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Abstract 

The direct application of blue light provides a non-invasive modality for both 

disinfecting dentine (photodisinfection) as well as enhancing the mineralisation 

processes of dental pulp cells (photobiomodulation) using a single wavelength. 

Dentine acquires the highest absorption for blue wavelengths of light. This permits the 

delivery of relatively higher doses of light limiting the cariogenic bacterial infections 

(Streptococcus mutans) within dentine, while allowing lower doses to reach the pulp 

cells stimulating odontoblastic differentiation. However, previous studies in the 

literature have not reported the orientation of dentine discs used as bacterial 

substrate surfaces. Notably, there has been variations among the experimental set-ups 

and irradiation parameters for both bacteria and mesenchymal stem cells, the stem 

cell type existing within the dental pulp. This study aimed to i) characterize the pattern 

of transmission of 405 nm light through coronal molar dentine at different tooth 

locations, and ii) determine the irradiation parameters that are antibacterial for 

Streptococcus mutans and iii) stimulatory for dental pulp cells.  

To determine the effect of dentinal tubule orientation on light transmission, the 

amount of light (470 - 4054 mW/cm2) transmitted through occlusal, oblique and buccal 

dentine (1, 2, 3 mm) was investigated by recording the irradiance of the traversed 

light. Scanning electron micrographs of 2 mm outer (dentine-enamel junction) and 

inner (pulp) dentine sections were analysed to detect the influence of tubular density 

on light transmission. Regarding photodisinfection studies, cariogenic bacteria were 

irradiated at a range of doses (110 – 1254 J/cm2) in agar lawns, planktonic cultures and 



Application of Blue Light for Phototherapy of Dental Tissues 
III 
 

  
 
 

 
Sherif Abdelsalam Mohamad – September 2021 

 
 

mature biofilms. For photobiomodulation investigations, human dental pulp cells were 

irradiated using doses of 2, 4, 5 and 6 J/cm2. Data indicated that dentine thickness as 

well as dentinal tubule orientation and density significantly affected 405 nm light 

transmission. Occlusal and oblique dentine allowed higher transmission compared 

with buccal dentine. Blue light irradiation inhibited initial biofilm formation as 

demonstrated by zones of inhibition. The 405 nm wavelength also killed bacteria in 

planktonic cultures and mature biofilms. At lower doses, blue light enhanced the 

mineralisation processes of human dental pulp cells. These data suggest that 

phototherapy approaches utilising a 405 nm wavelength have therapeutic potential to 

both limit cariogenic bacterial infections within dentine and stimulate the 

mineralisation potential of pulp cells. However, limiting bacterial infections can be 

restricted by the bacterial species irradiated, its oxidative state and anti-oxidative 

potential. The protocols established in the current investigation can be further 

explored in ex-vivo models, clinical trials, along with the development of a therapeutic 

light source. 
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Chapter 1: Introduction and Aims 

 

1.1 General introduction 

Dental caries is a common oral health disorder which affects wide sectors of various 

communities worldwide. Even though there are regular advancements in treatment, it 

remains a remarkable healthcare and economic burden, costing more than 4% of the 

health expenditure globally. Disease progression can cause significant pain and can 

ultimately lead to tooth loss [1],[2]. The major etiological factor is dental plaque 

breaking down carbohydrates and secreting acids. The main causative bacterial specie 

is Streptococcus mutans (S.mutans) [3]. After demineralising the outer layer of enamel, 

the lesion becomes cavitated and ultimately extends into the underlying dentine, with 

increased bacterial proliferation yielding increased acid production [4]. In advanced 

carious lesions, persistent infection and deepening of the lesion could eventually lead 

to pulp tissue necrosis and a peri-apical pathology [5] [see Figure 1]. Importantly, the 

tooth vitality is crucial for combating the bacterial invasion in dentine. Vital teeth were 

found to be significantly more resistant to bacterial progression into the dentinal 

tubules [6].  Notably, dentinal fluid is inside the tubules as well as the odontoblastic 

processes can maintain an outward constant pressure and fluid flow [7-10]. Indeed, 

the dentinal fluid contains a range of immunoglobulins (IgG, IgA, IgM) enhancing the 

tooth’s defence mechanisms [11-13]. Additionally, only healthy odontoblasts allocated 

at the periphery of a vital pulp are able to promote the decalcified dentine 

remineralisation and repair [14]. 
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Figure 1: Longitudinal section in a tooth with a carious lesion. Fissure (f) at junction of lobes 
allows accumulation of nutrients and bacteria predisposing the tooth to dental caries (c). 
Enamel (e). Dentine (d). Source: Boushell LW, Sturdevant JR. Clinical Significance of Dental 
Anatomy, Histology, Physiology, and Occlusion. In: Heyman HO, Swift Jr. EJ, Ritter AV. 
Sturdevant’s art and science of operative dentistry. Elesvier 2013. 
 
 
Effective caries disease management should therefore aim to eliminate or at least 

control cariogenic bacterial colonisation and subsequent acid production. Other key 

aspects include facilitating the re-mineralization and restoration of lost tooth structure 

[15]. Routine management of carious lesions involves excavation of carious tissue and 

restoration placement. However, residual infection in sound tissue within the prepared 

cavities leads to recurrent caries. Not to mention, restorations have a finite lifespan 

and require periodic replacement resulting in additional tooth tissue loss over time.  

Deeper lesions might require pulp tissue extirpation if infection reaches the pulp; 

nonetheless, a conservative approach can be utilised if no signs of irreversible 
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inflammation or necrosis is encountered. A key aspect for conservative disease 

management is the induction of the regenerative odontoblastic processes. 

Consequently, the tertiary or repair dentine deposited acts as a barrier against carious 

disease progression and can retain pulp vitality. Current vital pulp therapy protocols 

involve removal of infected tissue, followed by application of materials that aid the 

initiation of the reparative responses of the pulp (i.e. calcium hydroxide and mineral 

trioxide aggregate). However, there are challenges regarding the delivery and dosage 

control when using materials [16-19]. One of the main problems is that carious lesions 

are difficult to detect before the cavitation is observed and subsequently operative 

dentistry is required [20]. One strategy to prevent carious tooth tissue loss is local 

delivery of chemical antibacterial compounds (i.e. mouth rinses) to inhibit the biofilm 

colonisation and growth. However, some compounds such as chlorhexidine have been 

reported to give a less than ideal outcome due to poor penetration in the established 

plaque biofilm as well as other complications such as staining. Fluoride containing 

mouth rinses are not effective against high caries challenges [21-23]. Other chemical 

disinfectants such as triclosan have been utilised but these are shown to have 

transient oral retention and a short activity half-life, and therefore are limited in their 

use [24].  

Utilisation of light for bacterial disinfection has focused conventionally on the use of 

photodynamic therapy (PDT). This method of inhibiting and killing bacteria utilises a 

light- excited sensitizer that produces free radicals inhibiting or killing the bacteria 

[25]. However, results indicated that disinfection of ex-vivo carious dentine models 

was less effective than when applied in a planktonic suspension [26]. Additionally, 
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photosensitizers exhibit diffusion difficulties in carious lesions, making it more 

resistant to the treatment [27]. Another recent approach has been the use of the 

direct antimicrobial effect of light without the application of a photosensitizer. This 

approach has the advantage of direct light delivery to bacteria in order to excite 

endogenous chromophores/photo-absorbers for each bacterial species, resulting in 

bacterial killing [28]. The mechanism involved does not rely on photo-thermal 

eradication as reported using infra-red (IR) diode and carbon dioxide (CO2) lasers, 

which would be hazardous to host tissues [29],[30].  The mechanism by which direct 

light irradiation causes antimicrobial action is reported to be via porphyrin activation 

which have been proposed as  the main endogenous photosensitizers within bacteria. 

They have an absorption peak within the violet/blue spectral range [31]. Porphyrins 

are macromolecules essential for bacterial synthesis of heme [32],[33]. They include a 

range of intermediate compounds starting with aminolevulinic acid (ALA) precursor 

[34], and exhibit fluorescent properties with light absorbance between the 

wavelengths of 390 and 425 nm.  Porphyrins absorb light photons, leading to the 

production of inhibitory levels of reactive oxygen species (ROS) including hydroxyl 

radicals, superoxide anions and singlet oxygen [31],[35-43]. Normal low levels of ROS 

which are secreted for signalling and haemostasis result in bacterial proliferation; 

however, higher levels of ROS can be produced when irradiation is performed in the 

400-500 nm / blue light spectral range [44]. Recent research studies have shown that 

blue light can exert a bactericidal or bacteriostatic effects on cariogenic bacteria. This 

characteristic offers the potential to use light irradiation to inhibit biofilm cariogenic 

activity, which can be achieved either directly by inhibiting the cariogenic bacteria 
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residing in the biofilm or indirectly by interfering with the bacterial cell metabolism 

preventing bacterial colonisation and biofilm maturation [45-47].  

