Photochem. Photobiol. Sci., 2019, 18, 1877–1909 This journal is © The Royal Society of Chemistry and Owner Societies 2019

Pu
bl

is
he

d 
on

 0
3 

Ju
ne

 2
01

9.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
B

ri
st

ol
 o

n 
10

/2
5/

20
19

 1
1:

44
:2

6 
A

M
. 

View Article Online

https://doi.org/10.1039/c9pp00089e


Table 1 (Contd.)

Citation Light source Dose Study type Conclusion

7. Fekrazad
et al., 2018163

Source: laser Irradiance (mW cm−2):
266 (blue), 266 (green) 167
(red), 1333 (NIR)

In vitro: mesenchymal stem cells Cartilage markers were
upregulated by 810 nm and
810–485 nm light. Red and blue-
green irradiation induced
expression of COL1. Blue, blue-
green and green light irradiation
reduced osteocalcin expression.
Stimulatory effects on
osteogenesis were seen for red
and near infra-red lasers but
green light had inhibitory effects.
Blue light was not reported to
induce inhibitory effects

Wavelength (nm): 810,
660, 532, 485,
combinations: 810–660,
810–485, 660–532,
660–485

Time (s): 3–24 (dependent
upon wavelength)

Cons: parameters differ
considerably from one wavelength
to the next, particularly when
evaluating combination
treatments. Making results of
which wavelength is most
effective questionable

Power (mW): 30–200
(dependent on
wavelength)

Energy (J):

Frequency (Hz): Radiant exposure (J cm−2):
4 (8 for combination)Spot area (cm2):

0.113–0.18
8. Rocca et al.,
2018185

Source: diode laser
(450 nm, 635 nm,
808 nm, Er:YAG laser
(2940 nm)

Irradiance (mW cm−2):
280 (808 nm), 280
(450 nm), 1000 (63 5 nm)

In vivo: human The diode lasers proved more
effective than the Er:YAG in
reducing pain scores over a 7 day
period. 635 nm had the most
immediate effect, but there was
no significant difference pain
score using the 3 diode lasers
after 7 days

Wavelength (nm): 2940,
808, 450, 635

Time (s): 60 (2940 nm), 3 ×
30 (635 nm), 60 (808 nm),
60 (450 nm)

Power (mW): 200
(635 nm), 1500 (808 nm),
500 (450 nm)

Energy (J):

Frequency (Hz): 20 (Er:
YAG)

Radiant exposure (J cm−2):
76.43 (Er:YAG), 36
(635 nm), 50 (808 nm), 17
(450 nm)

Spot area (cm2):

9. Wang et al.,
2018195

Source: LEDs Irradiance (mW cm−2): 20 In vitro: whole blood samples
(human)

No significant change in the
absorption spectra exhibited by
blood following irradiation

Wavelength (nm): 405 Time (s): 900
Power (mW): 200 Energy (J):
Frequency (Hz): Radiant exposure (J cm−2):

12
Spot area (cm2):

10. Kim et al.,
2017174

Source: LEDs Irradiance (mW cm−2): In vivo: mouse model Wound closure percentage over 10
days was greatest when an 830 nm
LED used. Increased TGF-β and
collagen 1 but downregulated
SMAD7

Wavelength (nm): 410,
630, 830

Time (s):

Power (mW): Energy (J):
Frequency (Hz): Radiant exposure (J cm−2):
Spot area (cm2):

11. Rohringer
et al., 201769

Source: LED Irradiance (mW cm−2): 80 In vitro: human umbilical vein
endothelial cells

Red and green light induced
proliferation and migration of
endothelial cells whilst blue light
had no significant impact. Blue
light only induced significant
increases in ROS production

Wavelength (nm): 475,
516, 635

Time (s): 600 NOTE: irradiance and irradiation
time values do not correlate with
fluency. Cells irradiated at 20%
confluency – may explain negative
effects of blue light

Power (mW): Energy (J):
Frequency (Hz): 50%
pulse rate, 2.5 Hz

Radiant exposure (J cm−2):
24

Spot area (cm2):
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12. Wang et al.,
201766

Source: LED array
(415 nm), filtered lamp
(540 nm), diode laser
(660 nm and 810 nm)

Irradiance (mW cm−2): 16 In vitro: human adipose-derived
stem cells

Blue and green light induce
significant increases in
intracellular calcium and ROS,
reduce mitochondrial membrane
potential, lower intracellular pH
and reducing cellular
proliferation. Red and NIR light
have the opposite effect

Wavelength (nm): 415,
540, 660, 810

Time (s): 188 Labelled fluency as irradiance.
Different delivery systems may
alter light delivery (coherent vs.
non-coherent light sources)

Power (mW): Energy (J):
Frequency (Hz): Radiant exposure (J cm−2):

3Spot area (cm2): 4
13. Wang et al.,
201770

Source: LED Irradiance (mW cm−2):
250

In vitro and in vivo: irradiated
fertile broiler eggs and isolated
skeletal muscle and satellite cells

Green PBM promoted muscle
growth and satellite cell
proliferation through insulin
growth factor-1 signalling in late
embryogenesis

Wavelength (nm): 480,
560, 660 and white
(400–750)

Time (s):

Power (mW): 3000 Energy (J):
Frequency (Hz): Radiant exposure (J cm−2):
Spot area (cm2):

14. Choe et al.,
2017158

Source: LED Irradiance (mW cm−2): 16 In vitro: HeLa cells (cancer cell line) Blue light and high frequency
ultrasound induced significant
reductions in cell density when
compared to red and green light
combined with ultrasound. This
could be beneficial in alleviating
cancer cell proliferation

Wavelength (nm): 622,
535, 462

Time (s): 600–1800 (daily)

Power (mW): 24 000 Energy (J):
Frequency (Hz): Radiant exposure (J cm−2):
Spot area (cm2):

15. Buscone
et al., 2017157

Source: LED Irradiance (mW cm−2): In vitro and ex vivo: hair growth and
outer root sheath cells

Blue light at low radiant exposure
stimulate hair growth ex vivoWavelength (nm): 453,

689
Time (s):

Power (mW): Energy (J):
Frequency (Hz): Radiant exposure (J cm−2):

3.2Spot area (cm2):
16. Santos et al.,
201771

Source: LED Irradiance (mW cm−2):
300

In vitro: subventricular zone (SVZ)
cell culture

Blue light induced transient
increases in ROS, causing
increased neuronal differentiation
and increases retinoic acid
receptor levels. The effects are
heightened with the addition of
light reactive nanoparticles

Wavelength (nm): 405 Time (s): 30–60
Power (mW): Energy (J):
Frequency (Hz): Radiant exposure (J cm−2):
Spot area (cm2): 0.27

17. Fekrazad
et al., 201718

Source: laser: GaAs
(405 nm, 532 nm),
InGaAlP (660 nm) and
GaAlAs (810 nm)

Irradiance (mW cm−2):
200

In vivo: male Wistar rats (n = 60) Green, blue, red and infrared
light irradiation may accelerate
healing process

Wavelength (nm): 405,
532, 660, 810

Time (s):

Power (mW): Energy (J):
Frequency (Hz): Radiant exposure (J cm−2):

1.5Spot area (cm2): 1
18. Lee et al.,
2017177

Source: LED Irradiance (mW cm−2):
205 (405 nm), 172 (630),
50 (830)

In vitro: keloid fibroblasts Blue did not affect cell viability.
COL1 gene and protein
expression decreased significantly
after irradiation with blue light
and may be effective in preventing
keloid formation

Wavelength (nm): 410,
630, 830

Time (s):

Power (mW): Energy (J):
Frequency (Hz): Radiant exposure (J cm−2):

10Spot area (cm2):
19. Alba et al.,
201729

Source: LED (470) and
laser (660)