Research using the cariogenic bacteria S. mutans showed variability among the 

bacterial substrate surfaces and irradiation conditions reported. PDT studies showed 

variability in the irradiation parameters used [48-50]. Needless to say, the orientation 

of the sectioned dentine - which typically affects light transmission - was not reported 

[48],[50-52]. In direct light studies, there were notable inconsistencies in 

characterising the light sources used as well as reporting the delivered dose [45],[53]. 

Additionally, dentine is a complex tissue. It is an optically anisotropic tissue, meaning 

that its optical properties are dependent upon the light propagation direction. This 

takes place due to the dentine’s non-homogenous structure comprising dentinal 

tubules. Light propagation also differs according to age, tooth type, dentine thickness, 

dentinal tubules density and orientation. The microstructural pathway of the tubules 

affect dentine’s refractive index. Different tooth types show different scattering and 

absorption properties. Needless to mention, biological variations within the same 

tooth type comprising transparent or sclerotic dentine [51],[52],[54-59].  

Photobiomodulation (PBM) or Low level light therapy (LLLT) effects were first reported 

by Endre Mester in 1967 following the discovery of ruby lasers. His work initially 

investigated the possibility that laser light induced cancer; however, he discovered that 

the irradiation was not carcinogenic but actually promoted hair growth in mice. PBM 

utilises light at relatively low power settings, which is absorbed by endogenous 

chromophores within various mammalian cells including but not limited to fibroblasts, 

keratinocytes, neural and endothelial cells. Photo-absorbers are mainly redox proteins 
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such as cytochrome C oxidase (COX), nicotinamide adenine dinucleotide phosphate 

(NADPH) oxidase and NADPH dehydrogenase. After light absorption, a photochemical 

response is induced that has been reported to significantly increase proliferation rates, 

growth factors (basic fibroblast growth factor, vascular endothelial growth factor and 

transforming growth factor-βeta (TGF-β 1)) as well as wound healing inflammatory 

mediators (interleukins 1 and 8) [60],[61]. Several investigations have reported that 

red (R) (620-660 nm) and near infra-red (NIR) (800-980 nm) light can enhance the 

proliferation in mesenchymal stem cells (MSCs) [62],[63]; this cell type can be found 

within the dental pulp and is termed dental pulp stem cells (DPCs). Other studies have 

also reported osteo- and odonto-blastic differentiation effects following irradiation by 

R/NIR light [64],[65-73]. Blue lasers or Light Emitting Diodes (LED) (400-500 nm) – at 

lower irradiation parameters than those applied to inhibit bacteria – have recently 

been shown to enhance the mineralization processes in MSCs [74-78]. The most widely 

accepted theory for the R/NIR PBM effects are in response to light absorption by COX, 

which subsequently leads to stimulation of the respiratory chain and associated 

adenosine tri-phosphate (ATP) production [79].  The mode of action of blue light is 

reportedly primarily mediated via a relatively small increase in ROS levels after the 

light has been absorbed by flavin-bound enzymes (NADPH oxidase and NDPH 

dehydrogenase) [80],[81]. Notably, MSCs redox state has major influence on 

proliferation and mineralisation [82],[83].  

Light dose/radiant exposure/energy density (J/cm2) depends on both the 

irradiance/power density (mW/cm2) and irradiation time (seconds). The irradiance 

varies with the light source’s output power, spot size and distance to target tissue. 
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Irradiance is also affected by the pulse frequency and duty cycle in case of using a 

pulsed light source. PBM effects show a biphasic dose-response relationship and 

biostimulation for each specific tissue occurs only via a window of doses. A low light 

dose has no effect, a slightly higher dose causes biostimulation, while a much higher 

dose leads to inhibitory effects. Accordingly, the Arndt-Schulz law is frequently quoted 

as an appropriate model to describe these biphasic responses. This law states that 

small doses of any substance leads to stimulatory effects and moderate or high doses 

result in inhibition. The Arndt-Schultz law is displayed over a curve where low doses 

have bi-stimulatory effects, while higher doses - higher irradiance or longer exposure 

times - cause inhibition [see Figure 2]. PBM effects also defies reciprocity, meaning 

that if the light dose is kept constant while changing other settings (irradiance and 

irradiation time), outcomes will not be the same. Other irradiation parameters can also 

affect the outcomes such as the mode of operation, i.e. continuous wave or pulsed, 

and the wavelength applied [84-88]. Notably, the energy of photons depends on the 

wavelength, e.g. blue light photons emit more energy than red light photons. So it is 

important to optimise the irradiation parameters to ensure the desired therapeutic 

effects and avoid undesirable side effects such as cellular injury subsequent to 

oxidative stress [61]. 
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Figure 2: An illustration of the Arndt Schultz curve. Lower light dose exerts no effect, higher 
dose causes stimulatory effects, while much higher doses (higher irradiance or irradiation 
time) can lead to inhibitiory effects. 

 

To summarise, PDT approaches may have drawbacks, it reportedly works better in 

planktonic suspensions rather than in ex-vivo carious dentine models mostly due to 

the limited diffusibility of the photosensitizer in a complex medium such as dentine 

[26],[27]. Pathogenic bacteria residing within the dentinal tubules are not embedded 

in a broth medium which might facilitate the absorption of a photosensitizer into the 

bacterial cells. To overcome the diffusion obstacles, direct application of light has been 

proposed to directly control the bacterial infection on the tooth surface as well as 

within dentinal tubules.  When light interacts with a tissue, photons are either 

absorbed or scattered. Eventually, the scattered photons will be absorbed by bacteria 

residing in the tubules [61]. Light propagation in dentine depends mainly on the 

pathway of the dentinal tubules, meaning light has a tendency to propagate through 

the tubules with a lower refractive index compared with peritubular dentine lining the 

tubules [52].   
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PBM also offers the potential to stimulate stem cell differentiation in the dentine-pulp 

complex and consequently promote reparative dentine deposition which is beneficial 

in caries management. Moreover, blue light exhibits the highest absorption coefficient 

in dentine [89-91], enabling a potential way to deliver lethal doses to pathogenic 

bacteria located within the dentinal tubules, while allowing only a residual lower light 

energy to pass through to the dental pulp to bio-modulate the cells and reduce 

inflammation. However, in order to optimise the delivery of blue light for both 

purposes, the optical characteristics of dentine, irradiation parameters that are 

inhibitory for S. mutans and stimulatory for DPCs must be investigated. The differences 

in absorption / transmission patterns at a variety of anatomical tooth locations will 

influence how light could be delivered to optimise the desired therapeutic outcomes. 

These outcomes could help prevent carious lesion progression, pulpal inflammation / 

necrosis and potential tooth loss.     
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1.2 Dental caries, dentine-pulp complex biology and hard 
tissue repair 

 

Carious lesions are initiated primarily by S. mutans, a Gram positive, facultative 

anaerobic bacteria which grows optimally in a microaerophilic atmosphere; however, 

it can also survive in aerobic conditions. Notably, sobrinus, rattus, mutans, ferus and 

cricetus are collectively known as Mutans Streptococci.  It grows rapidly at a 

temperature of 37⁰C, ferments a range of sugars, i.e. lactose, sorbitol, mannitol, 

insulin, raffinose, mannose, salicin and trehalose, producing lactic acid. It is more 

acidogenic than other streptococci and can synthesize water-soluble/insoluble 

extracellular polysaccharides (e.g. glucan – fructan) from sucrose, which enhance 

bacterial colonization and growth on the tooth surface. S. mutans can be isolated from 

incipient and cavitated carious lesions [92],[93] and it is regarded as the most 

cariogenic of all streptococcal bacteria [15]. Other bacterial species contribute later in 

the caries process as the lesion progresses such as Enterococcus, Actinomyces, 

Lactobacillus and Eubacterium spp. Their presence depend on each specie’s aciduricity 

and the local pH [3],[4],[94]. The biofilm causing caries comprises of bacteria and 

extra-cellular polysaccharides in a complex matrix that develops with time and is 

influenced by environmental factors such as salivary flow and frequency of sugar 

intake. Carious lesions primarily begin by demineralising the outer highly mineralized 

layer of enamel as a result of key cariogenic bacteria resident in the biofilm generating 

lactic, acetic and propionic acid from dietary components [94-97]. The bacterial by-
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products (pathogen-associated molecular patterns) eventually reach the dental pulp 

via the dentinal tubules, inducing inflammatory responses [98]. 

The dental pulp consists of a range of cell types that include odontoblasts, fibroblasts 

secreting collagen fibres types I and III, a microcirculatory system, a neuronal system 

and DPCs which are self-renewing mesenchymal cells with multi-lineage differentiation 

capacity [99-103]. Odontoblasts, the cells that form dentine, originate from the 

ectomesenchymal progenitor cells. After developmental dentinogenesis is complete, 

odontoblasts remain aligned at the periphery of the dental pulp in order to 

continuously deposit secondary dentine throughout the tooth’s life; also, their activity 

can be up-regulated in response to tissue injury or disease [104]. Notably, tertiary 

dentine, which is repair dentine deposited after a tooth has erupted, could either be: 

a) reactionary, produced by surviving post-mitotic odontoblasts or b) reparative, 

produced by a new generation of odontoblast-like cells after the death of the original 

post-mitotic cells [see Figure 3]. When a reparative action is required, the 

undifferentiated mesenchymal cells, situated within the pulpal tissue, are signalled to 

differentiate into odontoblast-like cells resulting in reparative dentine production. This 

occurs only when there are sufficient oxygen levels and minimal levels of 

inflammation. Histologically, it can be difficult to distinguish between both types of 

repair dentine; however, reparative dentine can be more dysplastic and exhibit 

similarities with bone and is subsequently termed osteodentine. Conversely, 

reactionary dentine has a tubular structure and maintains a non-uniform junction with 

odontoblasts.  Extracellular matrices of dentine contain significant amounts of TGF-β 1 

which has a well-characterised influence upon odontoblastic differentiation and 
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secretory activity. Acids demineralizing dentine, produced by cariogenic bacteria, could 

lead to the release of TGF-β1 from the dentine extracellular matrix which then 

mediates the odontoblastic cell response to mild or arrested dental caries. Notably, 

the deposition of either reactionary or reparative dentine can be due to internal or 

external stimuli [105-109]. 

 

  



Application of Blue Light for Phototherapy of Dental Tissues 
13 

 
 
 
 

Sherif Abdelsalam Mohamad – September 2021 
 
 

 

Fi
gu

re
 3

: T
he

 p
ro

ce
ss

es
 a

nd
 st

ep
s i

nv
ol

ve
d 

in
 re

ac
tio

na
ry

 a
nd

 re
pa

ra
tiv

e 
de

nt
in

e 
fo

rm
at

io
n.

 S
ou

rc
e:

 d
a 

Ro
sa

 
W

LO
, P

iv
a 

E,
 d

a 
Si

lv
a 

AF
. D

is
cl

os
in

g 
th

e 
ph

ys
io

lo
gy

 o
f p

ul
p 

tis
su

e 
fo

r v
ita

l p
ul

p 
th

er
ap

y.
 In

te
rn

at
io

na
l E

nd
od

on
tic

 
Jo

ur
na

l 2
01

8;
 5

1(
8)

:8
29

-8
46

. h
tt

ps
:/

/d
oi

.o
rg

/1
0.

11
11

/ie
j.1

29
06

 

 



Application of Blue Light for Phototherapy of Dental Tissues 
14 

 
 
 
 

Sherif Abdelsalam Mohamad – September 2021 
 
 

Dentine permeability has been proposed to be a key factor which dictates the pulpal 

response to a carious challenge. Compared to demineralised tissue, tertiary dentine 

provide a more intact hard tissue base to protect the pulp against carious lesions. 

Consequently, in response to more severe injuries, the tissue secreted by newly 

differentiated odontoblasts exhibits discontinuity in tubular structure in attempts to 

maintain the pulp tissue vitality. It has been also reported that the reparative process 

begins with a primitive osteodentine or fibrodentine matrix - secreted by cells other 

than odontoblast-like cells - in order to pave the way to the more tissue specific 

response by odontoblast-like cells. Nonetheless, these reports suggests that the 

secretion of atubular tissue is an essential precursor to depositing the more complex 

tissue. Reparative and reactionary dentine deposition overlap specially in cases of pulp 

exposure. It is also worth reporting that fibroblasts have been proposed to be able to 

differentiate into odontoblast-like cells, with fibrocytes participating in the healing 

process. Therefore, successful outcomes of vital pulp therapy depend on both 

controlling the infection as well as stimulating a dentinogenesis response.  Initiation of 

an endogenous reparative response is indeed better than invasive protocols. 

Furthermore, maintaining a healthy pulpal blood circulation is important for 

eliminating toxins produced by carious infections enabling odontoblastic 

differentiation at the dentine-pulp interface. Obviously, infection elimination results in 

improved tissue repair outcomes. It has been proven clinically that reducing the 

bacterial challenge, through partial and full pulpotomies, is essential towards achieving 

a better prognosis [16-18].  
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1.3 Dentine microstructure and optical properties 

Dentine is composed mainly of mineralized hydroxyapatite (70% in weight), organic 

matrix - mainly collagen (20%) - and water (10%). The dentinal tubules have a diameter 

which ranges from 2-3 μm near the pulp to 0.5-1 μm at the dentine-enamel junction 

(DEJ) [110],[111]. The outer layer of dentine demonstrate relatively thin and abundant 

tubules with terminal branches at the DEJ. The central layer exhibits two separate 

tubular morphologies: type 1 with no nodular structures and more branches and type 

2 having more circular nodules that surround the tubules. Type 1 dentine is more 

prevalent in young individuals (10-12 years old) while type 2 dentine is more prevalent 

in older individuals (32-58 years). The nodular structures, linked by thin branches, is 

proposed as a connection between intertubular and peritubular dentine. Also, the 

nodules were suggested to be dentinal tubules in the first place, containing 

cytoplasmic processes derived from the odontoblasts [112] [see Figure 4]. 
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Kienle et al. excluded the concept that the dentinal tubules might be transmitting light 

in a similar way to fibre-optics where light propagates down a fibre by multiple total 

internal reflections, at an incident angle greater than the critical angle. This hypothesis 

was proposed as peritubular dentine has a higher refractive index compared with the 

hollow tubules, intertubular dentine and collagen fibres. However, this did not explain 

light propagation when incident light is at an angle less than the critical angle. They 

affirmed that the fibre-optic theory was not valid, as the dentinal tubules and 

peritubular dentine appeared darker compared to the surrounding tissue when 

investigating the transmitted light. Not to mention, the sigmoid pathway of the 

tubules. Anisotropy of dentine was explained to be due to the tubules divergence 

towards the pulp, acting like a wave-guide system. This theory was confirmed by their 

findings where light intensity in occlusal-pulpal direction was higher than through 

pulpal-occlusal direction. Applying Maxwell’s equation for infinite long cylinders, with a 

small angle between the incident light beam and the dentinal tubules, light would be 

scattered in a cone with a small apex angle. The following scattering takes place by the 

nearby tubules and so on, demonstrating that light photons propagates along the 

tubules direction by multiple scatterings [113]. Zijp et al. evaluated several theoretical 

models for light scattering in dentine. The calculated values from a Fraunhofer 

diffraction model showed minimal impact on light propagation. Nonetheless, cylinder 

scattering values were comparable to the ones measured which supported the 

hypothesis that dentinal tubules are mainly the light scatterers. Scattering measured in 

a plane parallel to the tubules was less than scattering measured in a plane 

perpendicular to the tubules, and values throughout the parallel plane were also not 
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equal to absolute zero. The reason for this was attributed to the tubules not being 

perfectly straight circular cylinders [114]. A scattering effect takes place due to the 

difference in physical properties of the tissue along its different axes. The scattering is 

relatively high throughout the Ultraviolet (UV) - NIR spectrum, and occurs mostly along 

the dentinal tubule direction, perpendicular to the tooth surface. The refractive index 

of dentine depends mainly on the direction of light propagation due to both the 

hydroxyapatite crystals and the uniform orientation of the tubules. Accordingly, it has 

been reported that dentine has a double refraction/birefringence [51],[52],[54-58].  