Irradiance (mW cm−2): In vivo: treatment of acne vulgaris The combined use of red and
blue light proved beneficial in
reducing inflammation and
enhancing wound healing when
compared to the use of salicylic
acid for treatment

Wavelength (nm): 470
and 660

Time (s): 180 (470), 60
(660)

Power (mW): Energy (J): 6–8
Frequency (Hz): Radiant exposure (J cm−2):
Spot area (cm2):
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20. Mignon
et al., 2017180

Source: LED Irradiance (mW cm−2):
3–80

In vitro: human dermal fibroblasts The effects of blue light on cell
metabolism were dramatically
influenced by FBS concentration,
confluency level of cells and the
fluency values applied to cells

Wavelength (nm): 400,
500, 530, 590, 655, 850

Time (s):

Power (mW): Energy (J):
Frequency (Hz): Radiant exposure (J cm−2):

2–30Spot area (cm2):
21. Yoshimoto
et al., 2017197

Source: LED Irradiance (mW cm−2): 30 In vitro: human colon cancer cells
(HT-29 or HCT-116)

Blue light irradiation reduced
cancer cell viability. However, this
effect was reversed in an Opsin 3
(Opn3) knockdown

Wavelength (nm): 465 Time (s): 1800
Power (mW): Energy (J):
Frequency (Hz): Radiant exposure (J cm−2):

54Spot area (cm2):
22. Yuan et al.,
201772

Source: LED Irradiance (mW cm−2): 20 In vitro: bone marrow-derived
mesenchymal stem cells (BMSCs)

Blue light inhibited osteogenic
differentiation, induced apoptosis
as a result of increased ROS
production and DNA damage

Wavelength (nm): 470 Time (s): 60–3600
Power (mW): Energy (J):
Frequency (Hz): Radiant exposure (J cm−2):
Spot area (cm2):

23. Monrazeri
et al., 2017181

Source: LED Irradiance (mW cm−2):
100 (630 nm)

In vivo: human Combining all three wavelengths
reduced abdominal girth
significantlyWavelength (nm): 630,

808, 450
Time (s):

Power (mW): 100
(630 nm and 808 nm),
3000 (450 nm)

Energy (J): 48 J per point

Frequency (Hz): Radiant exposure (J cm−2):
Spot area (cm2): 1

24. Li et al.,
2016178

Source: LED Irradiance (mW cm−2): 50 In vivo: Japanese big ear white
rabbits, induced wound model
(incisions in back)

Red light was more effective in
promoting wound healing than
blue light

Wavelength (nm): 630,
460

Time (s): 900–1800

Power (mW): 100
(630 nm and 808 nm),
3000 (450 nm)

Energy (J):

Frequency (Hz): Radiant exposure (J cm−2):
45–90Spot area (cm2): 300

25. Khori et al.,
2016173

Source: laser Irradiance (mW cm−2): In vivo and in vitro: BALB/c inbred
female mice and mouse mammary
carcinoma cell line (4T1)

Blue light reduced tumour
volume and gene expression
markers for tumorigenesis

Wavelength (nm): 405,
532, 632

Time (s): 600 (10
treatments, 3 times a
week)

Power (mW): 1–3 Energy (J):
Frequency (Hz): Radiant exposure (J cm−2):
Spot area (cm2):

26. AlGhamdi
et al., 2016148

Source: laser Irradiance (mW cm−2): 25 In vitro: melanocytes from normal
human melanocytes

PBM at all wavelengths induced
the production of stage I
melanosomes to the highest levels
relative to control cells. In
particular, red and blue laser
PBM induced the highest increase
in % level of stage I
melanosomes. This indicates
significant stimulation of
melanogenesis

Wavelength (nm): 457,
635, 355

Time (s): 80

Power (mW): Energy (J):
Frequency (Hz): Radiant exposure (J cm−2):

2Spot area (cm2):

27. Wang et al.,
2016196

Source: LED array (420),
filtered lamp (540), diode
laser (660, 810)

Irradiance (mW cm−2): 16 In vitro: human adipose-derived
stem cells

Blue and green light were effective
in stimulating osteoblast
differentiation and increasing
intracellular calcium levels than
red and near infra-red light. Blue
and green light could activate
light-gated calcium ion channels

Wavelength (nm): 420,
540, 660, 810

Time (s): 188 (five times,
every 2 days)

Power (mW): Energy (J):
Frequency (Hz): Radiant exposure (J cm−2):

3Spot area (cm2): 4
28. Masson-
Meyers et al.,
201630

Source: LED Irradiance (mW cm−2): 30 In vitro: human dermal fibroblasts Blue light and radiant exposure of
5 J cm−2 improved wound
healing, increased protein con-
centration and reduced IL-6
secretion significantly. There was
no effect of irradiation on cell
viability

Wavelength (nm): 470 Time (s):
Power (mW): 150 Energy (J):
Frequency (Hz): Radiant exposure (J cm−2):

3, 5, 10, 55Spot area (cm2):
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29. Ashworth
et al., 2016151

Source: LED Irradiance (mW cm−2): Ex vivo: rat or mouse spinal cord
slices

All four wavelengths at the
highest intensity output reduced
immunoreactivity

Wavelength (nm): 450,
510, 660, 860

Time (s):

Power (mW): Energy (J):
Frequency (Hz): Radiant exposure (J cm−2):
Spot area (cm2): Other: photons per cm2

per s
30. Figurova
et al., 2016165

Source: LED Irradiance (mW cm−2): 8 In vivo: minipigs Combined red and blue light
therapy induced improved tissue
healing relative to control groups

Wavelength (nm): 685/
470 combined

Time (s):

Power (mW): Energy (J):
Frequency (Hz): Radiant exposure (J cm−2):

3.36Spot area (cm2):
31. Becker et al.,
2016152

Source: LED Irradiance (mW cm−2): 23 In vitro: melanoma cells The effects of blue light on cell
viability were dose dependent and
blue light down regulated anti-
inflammatory genes but
upregulated genes associated with
apoptosis. Significant decreases
in viability were witnessed after
irradiation times of 1800 s

Wavelength (nm): 453 Time (s): 1800
Power (mW): Energy (J):
Frequency (Hz): Radiant exposure (J cm−2):
Spot area (cm2):

32. Dereci et al.,
2016160

Source: LED (blue,
400–490), GaAlAs diode
laser (NIR, 980 nm)

Irradiance (mW cm−2): 12
(400–490), 200 (980)

In vivo: Wistar rats Whilst high doses of blue light
were inhibitory, low doses proved
efficacious in promoting bone
regeneration to similar levels to
NIR light

Wavelength (nm):
400–490, 980

Time (s):

Power (mW): Energy (J):
Frequency (Hz): Radiant exposure (J cm−2):

13 (400–490, 20 (980)Spot area (cm2):
33. Takhtfooladi
and Sharifi,
2015191

Source: GaAlAs (680),
LED (650, 450)

Irradiance (mW cm−2): In vivo: New Zealand rabbits Blue and red LEDs had no
significant effect on cell
proliferation or myelination.
Conversely, laser red light had a
significant effect. This may be
due to the pulsed modality of the
laser light source

Wavelength (nm): 680,
650, 450

Time (s): 200 s (680), 600 s
(450, 650) 14 days

Power (mW): 10 (680) Energy (J):
Frequency (Hz): pulsed
(no info, 680 only)

Radiant exposure (J cm−2):
10 (680), 650 (2.4), 450
(2.4)Spot area (cm2): 0.4

(680), 1.5 (650, 450)
34. Fekrazad
et al., 2015164

Source: laser Irradiance (mW cm−2): 50
(630 nm and 532 nm), 55
(425 nm)

In vivo: diabetes induced male
Wistar rats

All three wavelengths induced
significant increases in wound
healing, where red light was most
effectiveWavelength (nm): 630,

532, 425
Time (s):