Notably, dentine’s light absorption and its subsequent re-emitted luminescence 

showed a maximum value at 400 nm [115],[116]. Three additional wavelengths 

showed absorption peaks; 350 – 360 nm, 405 – 410 nm and 440 – 450 nm. Emission 

occurred at 525 nm through demineralized dentine, and this is attributed to the 

collagen crosslinking within the hydroxyapatite [117-119]. A study was undertaken by 

Dogandzhiyska et al. who calculated the absorption and transmission of a range of 

wavelengths of light (350-1000 nm) through a 1 mm dentine specimen. Light 

absorption was found to be dependent on wavelength within the spectral range of 

350-600 nm; however, higher transmission was evident at wavelengths above 600 nm. 

The highest penetration/lowest absorption was found in the NIR range 750-1000 nm, 

and the least penetration/highest absorption occurred in the UV – blue spectrum of 

315-400 nm [89]. Similarly, when 0.2, 0.5 and 1 mm dentine specimens were irradiated 

using three different wavelengths of LED light at 450, 630 and 850 nm, light 

attenuation was the highest when using the 450 nm blue light and declined at the 

higher wavelengths of 630 nm and 850 nm. These data indicated that transmittance 
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increased as wavelength increased [90]. Using a more complex approach, Palin et al. 

utilised 1, 2 and 3 mm dentine specimens sectioned through the pulp either 

perpendicular to the crown, the buccal surface or obliquely. They determined that 

there were no differences between irradiance of transmitted LED light at 400-900 nm 

and laser light at 660-810 nm. The highest absorption coefficient for dentine was 

found to be at a wavelength of 400 nm. [90]. Shorter wavelengths of light exhibited 

more refraction and would therefore need a relatively high critical angle to exit an 

optically dense medium such as dentine [120].  

The light absorption and its resultant forward scattering taking place in the dentinal 

tissue is not reportedly a function of mineral content [57], and is due to the organic 

components (i.e. collagen and amino acids) present in the intertubular dentine [58]. 

The mineral scattering coefficient is regarded as being too low and is not sufficient to 

cause Rayleigh scattering and therefore does not contribute towards light propagation 

[114]. Berg et al. also confirmed these findings, as they could not identify any trends 

correlating wavelength and mineral content. In their studies, they analysed sclerotic 

apical dentine (Cemento-Enamel Junction) and irradiated it with a 1300 nm light 

source [121]. Absorption was found to be independent of wavelength at irradiations 

below 400 nm; however, at 400 nm there was a rise in absorption coefficient likely due 

to the presence of collagen. The amino acids found within the collagen crosslinks 

results in dentine fluorescing three times more than enamel. This was evident by 4 

fluorescence bands identified at 350, 400, 450 and 520 nm with their respective 

excitation bands being at 300, 325, 380 and 410 nm. Chromophores for the first two 

excitation/emission are tryptophan and hydroxypyridinium, and the latter two were 
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not identified, although it was hypothesized to be due to organic components. 

Notably, scattering slowly decreased with increase in wavelength, which suggests it 

occurred due to dentinal tubules [57],[122]. Nikonenko et al. reported that blue light 

scattering occurs more than red light. Scattering is due to tubules being 1000 times 

greater in size compared with the mineralised tissue crystals [55]. However, scattering 

patterns might fluctuate according to location as nearer the DEJ, scattering is 

reportedly less likely due to the decreased and smaller diameter tubules compared 

with scattering in deeper tissue where there are increased and wider diameter tubules 

[57]. Notably, scattering is a result of the intertubular dentine whose axes are aligned 

with the axes of the dentinal tubules leading to a radial-optical anisotropy model. This 

means that there are various refractive indices along as well as transverse to the 

tubules, and therefore dentine can be called a uniaxial crystal only if the mineral 

crystals are uniformly distributed inside the tubules. Dentinal tubules have a biaxial 

gradient though since it is composed of several uniaxial crystals with multiple optical 

axes [123]. Any isotropic component can be added to this anisotropic model [58]. 

Consequently, this anisotropy can vary with dentine thickness. Fried et al. assessed the 

scattering properties of two types of dentine approximately 300 µm in thickness. They 

studied three wavelengths 543 nm, 632 nm and 1053 nm. Specimens of more than 300 

µm thickness showed no anisotropy due to the continuous change of tubular 

orientation with depth, while specimens less than 300 µm in thickness exhibited 

increased anisotropy as light diffracts in a plane perpendicular to the dentinal tubules. 

Within the dentine sections of 30 - 200 µm, relatively strong scattering and weak 

absorption effects were mostly observed in the visible-NIR light spectrum. Notably, 
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both scattering and absorption coefficients did not vary considerably with the 

wavelengths studied [51].  

Light propagates along dentinal tubules which contain peritubular dentine with a high 

refractive index, and the odontoblasts which exhibit a refractive index similar to that of 

water. Subsequently, the tubules could act predominantly as a uni-axial crystal whose 

optical axis is parallel to the tubules themselves. The central part of dentinal tissue can 

yield optical magnification/reduction due to the more symmetrical distribution of the 

tubules [123], while the periphery of the coronal dentine has an exceptional 

polarization potential [54],[124]. Accordingly, it can be stated that light scattering and 

eventual propagation can either be a symmetric process due to the effect of 

hydroxyapatite and collagen or asymmetric caused by the dentinal tubules themselves 

[51]. Additionally, the orientation of the tubules affects the amount of light 

transmitted. Lower refractive index values resulted among the cross cut samples 

compared with discs dissected both longitudinally and obliquely. Hariri et al. 

determined the refractive indices and optical tomography signals of 300 - 400 µm 

dentine discs dissected cross-sectionally, longitudinally or obliquely. A range of 

outcomes were observed and lower refractive index values resulted among the cross 

cut samples compared with the other two sectioning approaches. This was attributed 

to the anisotropic structure of dentine and its tubular orientation, eventually leading 

to different indices which affected the light propagation [52]. A study examining the 

influence of dentine’s microstructure and anisotropy utilised two groups of dentine 

exposed to either 543 nm or 633 nm wavelength light generated by a Helium Neon 

(HeNe) laser. In order to analyse the diversity in the dentine structure, two sample 
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groups were sectioned, one at a 20 µm thickness with dentinal tubules either parallel 

or perpendicular to the surface. The second group were of 200 µm thickness and had 

tubules at a 30 degree angle to the surface. The scattering coefficient was calculated to 

be zero and the transmitted intensity peaks for each wavelength of laser used were 

determined to be due to the diffraction effects of the tubules [58]. It is also important 

to take into account that the optical characteristics of dentine can change with tooth 

type. Incisors, canines and molars show similar spectral behaviour although significant 

differences in the magnitude of the patterns were observed. Canines demonstrated 

the highest scattering and light reflectivity, while molars exhibited the highest light 

transmittance and absorption. The degree of absorption was similar between all three 

types of teeth [59]. 
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1.4 Dental tissue photodisinfection 

1.4.1 Photodynamic therapy: 

1.4.1.1 Mechanism 

PDT is a method of inhibiting and killing bacteria that utilises a light activated sensitizer 

that produces free radicals, which subsequently reacts with the bacterial cell 

components causing cell damage and death. A similar outcome could also be achieved 

if the stimulated sensitizer transfers energy to molecular oxygen, yielding singlet 

oxygen states which are more powerful oxidants for cellular constituents [25] [see 

Figure 5]. There are many studies examining the effect of light on cariogenic bacteria 

and involving the use of photo-activated stains/dyes [26],[27],[48 – 50],[125 – 128]. 

The process termed PDT can involve the use of toluidine blue (TB), methylene blue 

(MB), disulfonate phthalocyanine and curcumin. Currently, it is however not possible 

to identify any studies within the literature which examine the effect of these 

sensitizers on host cells, so there is a possibility that the photosensitizer may have a 

detrimental impact on local host cells. 