Power (mW): Energy (J):
Frequency (Hz): Radiant exposure (J cm−2):

2Spot area (cm2):
35. Masson-
Meyers et al.,
2015179

Source: LED or Laser Irradiance (mW cm−2): In vitro: methicillin resistant
Staphylococcus aureus (MRSA)

Both LED and laser proved
efficacious in supressing bacterial
growth to significant levels at all
four radiant exposure values
evaluated

Wavelength (nm): 405 Time (s): 900, 1800, 14 400
Power (mW): Energy (J):
Frequency (Hz): Radiant exposure (J cm−2):

40, 54, 81, 121Spot area (cm2):
36. Schafer and
McNeely, 2015186

Source: LED Irradiance (mW cm−2): 30 In vitro: Staphylococcus Epidermis,
Staphylococcus Aureus and
Propionibacterium Acnes

The effects of blue light
combined with ultrasound were
dose dependent where it is
proposed that bacterial cells
become more susceptible to the
antimicrobial effects of blue light
following ultrasound application

Wavelength (nm): 405 Time (s):
Power (mW): Energy (J):
Frequency (Hz): Radiant exposure (J cm−2):
Spot area (cm2):

37. Niu et al.,
2015182

Source: LED Irradiance (mW cm−2):
161 µW cm−2 nm
(405 nm), 300 µW cm−2

nm (630 nm), 545 µW
cm−2 nm (660 nm)

In vitro: keratinocytes The combination of blue light,
red light and curcumin was able
to regulate proliferation and
apoptosis of keratinocytes.
Without curcumin, light did not
influence cell viabilityWavelength (nm): 405,

630, 660
Time (s): 600

Power (mW): Energy (J):
Frequency (Hz): Radiant exposure (J cm−2):

1.604 (405 nm), 3.409
(630 nm), 6.538 (660 nm)

Spot area (cm2):
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38. AlGhamdi
et al., 2015149

Source: diode laser Irradiance (mW cm−2): 25 In vitro: melanocytes Blue laser proved most efficacious
in promoting cell proliferation
and migration

Wavelength (nm): 355,
457, 635

Time (s): 20–200

Power (mW): Energy (J):
Frequency (Hz): Radiant exposure (J cm−2):

0.5–5Spot area (cm2):
39. Pfaff et al.,
2015183

Source: LED Irradiance (mW cm−2):
100 (low), 200 (high)

In vivo: treatment of patients with
mild Psoriasis Vulgaris (Pv)

Blue light proved to significantly
reduce Pv severity at both
irradiance outputsWavelength (nm): 453 Time (s): 1800

Power (mW): Energy (J):
Frequency (Hz): high
(200 mW cm−2) and low
(100 mW cm−2) duty
cycles employed

Radiant exposure (J cm−2):
90

Spot area (cm2):
40. Bumah et al.,
2015154

Source: LED Irradiance (mW cm−2): 30 In vitro: MRSA Blue light alone is effective in
supressing MRSA growth, where
there was no significant
difference in the effect of blue
light and the combination of blue
light and hyperbaric oxygen

Wavelength (nm): 470 Time (s):
Power (mW): 150 (18
delivered to cultures)

Energy (J):

Frequency (Hz): Radiant exposure (J cm−2):
55Spot area (cm2):

41. Jung et al.,
2015170

Source: LED Irradiance (mW cm−2): In vitro: human sebocytes Blue and red light influence lipid
production and may have
beneficial effects on acne through
the suppression of sebum
production

Wavelength (nm): 415,
630

Time (s): 76–615

Power (mW): Energy (J):
Frequency (Hz): Radiant exposure (J cm−2):

5–40Spot area (cm2):
42. Teuschl
et al., 2015193

Source: LED Irradiance (mW cm−2): 50 In vitro: C2C12 (myoblast), NIH/3T3
(fibroblast), BICR10 (keratinocytes)

Blue light reduced cell
proliferation and promoted
necrosis. Red light promoted cell
proliferation and increased rate of
wound healing

Wavelength (nm): 470,
630

Time (s): 600 (5 times,
once per day)

Power (mW): 1000 Energy (J):
Frequency (Hz): Radiant exposure (J cm−2):

30Spot area (cm2):
43. Hadis et al.,
2015168

Source: LED Irradiance (mW cm−2): 3.5 In vitro: dental pulp cells (DPCs) Blue light had no significant
effect on DPCs whilst wavelengths
of 625 nm, 660 nm, 789 nm and
800 nm induced significant
increases in mitochondrial
activity. Particularly after 24 h and
irradiation periods of 30 s

Wavelength (nm):
400–900

Time (s): 15–120

Power (mW): Energy (J):
Frequency (Hz): Radiant exposure (J cm−2):

0.05–0.42Spot area (cm2):

44. De Sousa
et al., 201531

Source: LED Irradiance (mW cm−2): In vitro: Staphylococcus aureus,
Pseudomonas aeruginosa

Blue light inhibited bacterial
growth at fluency values greater
than 6 J cm−2

Wavelength (nm): 450 Time (s): 0–343
Power (mW): 70 Energy (J):
Frequency (Hz): Radiant exposure (J cm−2):

3–24Spot area (cm2): 0.00785
45. Gold et al.,
2014167

Source: LEDs Irradiance (mW cm−2): In vivo: human Induced a reduction in acne
vulgaris inflammatory lesions.
Did induce increases in skin
temperature up to 41 °C

Wavelength (nm):
405–460

Time (s):

Power (mW): Energy (J):
Frequency (Hz): Radiant exposure (J cm−2):
Spot area (cm2):

46. Schoenly
et al., 2014187

Source: laser Irradiance (mW cm−2): In vitro: human teeth Removal of calculus is thickness
dependent and can occur at
radiant exposure <5 J cm−2

Wavelength (nm): 400 Time (s):
Power (mW): Energy (J):
Frequency (Hz): 60 ns
laser pulse

Radiant exposure (J cm−2):
<8

Spot area (cm2):
47. Buravlev
et al., 201474

Source: LED Irradiance (mW cm−2): In vitro: mitochondria isolated
from male albino rat livers

Blue light restored nitric oxide
inhibited rates of respiration to
normal. It is hypothesised blue
light irradiation induces
photolytic destruction of nitrosyl
complexes that inhibit the
activities of complex I and III of
the electron transport chain

Wavelength (nm): 442 Time (s): 30–300
Power (mW): 70 Energy (J):
Frequency (Hz): Radiant exposure (J cm−2):

30Spot area (cm2): 0.00785
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48. Sinclair
et al., 2014190

Source: LED Irradiance (mW cm−2):
0.0848 (blue), 0.0185
(yellow)

In vivo: patients with traumatic
brain injury (TBI)

Blue light is effective in
alleviating fatigue and daytime
sleeping following TBI

Wavelength (nm): 465,
574

Time (s): 2700

Power (mW): Energy (J):
Frequency (Hz): Radiant exposure (J cm−2):
Spot area (cm2): Other: 68 lux, 1.21×

photons per cm2 per s
49. Hochman
et al., 2014169

Source: LED (470 nm and
660 nm) and Laser
(660 nm and 808 nm, no
details of laser source)

Irradiance (mW cm−2): In vivo: skin of adult male Wistar
rats

Infrared (808 nm) laser
irradiation enhances
neuropeptide secretion in healthy
rat skin, whilst other sources of
light and wavelengths had no
significant impact

Wavelength (nm): 470,
660, 808

Time (s): 114 (LED), 396
(laser)

Power (mW): 100
(808 nm, 660 nm Laser)
and 350 (470 nm and
660 nm LED)

Energy (J): 40 (both)

Frequency (Hz): Radiant exposure (J cm−2):
80 (LED), 1429 (laser)Spot area (cm2): 0.5

(LED), 0.028 (laser)
50. Dungel et al.,
2014161

Source: LED Irradiance (mW cm−2): 50 In vivo: Sprague-Dawley rats Both wavelengths promoted
angiogenesis, improved tissue
perfusion, reduced tissue necrosis
and therefore promoted wound
healing

Wavelength (nm): 470,
629

Time (s): 600

Power (mW): Energy (J):
Frequency (Hz): Radiant exposure (J cm−2):

30Spot area (cm2):
51. KazemiKhoo
and Ansari et al.,
2014172

Source: optical fiber Irradiance (mW cm−2): In vivo: intravascular laser
irradiation of blood in type 2
diabetic patients and
measurements of changes in blood
sugar

Both wavelengths induced
significant decreases in blood
sugar levels

Wavelength (nm): 405,
632.8

Time (s): 1800 (every other
day, 14 sessions)

Power (mW): 1.5 Energy (J):
Frequency (Hz): Radiant exposure (J cm−2):
Spot area (cm2): 0.01

52. Burvalev
et al., 2014155

Source: laser (442 nm,
532 nm) and LED
(650 nm)

Irradiance (mW cm−2): 30 In vitro: mitochondria isolated
from rat liver

Laser of mitochondria at 442 nm
restored mitochondrial
respiration inhibited by NO. Blue
light also restored complex IV
activity but not complexes I–III.
Other wavelengths had no
significant effect

Wavelength (nm): 442,
532, 650

Time (s): 30–300

Power (mW): 20 Energy (J):
Frequency (Hz): Radiant exposure (J cm−2):

3–31Spot area (cm2): 1.57
53. Turrioni
et al., 2013194

Source: Irradiance (mW cm−2): In vitro: human dentin All three wavelengths passed
through the dentin barrier. LED
power loss and transmittance
varied dependent upon dentin
thickness and wavelength

Wavelength (nm): 450,
630, 850

Time (s):

Power (mW): Energy (J):
Frequency (Hz): Radiant exposure (J cm−2):
Spot area (cm2):

54. Kazemi Khoo
et al., 2013171

Source: laser Irradiance (mW cm−2): In vivo: human diabetic patients Resulted in modulation of
metabolites associated with type 2
diabetes following intravenous
PBM

Wavelength (nm): 405 Time (s): 1800
Power (mW): 1.5 Energy (J):
Frequency (Hz): Radiant exposure (J cm−2):
Spot area (cm2):

55. Cheon et al.,
201380

Source: LED Irradiance (mW cm−2):
3.55 (470 nm), 4.02
(525 nm) and 6.78
(633 nm)

In vivo: Sprague Dawley rats and
histological analysis

Blue and green light promoted
wound healing significantly. Red
light promoted collagen
production

Wavelength (nm): 470,
525, 633

Time (s): 3600 (9 days)

Power (mW): Energy (J):
Frequency (Hz): Radiant exposure (J cm−2):
Spot area (cm2):
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Table 1 (Contd.)

Citation Light source Dose Study type Conclusion

56. Burvalev
et al., 2013156

Source: HeCd laser
(442 nm) diode pumped
solid state laser (532 nm)
and LED (650 nm)

Irradiance (mW cm−2): In vivo: lipopolysaccharide B was
applied through intraperitoneal
injection to outbred albino rats.
Mitochondria were then isolated
from rat liver

Blue light induced a 40% increase
in mitochondrial respiration from
LPS treated animals at a dose of
6 J cm−2

Wavelength (nm): 442,
532, 650

Time (s): 30–300 (1
treatment)

Power (mW): 20 Energy (J):
Frequency (Hz): Radiant exposure (J cm−2):
Spot area (cm2): 1.57

57. Kushibiki
et al., 201373

Source: laser Irradiance (mW cm−2):
100

In vitro: mouse preadipocytes (3T3-
L1), prechondrocytes (ATDC5),
myoblasts (C2C12), mesenchymal
stromal cells (KUSA-A1), lung
cancer cells (LLC), insulinoma cells
(MIN6), fibroblasts (NIH-3T3),
human cervix adenocarcinoma
cells (HeLa), macrophages
differentiated from lymphocytes
(THP-1) after treatment with
phorbol ester, and rat basophilic
leukemia cells (RBL-2H3)

After blue light irradiation,
intracellular ROS production was
significantly increased in all cell
types whilst red and near infra-
red light had no significant effect

Wavelength (nm): 405,
664, 808

Time (s): 60–120

Power (mW): Energy (J):
Frequency (Hz): Radiant exposure (J cm−2):
Spot area (cm2):

58. Fushimi
et al., 2012166

Source: LED Irradiance (mW cm−2):
0.75 (638 nm), 0.25
(456 nm) and 0.17
(518 nm)

In vivo and in vitro: induced wound
model in ob/ob mice

LED irradiation induced
significant increases in growth
factor and cytokine secretion.
Green LEDs promote wound
healing by inducing migratory
and proliferative mediators

Wavelength (nm): 456,
518, 638

Time (s): 1200

Power (mW): 7560 (63
8 nm), 6930 (456 nm)
and 6840 (518 nm)

Energy (J):

Frequency (Hz): Radiant exposure (J cm−2):
0.6 (638 nm), 0.3
(456 nm), 0.2 (518 nm)

Spot area (cm2): 30

59. Lavi et al.,
2012176

Source: LED Irradiance (mW cm−2): 30
(600–800 nm), 10
(400–505 nm)

In vitro: sperm membranes Visible (especially blue) light
induce increase in ROS
production in isolate sperm
isolated plasma membranesWavelength (nm):

400–505, 600–800
Time (s):

Power (mW): Energy (J):
Frequency (Hz): Radiant exposure (J cm−2):
Spot area (cm2):

60. Adamskaya N
et al., 2011147

Source: LED Irradiance (mW cm−2): 50 In vivo: induced wound model
(excision wound on dorsum),
Sprague Dawley rats

Blue light was effective in
inducing wound healing and
promoting keratin expression

Wavelength (nm): 470,
630

Time (s): 600

Power (mW): 1000 Energy (J):
Frequency (Hz): Radiant exposure (J cm−2):
Spot area (cm2):

61. Shuvaeva
et al., 2011189

Source: laser Irradiance (mW cm−2): 20 In vivo: WKY and SHR rats Irradiation with red light proved
more effective than blue light in
augmenting the constrictive
effects of Norepinephrine on pial
arteries. However both exerted a
significant difference relative to
the control

Wavelength (nm): 473,
650

Time (s):

Power (mW): 20 Energy (J):
Frequency (Hz): Radiant exposure (J cm−2):
Spot area (cm2):

62. Bonatti et al.,
2011153

Source: LED Irradiance (mW cm−2):
125

In vitro: keloid and skin fibroblasts,
human

Reduced skin fibroblasts
following irradiation at 183.43 J
cm−2 but induced no significant
effect on keloid fibroblast number

Wavelength (nm): 470 Time (s): 60–180
Power (mW): 100 Energy (J): 6, 12, 18
Frequency (Hz): Radiant exposure (J cm−2):

59.87, 122.3, 183.43Spot area (cm2): 0.8
63. Ankri et al.,
201090

Source: LED Irradiance (mW cm−2): Computational model of human
dermis: photon migration model

480 nm may be useful for treating
infected wounds whilst 780 nm
has a higher penetration depth
and therefore may be useful for
wound healing

Wavelength (nm):
400–830

Time (s):

Power (mW): Energy (J):
Frequency (Hz): Radiant exposure (J cm−2):
Spot area (cm2):
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radiant exposure values, 3 of which were >30 J cm−2.
Interestingly of those reporting no significant effect of blue
light, an average radiant exposure of 8 J cm−2 was reported
(range: 0.378–80 J cm−2). In which, 4/7 of those articles
studied reported the radiant exposure utilised in experimen-
tation. Hence, it is apparent from these findings that further
work is required to gain a better understanding of the biphasic
effect of blue light and also to demonstrate the importance of
recording and reporting treatment parameters. Table 1 sum-
marises the studies evaluated in this review including the
study type, reported parameters and outcomes.