 

1.4.1.2 Cariogenic bacteria photodynamic therapy in-vitro studies   

Zanin et al. assessed the effect of a 660 nm diode laser on S. mutans and S. sobrinus 

using TB photosensitizer. After delivering a light dose of 28.8 J/cm2, total bacterial 

killing was only observed when the light and the TB where both used. Neither the laser 

nor the dye alone affected the viability of the bacteria [125]. Additionally, similar 

outcomes were obtained for the same bacteria grown on enamel slabs and irradiated 
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using a 638.8 nm LED (85.7 J/cm2) and utilising TB [126]. Melo et al. obtained similar 

results using TB sensitized S. mutans and Lactobacillus spp. photo-activated by a 630 

nm laser (94 J/cm2). Notably, these bacterial species were directly harvested from 

human carious dentine lesions [127]. Furthermore, a combined therapy applying both 

MB and 660 nm diode laser (320 J/cm2) twice a day resulted in a marked S. mutans 

reduction. This effect was comparable with conventional chlorhexidine usage [128]. 

Williams et al. irradiated S. mutans treated with TB under two conditions, either in a 

collagen matrix or using ex vivo carious dentine to replicate oral cavity conditions. They 

used a 633 nm laser and the disinfection process in carious dentine was shown to be 

less effective than when assessed in a planktonic suspension due to restricted 

diffusibility. Interestingly there was more deviation in log10 (CFU/ml) reductions 

obtained when using carious dentine, which is attributed to the variability in dentine’s 

microstructure [26]. In a similar study, bacteria were treated with one of two 

conditions, TB + 633 nm HeNe laser or aluminium disulfonate phthalocyanine + 660 nm 

laser, each applied in either a collagen matrix or on artificially demineralized dentine 

slices. While the longer they exposed the bacteria to light the greater the killing effect, 

no relationship was detected between the extent of tissue demineralisation and the 

treatment’s ability to eradicate the bacteria [50]. S. mutans and L. acidophilus biofilms, 

as well as carious dentine colonized specimens were exposed to curcumin, LED 450 nm 

(5.7 J/cm2) or curcumin + LED. Only PDT curcumin + LED reduced the viability of the 

biofilms. However, due to curcumin drug diffusion difficulties, carious lesions were 

more resistant to the treatment [27].  
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With regards to the variability in reporting the irradiation parameters, in their PDT 

study, Ricatto et al. initially infected 2 mm dentine fragments from bovine incisors with 

planktonic suspensions. They reported the irradiation protocol was executed relying 

on Lima et al.’s protocol. The mentioned parameters in Lima et al.’s study were only 

the output power of a 638 nm LED - 40 mW, spot size of 9.5 mm, as well as irradiation 

distance of 2 mm from human dentine slabs. Still, Ricatto et al. stated that the 

irradiation was done at 2 cm delivering the same dose - 94 J/cm2 [48],[49]. On the 

other hand, Burns et al. experimented a PDT set-up with a 150 µm human dentine 

slabs interposed between the light source and S. mutans planktonic cultures. They 

reported that the irradiance at the surface of the culture was measured in the 

presence and absence of the dentine slab [50]. 

 

1.4.2 Direct light irradiation 

1.4.2.1 Mechanism 

Porphyrins are macromolecules essential for the bacterial synthesis of heme [32],[33]. 

They exhibit fluorescence spectra at ~600 nm with wavelengths of light absorbance 

between 390 and 425 nm [35]. Notably, bacterial cells containing porphyrins are 

sensitive to blue and red visible light [42],[43]. Indeed, Hamblin et al. indicated that 

blue light at 405 nm sensitizes the photoactive porphyrins in H. pylori cells, which leads 

to antibacterial killing [31].  

Porphyrins are metal-free intermediate compounds that share common basic 

structures which include four pyrrole rings linked together by a methine bridge at their 
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alpha carbon bonds. Due to their common structure, they exhibit blue light 

absorbance. After porphyrins absorb light photons, an electron is elevated from 

ground state to an excited state. The excited electron then returns to the ground state 

through two different mechanisms. One mechanism is through releasing one photon 

to induce a fluorescence effect, whilst the other mechanism involves the electron 

moving to a less excited state (triplet state). Once the electron has reached the triplet 

state, it can either return to the ground state discharging one photon to generate 

phosphorescence or in the presence of oxygen, the photosensitizer will transfer energy 

to an oxygen molecule. If energy transfer to oxygen occurred, then two potential 

reactions can occur, a type I or type II reaction. In the type I reaction, ROS such as 

hydroxyl and superoxide anion radicals are produced, which are not specifically 

reactive with biologic tissues; however, they can react with themselves forming more 

reactive species such as hydrogen peroxide (H2O2). In type II reactions, the energy 

released from the photosensitizer is up-taken by a triplet oxygen, transforming it into a 

much more excited singlet oxygen which is highly reactive and understood to have the 

major effect in the photodisinfection process [35-41] [see Figure 5]. Notably, ROS 

generated at high levels affects the cell wall, cell membrane, mitochondria, nucleus, 

DNA, as well as ATP levels. Moreover, lipids are oxidised and proteins are crosslinked. 

Early investigations using exogenous porphyrins as novel photosensitizers suggested 

that porphyrins bind to either the bacterial cell wall, inner membrane or translocates 

to the cytoplasm [129]. To confirm the role of both porphyrins and ROS in the process, 

Lipovsky et al. recorded higher levels of ROS production when bacteria were 

illuminated with blue light (400-500 nm) compared with red light (500-600 nm). 
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Notably, the phototoxic effect of light reportedly relies on porphyrin content as well as 

the antioxidative potential of the cell [130].  The phototoxic effect was consequently 

diminished when the bacteria were irradiated in the presence of ROS scavengers 

including superoxide dismutase (SOD), catalase, ascorbic acid and dimethylthiourea 

[131]. 

Figure 5: Schematic showing the process of ROS production after light absorption by either an 
exogenous photosensitizer or endogenous porphyrins in bacterial cells. The Type I reaction 
leads to the production of fewer reactive superoxide anions, hydroxyl radicals and hydrogen 
peroxide. The Type II reaction leads to the production of singlet oxygen which is highly reactive 
and understood to have the major effect in the photodisinfection process.  
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1.4.2.2 Application of direct light for photodisinfection: in-vitro studies 

1.4.2.2.1 Red light 

Ahmed et al. used a 670 nm dioder laser (30 mW power) to irradiate S. mutans 

harvested from carious lesions at different exposure times of 5, 10, 15, 20 and 25 

seconds. The bacterial biofilms were grown in broth then transferred to healthy rabbit 

teeth to estimate the bacteria’s cariogenic potential. Only 15, 20 and 25 seconds 

exposure times maintained a caries-free environment, while bacteria treated at 5 and 

10 seconds showed latent caries [132]. Utilising a 630 nm LED, and to better imitate 

oral cavity conditions, Lee et al. studied S. mutans irradiated in three different human 

dentine thicknesses of 500, 1000 and 2000 µm. They investigated a range of power 

settings; 0.5, 1, 3, 5, 7 and 9 W.  LED application at 7 W power along with distilled 

water cooling led to a 97.7% killing as assessed by colony forming unit assay through 

the 500 µm dentine thickness. Results were not significantly different from the 5 W 

exposure group which resulted in 90.8% killing [133]. 

 

1.4.2.2.2 Blue light 

De Sousa et al. cultured S. mutans biofilms on saliva-coated hydroxyapatite discs. 

Twice daily 420 nm blue light exposure (72 J/cm2) for 5 days was applied which led to a 

significant decrease in the presence of extracellular polysaccharides and this was a 

greater effect than bacteria treated with either sodium chloride or chlorhexidine alone 

[45]. Equally, a 5 minutes irradiation from a 405 nm quantitative light-induced 

fluorescence caries detection system (xenon arc lamp with a blue light filter) indicated 
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a capacity to lower metabolic activity of S. mutans with / without the presence of 

sucrose [47]. Using the same wavelength, Al Mamoori et al. utilized a diode pumped 

solid state laser to examine its effect on S. mutans. They studied the exposure at 

different times from 2.5 - 40 minutes (5.3 – 84.9 J/cm2). Results indicated that 22 

minutes was sufficient to kill bacteria at 405 nm, also, increasing exposure times lead 

to energy densities able to significantly damage the bacterial cell and diminish its 

survival rate [134]. 