4.3.2 Green light PBM. A second Scopus database search
was undertaken to evaluate the effects of green light
PBM using the terms described in Fig. 3b. An initial
search resulted in 236 articles being identified and
these articles were subsequently screened for suitability,
which then identified 32 relevant articles for further
review.18,32,33,66,70,80,151,155,158,163,164,173,184,192,196,200–216

When evaluating the outcomes of studies reporting the
effects of PBM it was found that 75% (24/32) reported a ben-
eficial effect of green light, whilst 9% (3/32) reported negative

effects and 16% (5/32) reported no significant response.
Interestingly, this review also included an article evaluating the
effect of green light PBM on microbial cell death207 with high
radiant exposures also being used (≤172.8 J cm−2). These find-
ings further support the use of other visible wavelengths of light
in applications other than modulation of tissue response. As
described previously this article was also excluded from evalu-
ation of parameters for suitable application to tissue PBM.

Exploration of treatment parameters revealed that 72% (23/
32) articles failed to report any characterisation protocols or
relied entirely upon the parameters stated by the manufac-
turer. In fact, only one article reported the use of beam profil-
ing to accurately calculate beam area and to provide represen-
tative images of the distribution of spectral irradiance.202

Similar to reports in section 4.3.1, a series of key parameters
were also not always reported including irradiance (41%,
13/32), radiant exposure (44%, 14/32) and beam area (66%,
21/32). In the articles reporting treatment parameters, median
treatment values were also determined. In the articles reporting
a positive effect of green light PBM, there was a median radiant
exposure output of 4 J cm−2 (range: 0.00362–30 J cm−2).

Table 1 (Contd.)

Citation Light source Dose Study type Conclusion

64. De Sousa
et al., 2010159

Source: LED Irradiance (mW cm−2):
7.46 (700 nm), 3.98
(530 nm), 10.94 (460 nm)

In vivo and in vitro: male Wistar
rats with excisional wound,
followed by histological analysis

Green and red LEDs induced
increases in fibroblast number
relative to the control

Wavelength (nm): 700,
530, 460

Time (s): 668 (700 nm),
1250 (530 nm), 456
(460 nm)

Power (mW): 15
(700 nm), 8 (530 nm), 22
(460 nm)

Energy (J):

Frequency (Hz): Radiant exposure (J cm−2):
10Spot area (cm2): 2.01

65. Ankri et al.,
2010150

Source: LED Irradiance (mW cm−2):
130

In vitro: sperm and endothelial
cells

Illumination induced increase in
NO concentration, particularly
blue lightWavelength (nm):

400–800
Time (s): 300

Power (mW): Energy (J):
Frequency (Hz): Radiant exposure (J cm−2):
Spot area (cm2):

66. Kushibiki
et al., 2010175

Source: LED Irradiance (mW cm−2):
100

In vitro: prechondrogenic cells Intracellular ROS increased and
mRNA levels relating to
chondrogenesis were elevatedWavelength (nm): 405 Time (s): 180

Power (mW): Energy (J):
Frequency (Hz): Radiant exposure (J cm−2):
Spot area (cm2):

67. Sebbe et al.,
2009188

Source: LED Irradiance (mW cm−2):
1.26–4.73

In vivo: male Wistar rats Increased bilirubin degradation,
important for neonatal jaundice

Wavelength (nm): 472 Time (s): 8–24 h
Power (mW): Energy (J):
Frequency (Hz): Radiant exposure (J cm−2):
Spot area (cm2):

68. Tamarova
et al., 2009192

Source: LED Irradiance (mW cm−2): 40 In vivo: male albino rats with area
of pain induced by saline injection

Red light was more effective in
inducing an analgesic effect.
However, all colours induced
significant increases in analgesia
relative to control

Wavelength (nm):
480–3400 (range of
source, evaluated ‘red,
orange, yellow, blue,
green, violet’)

Time (s): 600

Power (mW): Energy (J):
Frequency (Hz): Radiant exposure (J cm−2):

2.4 (per minute)Spot area (cm2):
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Table 2 Citations identified from a review of the literature evaluating the effects of green and yellow light PBM using the following search terms:
‘green AND light’ OR ‘500 nm’ OR ‘505 nm’ OR ‘520 nm’ OR ‘530 nm’ OR ‘540 nm’ OR ‘550 nm’ OR ‘560 nm’ OR ‘570 nm’ OR ‘532 nm’ OR ‘595 nm’

AND ‘Photobiomodulation’ OR ‘PBM’ OR ‘Low level light therapy’ OR ‘LLLT’ OR ‘Low intensity light therapy’ OR ‘photobiostimulation’ AND NOT
‘Photodynamic therapy’ OR ‘PDT’

Citation Light source Dose Study type Conclusion

1. Priglinger
et al., 2018184

Source: LED cluster lamp Irradiance (mW cm−2): 40 In vitro: adipose tissue
derived stromal vascular
fraction cells

Green and red light resulted in
increased vascular tube formation
and increased concentration
vascular endothelial growth factor
(VEGF) concentration. Blue light
had no significant effect

Wavelength (nm): 475, 516,
635

Time (s): 120–300

Power (mW): Energy (J):
Frequency (Hz): 2.5 (pulsed,
50% rate)

Radiant exposure (J cm−2):
24

Spot area (cm2):
2. Askhadulin
et al., 2018201

Source: laser Irradiance (mW cm−2):
5000 (635 nm)

In vivo: human Reduced ulcer healing time and
adapted physiological responses
ultimately preventing relapseWavelength (nm): 365, 525,

635
Time (s): 120 (365 nm,
635 nm) 300 (525 nm), 6
sessions of each

Power (mW): 1–2 Energy (J):
Frequency (Hz): 80 (635 nm) Radiant exposure (J cm−2):
Spot area (cm2): 8 (635 nm)

3. Fekrazad
et al., 2018163

Source: laser Irradiance (mW cm−2): 266
(blue), 266 (green) 167
(red), 1333 (NIR)

In vitro: mesenchymal
stem cells

Cartilage markers were upregulated
by 810 nm and 810–485 nm light.
Red and blue-green irradiation
induced expression of COL1. Blue,
blue-green and green light
irradiation reduced osteocalcin
expression. Stimulatory effects on
osteogenesis were seen for red and
near infra-red lasers but green light
had inhibitory effects. Blue light
was not reported to induce
inhibitory effects

Wavelength (nm): 810, 660,
532, 485, combinations:
810–660, 810–485, 660–532,
660–485

Time (s): 3–24 (dependent
upon wavelength)

Power (mW): 30–200
(dependent on wavelength)

Energy (J):

Frequency (Hz): Radiant exposure (J cm−2):
4 (8 for combination)Spot area (cm2): 0.113–0.18

4. Oh et al.,
2018213

Source: LED Irradiance (mW cm−2): 5.47
(410 nm), 13.2 (480 nm),
5.8 (595 nm), 8.63 (630 nm)

In vitro: human umbilical
vein endothelial cells
(HUVEC)

Irradiation at 630 nm induced
increases in cell proliferation, NO
secretion and eNOS expression
from HUVECs. Only evaluated
effects on proliferation using other
wavelengths where no significant
change was witnessed

Wavelength (nm): 630, 595,
480, 410

Time (s): 410 nm:
181.2–1816.8
480 nm: 69.6–742.2
595 nm: 151.2–1706.4
630 nm: 93–1146

Power (mW): Energy (J):
Frequency (Hz): Radiant exposure (J cm−2):

1–10Spot area (cm2):
5. Rohringer
et al., 2017215

Source: LED Irradiance (mW cm−2): 80 In vitro: human umbilical
vein endothelial cells

Red and green light induced
proliferation and migration of
endothelial cells whilst blue light
had no significant impact. Blue
light only induced significant
increases in ROS production

Wavelength (nm): 475, 516,
635

Time (s): 600

Power (mW): Energy (J):
Frequency (Hz): 50% pulse
rate, 2.5 Hz

Radiant exposure (J cm−2):
24

Spot area (cm2):
6. Wang et al.,
201766

Source: LED array (415 nm),
filtered lamp (540 nm), diode
laser (660 nm and 810 nm)

Irradiance (mW cm−2): 16 In vitro: human adipose-
derived stem cells

Blue and green light induce
significant increases in intracellular
calcium and ROS, reduce
mitochondrial membrane
potential, lower intracellular pH
and reducing cellular proliferation.
Red and NIR light have the
opposite effect. Blue and green
light inhibit proliferation through
activation of TRPV1

Wavelength (nm): 415, 540,
660, 810

Time (s): 188

Power (mW): Energy (J):
Frequency (Hz): Radiant exposure

(J cm−2): 3Spot area (cm2): 4

7. Baek et al.,
2017202

Source: laser Irradiance (mW cm−2): In vitro: vascular smooth
muscle cells

Inhibited platelet derived growth
factor-BB induced proliferation and
migration. Also induced apoptosis
via the p38 MAPK pathway

Wavelength (nm): 532 Time (s): 10–300
Power (mW): 300 Energy (J):
Frequency (Hz): 0.2 (1 s) Radiant exposure (J cm−2):
Spot area (cm2): diameter
1 mm
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Table 2 (Contd.)

Citation Light source Dose Study type Conclusion

8. Wang et al.,
201770

Source: LED Irradiance (mW cm−2): 250 In vitro and in vivo: fertile
broiler eggs were
irradiated and satellite
cells were isolated

Green light promoted muscle
growth and satellite cell
proliferation which may be due to
an increase in signalling through
the insulin growth factor (IGF-1)
pathway

Wavelength (nm): 480, 560,
660 and white (400–750)

Time (s):

Power (mW): 3000 Energy (J):
Frequency (Hz): Radiant exposure (J cm−2):
Spot area (cm2):

9. Choe et al.,
2017158

Source: LED Irradiance (mW cm−2): 16 In vitro: HeLa cells (cancer
cell line)

Blue light and high frequency
ultrasound induced significant
reductions in cell density when
compared to red and green light
combined with ultrasound. This
could be beneficial in alleviating
cancer cell proliferation. Green
light also drove decreases in cell
density but not significantly

Wavelength (nm): 622, 535,
462

Time (s): 600–1800 (daily)

Power (mW): 24 000 Energy (J):
Frequency (Hz): Radiant exposure (J cm−2):
Spot area (cm2):

10. Fekrazad
et al., 201718

Source: laser: GaAs (405 nm,
532 nm), InGaAlP (660 nm)
and GaAlAs (810 nm)

Irradiance (mW cm−2): 200 In vivo: male Wistar rats (n
= 60)

Green, blue, red and infrared light
irradiation may accelerate healing
process

Wavelength (nm): 405, 532,
660, 810

Time (s):

Power (mW): Energy (J):
Frequency (Hz): Radiant exposure (J cm−2):

1.5Spot area (cm2): 1
11. Moskvin
et al., 2017210

Source: LAMSIK® device,
external pulsed laser (635),
intravenous laser blood
illumination (ILBI,
365–405 nm and
520–525 nm)

Irradiance (mW cm−2): In vivo: treatment of
patients with chronic
venous diseases

Reduced time for wound cleansing,
stimulates proliferation and
epithelialisation processes

Wavelength (nm): 635,
365–405, 520–525

Time (s): 12 sessions, 120 s
(per point, 635 nm), 120 s
(365–405 nm), 300 s
(520–525 nm) 6 sessions
each alternate

Power (mW): 40 000 (635 nm) Energy (J):
Frequency (Hz): pulsed
635 nm

Radiant exposure (J cm−2):

Spot area (cm2): 8 (635 nm)
12. Khori
et al., 2016173

Source: laser Irradiance (mW cm−2): In vivo and in vitro: BALB/
c inbred female mice and
mouse mammary
carcinoma cell line (4T1)

Blue light reduced tumour volume
and gene expression markers for
tumorigenesis

Wavelength (nm): 405, 532,
632

Time (s): 600 (10
treatments, 3 times a week)

Power (mW): 1–3 Energy (J):
Frequency (Hz): Radiant exposure (J cm−2):
Spot area (cm2):

13. Roche
et al., 2017214

Source: laser diodes Irradiance (mW cm−2): 0.03 In vivo: obese but
otherwise healthy
individuals, RCT

Reduced circumference of hips,
waist and upper abdomen when
applied to individuals with a body
mass index (BMI) between 30–40 kg
m−2

Wavelength (nm): 532 Time (s): 1800 (3 times
weekly)

Power (mW): 17 (per diode,
170 total)

Energy (J):

Frequency (Hz): Radiant exposure (J cm−2):
0.03 (per treatment), 0.36
(in total) calculations
appear wrong

Spot area (cm2):

14. Khurana
et al., 2017206

Source: Qs Nd:YAG laser Irradiance (mW cm−2): In vivo: case study, patient
with Fusarium solani
infection on toe nail

Application of PBM with sequential
use of either wavelength cured
infection and promoted healthy toe
nail growth

Wavelength (nm): 1064, 532 Time (s):
Power (mW): Energy (J):
Frequency (Hz): Radiant exposure (J cm−2):

9.3 (1064 nm), 5 (532 nm)Spot area (cm2):
15. Wang
et al., 2016196

Source: LED array (420),
filtered lamp (540), diode
laser (660, 810)

Irradiance (mW cm−2): 16 In vitro: human adipose-
derived stem cells

Blue and green light were effective
in stimulating osteoblast
differentiation and increasing
intracellular calcium levels than red
and near infra-red light. Blue and
green light could activate light-
gated calcium ion channels

Wavelength (nm): 420, 540,
660, 810

Time (s): 188 (five times,
every 2 days)

Power (mW): Energy (J):
Frequency (Hz): Radiant exposure

(J cm−2): 3Spot area (cm2): 4
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Table 2 (Contd.)

Citation Light source Dose Study type Conclusion

16. Ashworth
et al., 2016151

Source: Irradiance (mW cm−2): Ex vivo: adapted mouse
spinal cord organotypic
culture model

Red and near infra-red light are
effective antioxidant therapies for
spinal cord injury

Wavelength (nm): 450, 510,
660, 860

Time (s):

Power (mW): Energy (J):
Frequency (Hz): Radiant exposure (J cm−2):
Spot area (cm2): Other: 1.93×, 3.85×, 7.70×

photons per cm2 per s
17. Merigo
et al., 2016209

Source: KTP laser Irradiance (mW cm−2): In vitro: primary bone
marrow stromal cells

Green light induces osteogenic
differentiation of bone marrow
stromal cells

Wavelength (nm): 532 Time (s):
Power (mW): 780 Energy (J):
Frequency (Hz): Radiant exposure

(J cm−2): 4
Spot area (cm2): 2.4 Other:

18. O’Connor
et al., 2016212

Source: diode laser Irradiance (mW cm−2): 12.2 In vivo: C57BL6 mice
treated with light and/or
Mesenchymal Stem cells

405, 532, and 635 induced
increases in mitochondrial activity
and reduced apoptosis. Endothelial
proliferation increased in response
to 635 nm light and combined
effects of MSC and the 405 nm
wavelength. Reduced TGF-β levels
were induced by 532 nm alone and
when combined with MSC

Wavelength (nm): 405, 532,
635

Time (s): 300

Power (mW): 17.5 Energy (J): 0.0051748
Frequency (Hz): Radiant exposure (J cm−2):