As highlighted in PDT studies, there were issues in reporting irradiation parameters in 

direct light investigations. In De Sousa et al.’s study, the irradiance of the device was 

reported as 95.5 mW/cm2 as well as an energy density of 72 J/cm2. Although they 

mentioned the output irradiance, they did not state whether characterisation of the 

light source was done at the irradiation distance outlined - 1 cm [45]. Gomez et al. 

investigated the effect of a 405 nm light on S. mutans grown on top of 2 mm human 

dentin specimens. Nonetheless, the only parameters reported were light irradiance of 

the device on a tooth surface (as reported by the manufacturer) – 13 mW/cm2 as well 

as the irradiation distance – 2 cm at the underside of the well which contained the 

infected dentine sample [53]. Other studies did not report any parameters except the 

power output and irradiation time [47].  
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1.4.2.3 Aminolevulinic acid, heme and flavins in S. mutans  

Even though the most accepted theory for the mechanism underpinning the direct 

antimicrobial action of blue light is via its absorption by porphyrins present in bacteria, 

blue light has also shown antimicrobial effects towards species where no heme-

proteins or cytochromes (heme-containing redox proteins) have been identified such 

as S. mutans. Notably this bacterial species relies mainly on flavin adenine dinucleotide 

(FAD)-enzymes for oxygen metabolism. Endogenous porphyrins have been found in a 

range of anaerobic as well as facultative anaerobic bacterial species [135-139]. 

Interestingly, other bacterial species including S. mutans, which do not synthesise or 

require heme for growth, [140] also have shown susceptibility towards blue light [45-

47],[134].  

The iron-bound heme synthetic cascade begins with ALA as a precursor molecule [34]. 

Notably, ALA stimulates oxidative phosphorylation by enhancing COX and inhibiting 

glycolysis in eukaryotic cells [141],[142]. The supplementation of bacteria capable of 

synthesizing heme with ALA enhances their porphyrin production and examples 

include E. coli, P. aeruginosa and S. aureus. Increased levels of porphyrins have 

subsequently been shown to increase the bacteria’s susceptibility to light exposure in 

both the blue (407–420 nm) and the red (635 nm) light spectrum [142-146]. 

Interestingly, ALA supplementation has also been shown capable of enhancing the 

inhibitory effect of both blue (440 nm) and red light (635 nm) in S. mutans [147],[148] 

even though this bacteria is incapable of synthesizing heme. Similarly, E. faecalis - 

another lactic acid-producing bacteria - did not show any porphyrin synthesis following 

ALA treatment [143]; yet, also exhibited photo-inhibitory effects following ALA 
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supplementation and red light (633 nm) irradiation [149]. It has been shown that 

higher levels of ALA can induce oxidative damage without light irradiation [144],[146]. 

ALA caused and increase in E. coli cytochrome levels, elevating its redox state [150]. 

Unexpectedly, ALA at high concentrations can also inhibit S. mutans unaccompanied by 

light exposure [147],[148].  

SOD, peroxidase and catalase are enzymes which bacteria use to manage excessive 

intracellular oxidative stress levels [140]. SOD converts superoxide anions to H2O2 and 

molecular oxygen, while catalase is the enzyme responsible for degrading H2O2 to 

water and oxygen [151]. S. mutans has an iron/manganese-bound SOD; however, it 

lacks heme-bound catalase and cannot synthesise cytochromes for full aerobic 

respiration and energy metabolism [152-154]. Even though S. mutans does not 

perform oxidative phosphorylation [155], it utilises an incomplete tricarboxylic acid 

(TCA) cycle [156],[157] and depends mainly on glycolysis for ATP generation [158]. 

Conversely, it has been also reported that S. mutans can undertake oxygen 

metabolism. Flavins which are essential for growth and energy metabolism have been 

reported to mediate several redox functions in the process [159]. S. mutans adapts to 

oxidative environments using FAD- bound enzymes such as NADH oxidases (Nox-1 and 

Nox-2) as well as alkyl hydroperoxide reductase C (AhpC) [154],[160]. Nox-1 and Nox-2 

enable lactate dehydrogenase to oxidize NADPH by reducing molecular oxygen. 

However, Nox-1 generates H2O2, while Nox-2 generates water and plays a greater role 

in the regeneration of NAD for the steady operation of glycolysis. H2O2 generated by 

both SOD and Nox-1 is eliminated by AhpC [158]; therefore, Nox-1 can operate as a 

NADH peroxidase only combined with AhpC [160]. Notably, the Nox system operates 
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at the converging point of several pathways involved in oxidative stress responses and 

energy metabolism. It controls and is itself affected by these pathways to maintain S. 

mutans survival [161]. For example, Nox-2 deficient S. mutans cannot undertake the 

lactate dehydrogenase pathway due to their inability to oxidise the NADH generated 

[154]. S. mutans also has an ability to resist oxidative stress by means of a dipeptide 

repeat protein (Dpr); albeit, not through a direct interaction with ROS. Dpr 

sequestrates iron, which prevents further hydroxyl radical formation through the 

Fenton reaction. Dpr deficient bacteria restored their survival rates only by 

supplementing the cultures with deferoxamine or catalase [140],[162].  

Due to their unique potential adapting to various environmental changes, it is 

proposed that generally all lactic acid-producing bacteria ancestors had the 

cytochrome gene - cyd; however, multiple gene loss has occurred over time. Currently 

there are species that show preference towards aerobic metabolism under 

appropriate conditions. Exogenous heme is shown to promote cytochrome formation 

in L. lactis, as well as catalase and cytochrome activity in E. faecalis. The cytochrome 

bd gene - cydABCD - within L. lactis improves cellular survival and oxidative stress 

resistance by inducing a proton motive force. Conversely however, the cytochrome bd 

genes have not been identified in other lactic acid-producing bacteria including S. 

mutans and S. sanguinis [151],[163],[164]. Notably, exogenous heme was consumed 

only to synthesise cytochromes and not to alter the mode of respiration [165]. 

Confirming the enigmatic nature of heme acquisition and synthesis in prokaryotes, it 

was also suggested that that all Gram-positive bacteria use non-canonical pathways for 

protoheme synthesis. Gram-positive bacteria rely on alternate routes through the last 
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three enzymatic steps, compared with Gram-negative bacteria and eukaryotic cells 

[166],[167]. Genes involved in heme bio-synthesis have been also identified in species 

not requiring heme for growth.  E. faecalis contains the gene HemH (ferrochelatase) 

whose only function is to insert ferrous iron into either protoporphyrin IX or 

coproporphyrin III [151]. Interestingly, heme and heme-protein/cytochrome synthesis 

are totally separate, meaning that neither heme abundance nor deficiency affects 

heme-protein levels. [168]. Furthermore, stimulating intrinsic cytochromes formation 

through supplementing cultures with exogeneous ALA is significantly more effective 

than exogenous heme supplementation [169]. Notably, it has been recently reported 

that S. mutans contains an extracellular electron transport system, which likely 

contains both flavins and cytochromes for full operation – flavo-cytochromes or flavo-

porphyrins [170-172]. Overall, it is possible that S. mutans might possesses the 

potential of utilising ALA to generate heme-proteins and cytochromes; however, the 

underlying pathways are not elucidated yet. Nonetheless, the presence of FAD-

enzymes means that this species can endure oxidative conditions.  
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1.5 Photobiomodulation 

1.5.1 Mechanism 

1.5.1.1 Photobiomodulation signal transduction in the red / near infra-red 
spectrum 

 

After absorbing photons, an electronically excited molecule exerts biologic effects by 

modulating intracellular metabolic pathways. Depending on the delivered dose, light 

absorption causes enhancement in ATP and cyclic adenosine monophosphate (cAMP) 

levels during biostimulation or destruction of cytochromes in the case of inhibitory 

effects. In either process these changes have been proposed to take place inside the 

mitochondria of eukaryotic cells [173]. The primary photoreceptor or chromophore 

reportedly absorbing photons of light is COX. COX is a terminal enzyme in the 

respiratory chain, playing a major regulatory role in the process of oxidative 

phosphorylation. It is constituted of two heme, two copper, one magnesium and one 

zinc site. COX functions to transfer electrons from cytochrome C to molecular oxygen, 

which leads to the oxidation of ferrocytochrome C and the reduction of a di-oxygen 

molecule, inducing proton pumps from the mitochondria to the cytosol. Eventually, 

energy produced from this redox process leads to the production of ATP [174],[175]. 

Karu et al. established the first direct link between light exposure in the UV-NIR 

spectrum (300-900 nm) and stimulation of both DNA and RNA synthesis in HeLa cells. 