0.003662
Spot area (cm2): 1.413 Other: calculations wrong

should be 3.66 J cm−2 and
5.1748 J

19. Fekrazad
et al., 2015164

Source: laser Irradiance (mW cm−2): 50
(630 nm and 532 nm), 55
(425 nm)

In vivo: diabetes induced
male Wistar rats

All three wavelengths induced
significant increases in wound
healing, where red light was most
effectiveWavelength (nm): 630, 532,

425
Time (s):

Power (mW): Energy (J):
Frequency (Hz): Radiant exposure

(J cm−2): 2Spot area (cm2):
20. Na, C–S
et al., 2015211

Source: laser diodes Irradiance (mW cm−2): In vivo: rat model with
induced middle cerebral
artery occlusion (MCAO)

Decrease in Bax and cytochrome c
levels in hippocampus, increase in
hemoglobin, haematocrit, total
white blood cell, neutrophil,
lymphocyte, monocyte and
erythrocyte counts

Wavelength (nm): 532, 658 Time (s): 180
Power (mW): 30 (532 nm), 60
(658 nm)

Energy (J):

Frequency (Hz): 20 Radiant exposure (J cm−2):
Spot area (cm2): Other:

21. Burvalev
et al., 2014155

Source: laser (442 nm,
532 nm) and LED (650 nm)

Irradiance (mW cm−2): 30 In vitro: mitochondria
isolated from rat liver

Laser of mitochondria at 442 nm
restored mitochondrial respiration
inhibited by NO. Blue light also
restored complex IV activity but not
complexes I–III. Other wavelengths
had no significant effect

Wavelength (nm): 442, 532,
650

Time (s): 30–300

Power (mW): 20 Energy (J):
Frequency (Hz): Radiant exposure (J cm−2):

3–31Spot area (cm2): 1.57
22. Kuboyama
et al., 201433

Source: LED Irradiance (mW cm−2): In vivo: DBA/1 LacJ male
mice with collagen
induced arthritis

Reducing swelling induced by both
wavelengths. 940 nm irradiation
induced significant reduction in
circulating levels of IL-1β, IL-6 and
MMP-3.

Wavelength (nm): 570 and
940

Time (s):

Power (mW): Energy (J):
Frequency (Hz): Radiant exposure (J cm−2):

5 (24 sessions)
Spot area (cm2): Other:

23. Cheon
et al., 201380

Source: LED Irradiance (mW cm−2): 3.55
(470 nm), 4.02 (525 nm)
and 6.78 (633 nm)

In vivo: Sprague Dawley
rats and histological
analysis

Blue and green light promoted
wound healing significantly. Red
light promoted collagen production

Wavelength (nm): 470, 525,
633

Time (s): 3600 (9 days)

Power (mW): Energy (J):
Frequency (Hz): Radiant exposure (J cm−2):
Spot area (cm2):
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Table 2 (Contd.)

Citation Light source Dose Study type Conclusion

24. De Sousa
et al., 2013203

Source: laser (660 nm, and
790 nm), LED (700 nm,
530 nm and 460 nm)

Irradiance (mW cm−2):
1911 (660 nm), 1592
(790 nm), 7.46 (700 nm),
8 (530 nm), 22 (460 nm)

In vivo: male Wistar rats
wound model and stained
for histological evaluation

530 nm, 700 nm, 790 nm and
660 nm induced significant
increases in angiogenesis

Wavelength (nm): 660, 790,
700, 530, 460

Time (s): 168 (660 nm), 200
(790 nm), 668 (700 nm),
1250 (530 nm), 456
(460 nm) (every other day,
7 days)

Power (mW): 60 (660 nm), 50
(790 nm), 15 (700 nm), 8
(530 nm), 22 (460 nm)

Energy (J):

Frequency (Hz): Radiant exposure (J cm−2):
10

Spot area (cm2): 0.03 Other:
25. Tamarova
et al., 2009192

Source: LED Irradiance (mW cm−2): 40 In vivo: male albino rats
with area of pain induced
by saline injection

Red light was more effective in
inducing an analgesic effect.
However, all colours induced
significant increases in analgesia
relative to control

Wavelength (nm): 480–3400
(range of source, evaluated
‘red, orange, yellow, blue,
green, violet’)

Time (s): 600

Power (mW): Energy (J):
Frequency (Hz): Radiant exposure (J cm−2):

2.4 (per minute)Spot area (cm2):
26. Jackson
et al., 201332

Source: laser diodes
(Erchonia GL scanner)

Irradiance (mW cm−2): In vivo: human laser
irradiation to improve
cellulite appearance

532 nm improved cellulite
appearance on thighs and buttocks

Wavelength (nm): 532 nm (6
diodes)

Time (s): 900 (two weeks
once every 2–3 days)

Power (mW): 17 per diode,
125 total (sham 1.25)

Energy (J):

Frequency (Hz): Radiant exposure (J cm−2):
Spot area (cm2): 516 (target
area)

Other:

27. Kim et al.,
2013207

Source: Irradiance (mW cm−2): 6 In vitro: Staphylococcus.
Aureus, Escherichia. Coli,
Porphyromonas. gingivalis

No bactericidal effect induced by
red light. Blue and green light were
bactericidal where green light also
killed S. aureus

Wavelength (nm): 425, 525,
625

Time (s): 3600–28 800

Power (mW): Energy (J):
Frequency (Hz): Radiant exposure (J cm−2):

21.6–172.8
Spot area (cm2): Other:

28. Fushimi
et al., 2012205

Source: LED Irradiance (mW cm−2):
0.25: in vivo

In vivo: mice Green light decreased wound size.
Green and red light accelerated
reepithelialisation. Green light
induced increases in leptin, IL-8
and VEGF. Keratinocyte migration
enhanced by red and green light

Wavelength (nm): 63 8 nm,
456 nm, 518 nm

0.75 (638 nm), 0.25
(456 nm), 0.17 (518 nm):
in vitro

In vitro: fibroblasts and
HaCat keratinocytes

Power (mW): 2520 (638 nm),
2310 (456 nm), 2500
(518 nm): in vivo

Time (s): 1200

7560 (638 nm), 6930
(456 nm), 6840 (518 nm):
in vitro

Energy (J):

Frequency (Hz): Radiant exposure (J cm−2):
0.3: in vivo
0.6 (638 nm), 0.3 (456 nm),
0.2 (518 nm)

Spot area (cm2): Other:
29. Li et al.,
2011208

Source: laser (Nd:YAG) Irradiance (mW cm−2): In vitro: vascular smooth
muscle cells (VMSCs)

Low intensity laser can prevent
VMSC proliferation through
induction of increases in markers
for apoptosis

Wavelength (nm): 532 nm Time (s): 300
Power (mW): 40 Energy (J):
Frequency (Hz): pulsed at
‘double frequency’

Radiant exposure (J cm−2):

Spot area (cm2): 0.32 Other:
30. De Sousa
et al., 2010204

Source: LED Irradiance (mW cm−2): In vivo: Wistar rats and
fibroblasts grown from
biopsy

Green and red light induced
significant increases in fibroblast
number

Wavelength (nm): 700, 530,
460

Time (s): every other day 7
days

Power (mW): 15 (700 nm), 8
(530 nm), 22 (460 nm)

Energy (J):

Frequency (Hz): Radiant exposure (J cm−2):
10

Spot area (cm2): Other:
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Interestingly, it was also found that the most commonly
employed wavelength used in these studies was 532 nm, and
35% (11/32) of studies reported the use of this wavelength.
Further information detailing parameters and study types
employed by authors reviewing the effects of green light PBM
are provided in Table 2.

4.4. Discussion

It is apparent from this literature review, that whilst the
majority of articles reported a positive effect of blue (72%) and
green (75%) light PBM, further work is required to demonstrate
the importance of the correct recording and reporting of treat-
ment parameters. In fact, in this review 69% of all articles failed
to report any means of measuring the output of their light
source. While a number of studies have highlighted the impor-
tance of proper and thorough reporting and recording of treat-
ment parameters,15,217,218 it appears these guidelines are yet to
be fully implemented in practice. Future efforts are therefore
required to ensure the correct reporting of parameters, to
enable comparison PBM studies and therefore enable identifi-
cation of beneficial parameters for therapeutic application.

Furthermore this literature review has revealed that for
articles reporting the beneficial effects of both, green or blue
light application, the majority of publications employed
radiant exposures <10 J cm−2 (66%, 26/39, excluding articles
that did not report radiant exposure values). Interestingly, the
beneficial effects of blue and green light included the pro-
motion of wound healing,29 reduced inflammation,162

reduction of symptoms of acne29,170 and reduced bleeding
time following tooth extraction21 to name only a few. The full

range of applications of blue and green light discussed in this
review are summarized in Tables 1 and 2 respectively.
A handful of authors also reported on the biphasic dose
response of light.19,219 For example, Masson-Meyers et al.
investigated the effect of blue light on wound healing in vitro
using human dermal fibroblast.219 The authors utilised a
scratch assay to inflict a ‘wound’ on cell cultures and following
this irradiated cells at 470 nm (30 mW cm−2, 3–55 J cm−2) and
evaluated the effect of irradiation on a series of markers
for wound healing. The authors reported that at fluence
values of 3, 5 and 10 J cm−2, irradiation significantly reduced
the secretion of IL-6, a key pro-inflammatory cytokine,
increased overall protein production (as a marker for transcrip-
tion and translational activity) and had no significant impact
on wound healing. They also found that irradiation induced
mean increases in basic fibroblast growth factor (bFGF) levels,
however, this was not significant. Conversely, when utilising a
fluency value of 55 J cm−2, the authors found that irradiation
did significantly reduce rate of wound healing. These data
suggest that lower doses of blue light could prove beneficial in
inducing decreases in inflammation and promoting gene
expression. This theory is in agreement with the ‘Arndt-Schulz
law’ in which the application of a stimulus is only beneficial
within a relatively narrow therapeutic window. Outside this
window a stimulus can either have no effect or induce bioinhibi-
tion.220 Interestingly, previous articles have also suggested that
453 nm light is non-toxic up to 500 J cm−2, when applied to
human skin cells.221 Hence, future work may prioritise the study
of the biphasic effect of various wavelengths of blue and green
light on cells isolated from different sources in the human body.

Table 2 (Contd.)

Citation Light source Dose Study type Conclusion

31. Al-Watban
et al., 2009200

Source: laser diode Irradiance (mW cm−2): 20.4
(532 nm), 15.56 (633 nm),
22.86 (670 nm), 22.22
(810 nm and 980 nm)

In vivo: wound healing in
diabetic Sprague-Dawley
rats

PBM accelerated burn healing,
particularly visible lasers. Response
was dose dependent where highest
increase in healing was induced at
30 J cm−2 by green light but 20 J
cm−2 by red light

Wavelength (nm): 532, 633,
670, 810, 980

Time (s):

Power (mW): 143 (532 nm),
140 (633 nm), 120 (670 nm),
200 (810 nm), 200 (980 nm)

532 nm: 246–1470
633 nm: 324–1926
670 nm: 216–1314
810 nm: 228–1350
980 nm: 450–1350
Three times per week

Frequency (Hz): Energy (J):
Spot area (cm2): 7 (532 nm), 9
(633 nm), 5.25 (670 nm), 9
(810 nm), 9 (980 nm)

Radiant exposure (J cm−2):
5, 10, 20, 30 (532 nm,
633 nm, 670 nm, 810)
10, 20, 30 (980 nm)
Other:

32. Tierney
and Hanke,
2009216

Source: diode laser Irradiance (mW cm−2): In vivo: RCT, humans with
facial telangiectasias

Both wavelengths proved effective
in treating facial telangiectasias,
but 940 nm proved more effective
as well as inducing fewer/milder
side effects

Wavelength (nm): 532 and
940

Time (s):

Power (mW): Energy (J):
Frequency (Hz): pulse
duration: 60 ms (532 nm)
and 21 ms (940 nm)

Radiant exposure (J cm−2):
15 (532 nm) and 100
(940 nm)

Spot area (cm2): spot size:
1 mm

Other:
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This review, has also provided evidence for alternative appli-
cations of PBM, in which visible light could not only modulate
tissue response but also exert antimicrobial properties.
Notably the majority of articles citing the antibacterial pro-
perties of light use high radiant exposures (>55 J cm−2

(ref. 154, 179 and 207)) and these levels could potentially be
toxic to eukaryotic cells. Comparatively, de Sousa et al.
reported that 450 nm light inhibited bacterial growth
(Staphylococcus aureus and Pseudomonas aeruginosa) at doses
as low as 6 J cm−2.31 Hence, future work may endeavour to
determine parameters of visible light required to modulate
tissue response whilst also inhibiting bacterial growth.

However, it is prudent to highlight one limitation of this
review where radiant exposure values were used to compare litera-
ture currently published. Radiant exposure is an important para-
meter as it takes into consideration a number of other key para-
meters including irradiance and enables initial establishment of
a possible therapeutic window in which blue and green light
could induce beneficial effects in vivo. However, it is also unreli-
able as it assumes there is an inverse correlation between both
irradiance and exposure time.15 Hence, it is important that
authors report all treatment parameters values utilised in
studies. This will therefore ensure reliable comparison of current
literature and provide further detail as to the parameters that
may induce beneficial effects clinically. Future work may also
endeavour to evaluate the possible parameter combinations that
may induce a beneficial effect within this therapeutic window.

5. Conclusions

This review has provided examples of the wide range of poss-
ible targets for various wavelengths of light employed in PBM.
These ranged from the application of blue and green light to
modulate opsin signalling17 to the application of red and NIR
light to induce cytochrome c oxidase activity.220 We provide
evidence for the idea that the majority of these primary mecha-
nisms converge on their ability to modulate ROS production. It
has been proposed that small increases in ROS production can
induce beneficial effects including increases in cell prolifer-
ation, whilst large increases can induce apoptosis signalling
pathways.26 Literature currently suggests that light application
to ‘healthy’ cells and tissue induces small increases in ROS
production,71 whilst PBM can induce decreases in ROS pro-
duction in inflamed tissue.107,222 Hence, PBM could plausibly
be applied both as a preventive measure, as well as a means to
modulate inflammation in disease. However, further work is
required to validate this hypothesis.

We also report how PBM induces the activity of downstream
signalling pathways, which are modulated by this ROS pro-
duction. Current literature also demonstrates the wavelength
dependent effects of PBM on downstream signalling pathways,
where red and NIR light have been proposed to increase the
activity of TGF-β signalling,127 whilst blue light has been
shown to inhibit the same pathway.223 It will therefore be
important in the future to evaluate the wavelength dependent

effects of PBM on downstream signalling pathways to provide
further indications as to which wavelengths are beneficial for
the resolution of different diseases and disorders.

This review is also the first report, to our knowledge, which
systematically reviews the current literature evaluating the
effects of green and blue light PBM both in vitro and in vivo.
We provide evidence that application of blue or green light
PBM could have beneficial effects. However, it is apparent that
to date, the majority of authors have not appropriately
recorded and reported their parameters, meaning that firm
conclusions cannot be drawn regarding the optimum para-
meters to be applied therapeutically.

Overall we conclude that PBM exhibits the ability to modu-
late the activity of an array of signalling pathways, ultimately
inducing the beneficial effects seen in vitro and in vivo.
However, further work is required to ensure that experimental
studies carry out rigorous spectral characterisation to enable
improved reproducibility.
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