DNA synthesis stimulation peaks were recorded at wavelengths of 400, 630, 680 and 

760 nm, while those of RNA synthesis were detected at 400, 615, 680, 780 and 820 



Application of Blue Light for Phototherapy of Dental Tissues 
35 

 
 
 
 

Sherif Abdelsalam Mohamad – September 2021 
 
 

nm. Stimulation peaks were always lower in the UV-blue region of the spectrum for 

DNA synthesis. These data confirmed that light was not absorbed directly by the 

nucleic acid but that light regulated nucleic acid synthesis indirectly [176]. To elucidate 

the photoabsorber, a narrower spectrum (580-860 nm) light source was utilized. Four 

peaks for DNA and RNA synthesis were identified, two within the red spectrum (613-

623 nm and 667-683 nm) and two in the IR spectrum (750-772 nm and 812-846 nm). 

Results supported the hypothesis that COX was the main endogenous chromophore, as 

the 613 - 623 nm absorbance wavelength was within the same absorbance maxima for 

reduced COX, while the 667- 683 nm wavelength also conformed to one of the COX 

intermediates - compound A (fluoromethyl-2,2-difluoro-1-trifluoromethyl vinyl ether). 

Moreover, peaks recorded at 750 -772 nm correlated with oxidized COX [79]. Results 

showed that nitric oxide (NO) - a COX inhibitor - eliminated the bio-stimulatory effects 

of R-NIR light and this process was accompanied by significant changes in COX 

absorption [177]. NO is known to compete with oxygen for the binding at the COX 

copper (CuB) nuclear center. However, light reportedly dissociates the binding of NO 

from COX, which can then enhance cellular respiration / oxygenation through 

reversing the hypoxic conditions in stressed cells. In turn, this increases electron 

transfer and ATP production, subsequently inducing transcription factors which can 

enhance cellular migratory, proliferative and differentiation responses [177-179]. 

Wong-Riley et al. investigated the effects of five different irradiation wavelengths (670, 

728, 730, 830 and 880 nm) after pre-treating neuronal cells with potassium cyanide, an 

irreversible inhibitor of COX that bind to the same CuB nuclear site. Delivered light 

demonstrated an ability to restore COX and ATP levels. The most efficient stimulatory 
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wavelengths (630 and 830 nm) correlated with the absorbance spectrum of oxidised 

COX. Nonetheless, the fact that the neurotoxin could have been bound to other 

proteins such as catalase, NO synthase, cytochrome b and cytochrome C did not rule 

them out as prospective chromophores [180]. An LED (670 nm) exposure fully restored 

COX levels after administrating tetrodotoxin, a neurotoxin that decreases ATP demand 

and supresses COX activity [181].  

It has also been proposed that ROS resulting from redox changes in the electron 

transport chain might - in part - be initiating the cellular modulatory response [182] 

[see Figure 6]. PBM takes place due to the increase in ATP levels accompanied by a 

simultaneous production of relatively low amounts of ROS [175]. Interestingly, the COX 

theory has been challenged recently and the interfacial water layers bound to the 

mitochondria have been advocated to be the main NIR light absorbers. Changes in 

cytosol volume promotes accelerated proliferation, while reduction in water viscosity 

causes ATP up-regulation [183].  

 

1.5.1.2 Blue light signal transduction 

Early reports have indicated that porphyrins absorb blue light, triggering the release of 

singlet oxygen and increasing intracellular calcium levels, processes which enhance 

mitosis. Nevertheless, at higher irradiation doses, inhibitory effects could occur due to 

the extensive reactivity of the singlet oxygen [179], [184]. Moreover, flavin-bound 

NADPH dehydrogenase [174] and NAPDH oxidase have been proposed as blue light 

chromophores. Hydroxyl radicals have been shown to be induced in sperm cells after 
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receiving irradiation from a broadband visible light source (400-800 nm). Hydroxyl 

radicals were produced only in the 400-500 nm spectral range. The free radical 

electron paramagnetic resonance (EPR) signal was strongest in the cytosolic fraction; 

flavin in similar intracellular concentrations produced a matching signal when 

irradiated. Moreover, reduced cytochrome C fluorescence was also reported in the 

absorption spectrum of the cytosolic fraction which was attributed to its weak bond to 

the mitochondrial membrane. However, cytochrome C did not generate free radicals in 

either forms, oxidised or reduced [80]. Nonetheless, enhanced mitochondrial 

fluorescence after irradiation suggested that light also increased the levels of ROS 

inside mitochondria. The addition of an extracellular scavenger (SOD) led to a 

reduction in the hydroxyl radical EPR signal, which supported the hypothesis that ROS 

is also produced at the cell membrane level due to the sensitization of NADPH oxidase. 

Notably, the levels of hydroxyl radicals were directly proportional to both the cell 

density and irradiation dose [185].  

Intracellular ROS generated were mainly superoxide anions, H2O2 and hydroxyl radicals 

[186],[187]; however, these molecules were not necessarily produced in the same 

manner or sequence. Similar to prokaryotic cells, ROS formation can occur due to a 

type I or type II reaction. In type I, the excited sensitizer transfers electrons to oxygen 

generating a superoxide anion and H2O2, which is then transformed to hydroxyl 

radicals through the Haber Weiss / Fenton reactions. The Haber Weiss reaction is 

catalysed by iron ions and involves two main sequential reactions. The first reaction 

takes place through the interaction of ferric iron with superoxide anion generating 

ferrous iron and oxygen. The second reaction is the Fenton reaction which involves the 
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interaction of ferrous iron and H2O2 to produce ferric iron and hydroxyl radicals. Type II 

reaction involves the production of singlet oxygen after the energy released from the 

photosensitizer is absorbed by a triplet oxygen. Nevertheless, singlet oxygen can also 

be produced through a type I reaction through the direct interaction between H2O2 

and superoxide anion. It has been hypothesised that a type I reaction conforms to the 

ascending part of the Arndt Schultz curve, when light irradiation up to a certain dose 

generates non-cytotoxic levels of ROS stimulating cellular processes [see Figure 2]. 

Longer irradiation times or increased light dosage correlates with the descending part 

of the curve, when activation of the cellular scavenging system takes place negatively 

affecting the redox balance of the cell. This takes place when H2O2 reacts with two 

hydrogen ions and two electrons to produce two molecules of water. A concomitant 

elevation in intracellular calcium levels accompanied the excessive elevation in ROS 

levels. Thus, it was proposed that a transient increase in calcium, caused by H2O2, 

might be associated with the bio-stimulatory effects. Notably, sharp increases in 

calcium levels causes inhibitory effects, in line with the reduction of H2O2 to water [81] 

[see Figure 6].  

Two FAD containing cryptochromes (CRY1 and CRY2), circadian rhythm proteins, have 

been also proposed as prospective blue light absorbers in humans [188]. CRY1 share 

common structure with photolyase, although it does not exhibit photolyase activity. 

Circadian rhythms control a range of periodic biochemical mechanisms which are 

necessary for regulating cell and tissue haemostatic functions [189],[190] [see Figure 

6]. CRY1 and CRY2 acts as a negative feedback regulator of the circadian clock. Positive 

regulators include period genes (PER) as well as brain and muscle aryl hydrocarbon 
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receptor nuclear translocator-like protein-1 [191]. Lack of CRY1 and CRY2 has been 

shown to increased bone formation in in vivo models [192] [see Figure 6]. 
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1.5.2 Reactive oxygen species regulate mesenchymal stem cell 
haemostasis and mineralisation processes 
 

Due to the pivotal role of ROS in blue light PBM as well as determining MSCs fate, it is 

necessary to understand how ROS regulates cellular functions and pathways. ROS are 

generated within mitochondria during electron transport via a variety of enzymes 

including NO synthase, lipoxygenase, mono amide oxidase, heme oxygenase, 

cytochrome P450, cyclooxygenase, NADPH oxidase and myeloperoxidase [193-195]. 

Other locations besides mitochondria for ROS generation are endoplasmic reticulum 

(NAPDH oxidase) [196],[197], plasma membrane (NADPH oxidase / lipooxygenase), the 

cytosol (NO synthase / lipooxygenase), [198-200] and peroxisomes [201]. ROS can be 

also produced by membrane bound NADPH oxidase which yields superoxide anions 

[202]. During oxidative phosphorylation and proton pumping, 0.1-0.2% of consumed 

oxygen is transformed to ROS [203]. Superoxide anion is the first ROS produced by 

mitochondria which is converted to a more stable H2O2 by SOD. Subsequently, H2O2 

can be eliminated by catalases / peroxidases and converted to water and oxygen by 

glutathione peroxidase (GPX), or it can act as a signalling molecule [204-206]. ROS can 

modulate cellular activity by interacting directly with key receptors such as p21ras, a 

proto-onco gene that exhibits guanosine triphosphate-binding properties. Indirectly, 

ROS can interact with redox-triggered proteins, a process mediated through protein 

kinases and phosphatases [207],[208].  

The balance between self-renewal and regeneration in MSCs is partially controlled by 

ROS. Redox mechanisms are proposed to be involved in the communication between 

the mitochondria and nucleus. Mitochondria are however the major source of ROS, 
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with H2O2 acting as the main ROS involved in intracellular signalling. GPX, glutathione 

reductase, SOD and catalases are enzymes which control ROS levels in MSCs 

haemostatic states. However, if ROS reach certain threshold levels when cellular 

protective mechanisms are unable to regulate their action, cellular injury can occur 

due to oxidation of proteins, lipids and nucleotides. Notably, cells can lower their ROS 

levels by diverting metabolic pathways away from oxidative phosphorylation. 

Consequently, ROS act as transitional molecules regulating cell fate and their levels are 

controlled by multiple and complex mitochondrial mechanisms [209].   

MSCs preferentially utilise glycolysis rather than oxidative phosphorylation in their 

undifferentiated state [210]. Non-differentiated MSCs contain relatively low levels of 

ROS and express high levels of antioxidant enzymes; however, the opposite state exists 

for MSCs following differentiation [211],[212]. During osteogenic differentiation, MSCs 

switch to aerobic oxidative phosphorylation. Indeed, oligomycin - which facilitates 

glycolysis through inhibiting ATPase - has been shown to inhibit osteogenesis [82]. A 

limited up-regulation in ROS levels is also essential for initiating MSCs proliferation 

[213]. Intracellular ROS levels play a key role in maintaining the pluripotency of MSCs 

[214] as well as during differentiation. ROS are generated during differentiation from 

NADPH oxidase, complex I (NADH coenzyme Q oxidoreductase) and complex III 

(ubiquinol cytochrome C oxidoreductase) [215]. However, excessive levels of ROS 

generally inhibit both proliferation and osteogenic differentiation [216]. 

In support of ROS ability to promote the mineralisation processes several studies have 

reported on the effects of exogenous sources of ROS (H2O2 and NO) on the cellular 

differentiation capacity. At relatively low concentrations (0.1-0.2 mM), H2O2 marginally 
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increased cell proliferation. However, these same exposure conditions significantly 

increased the odontoblastic/osteoblatic differentiation marker expression including 

osteopontin (OPN) and osteocalcin (OCN) in DPCs [217], as well as runt-related 

transcription factor-2 (RUNX2) and bone morphogenic protein-2 (BMP2) in adipose 

derived MSCs (ADMSCs) [218]. Conversely, at similar exposure concentrations, alkaline 

phosphatase (ALP) levels decreased in human bone marrow MSCs (BMMSCs). At 

higher concentrations (up to 0.5 mM), H2O2 severely affected proliferation and cell 

viability [82]. Another source of ROS, NO (0.01 mM) improved the expression of 

mineralisation markers at early (ALP, collagen-1 (COL1), RUNX2, dentine matrix 

protein-1 (DMP1)) as well as late stages (dentine sialophosphoprotein (DSPP), bone 

gamma-carboxyglutamic acid-containing protein) of differentiation in DPCs. A 

significant increase in mineral deposition was also detected; nonetheless, all these 

effects were reversed by 2-(4-Carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-

oxide potassium salt (Carboxy-PTIO) - a NO scavenger [219].  

Nuclear factor erythroid 2-related factor 2 (NRF2) is a key transcription factor that 

responds to oxidative stress and promotes antioxidant mechanisms necessary for cell 

survival. Up-regulation of the NRF2 pathway was observed when H2O2 was 

administrated at concentrations as low as 0.1 mM, along with concomitant up-

regulation of the osteogenic markers – ALP and RUNX2. Confirming how a fine-tune in 

ROS levels can have the total opposite outcomes, NRF2 was also up-regulated when 

cells were treated with a higher concentration of H2O2 (0.4 mM). However, this 

accompanied by the down-regulation of these same osteogenic markers [218],[220]. 
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NREF2 knockout increased bone formation, suggesting a negative interplay between 

NRF2 and cellular autophagy is regulating the differentiation process [218].  

 
 
1.5.3 Photobiomodulation of mesenchymal stem cells in-vitro 

1.5.3.1  Red Light 

Red light (620-660 nm) significantly increased the proliferation of BMMSCs [65-67] and 

periodontal ligament cells [67] when irradiated at doses of 1, 2 and 4 J/cm2. Notably, 

doses as low as 2 and 4 J/cm2 were capable of promoting osteogenic differentiation. 

This was evident by a notable up-regulation in levels of ALP, OCN, bone gamma-

carboxyglutamate protein [65-68], RUNX2 [66-68], BMP2 [67],[68], COL1 [66] and 

insulin-like growth factor-1 [67]. Importantly, data also demonstrated significant 

increases in mineral deposits [66-68]. In one particular study, Yang et al. irradiated 

umbilical cord derived MSCs using a 620 nm LED at a dose of 2 J/cm2 using a pulsed 

mode (frequency of 50 Hz). Significantly higher proliferation rates were observed 

compared with the non-irradiated control. Additionally, the irradiated cells exhibited 

higher levels of ALP, OPN and calcified nodule formation [69]. 

These positive bio-stimulatory effects occurred when cells were irradiated either once 

daily [67],[68] or every other day [65],[66]. Interestingly, a higher irradiance for any 

assigned dose resulted in enhanced outcomes compared with a lower irradiance. 

Moreover, multiple exposures initiated greater outcomes in contrast with one single 

exposure [65]. It is notable that PBM effects were inhibited by culture 

supplementation with SQ22536, an adenylyl cyclase inhibitor, supporting the role of 

cAMP and respiratory chain signalling in the photo-transduction process [68]. 
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1.5.3.2  Near infra-red irradiation 

NIR diode irradiation (810-850 nm) stimulated the proliferation [70] and 

osteo-/odonto-blastic potential of BMMSCs [70],[221], ADMSCs [71],  DPCs 

[64] and  stem cells from human exfoliated deciduous teeth [222] at doses 

ranging from 0.5 to 4 J/cm2. Irradiated cell cultures exhibited higher levels of 

mineralisation markers such as ALP [64], [222],[70],[71] COL-I, DMP1 and 

DSPP [222]. Even at a doses as high as 64 J/cm2, a diode laser (808 nm) 

significantly increased mineral deposition in BMMSCs via the up-regulation of 

ALP, RUNX2, TGF-β1 and Osterix [221].  

Both, an Erbium-doped Yttrium Aluminium Garnet laser (Er:YAG) (2,940 nm) 

and a diode laser (820 nm) stimulated cellular proliferation and mineralisation 

in DPCs. There were also differences in differentiation rates and gene 

expression levels of matrix metalloproteinase-2 (MMP-2), MMP-20 and DSPP 

between irradiated and non-irradiated cultures [72]. Exposure of BMMSC 

cultures to a Neodymium-doped Yttrium Aluminium Garnet (ND:YAG) laser 

(1064 nm) also enhanced proliferation as well as calcified nodule deposition. 

The authors concluded these cellular events were mediated by increased 

expression of ALP, RUNX2 and OCN [73].  
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1.5.3.3  Blue light 

Since blue light PBM has only been recently investigated, there are significant diversity 

in the irradiation parameters applied and the outcomes. A 470 nm blue LED inhibited 

the proliferation of BMMSCs at a range of doses from 1 to 72 J/cm2, and also inhibited 

the mineralisation processes at 12 J/cm2. Notably, cells were irradiated daily [223]. 

Similarly, when gingival MSCs were irradiated with 420–480 nm LED (1, 2, 4 or 6 J/cm2) 

every other day, results indicated a significant reduction in proliferation. However, 

elevation in both ALP levels and calcified nodule formation was observed. The same 

light source (1, 2, 3 and 4 J/cm2) enhanced the mineralisation of stem cells from apical 

papilla through the up-regulation of DMP1, OCN and DSPP [77],[78]. At day 28, an 

increase in calcified nodules formation was noted in a dose-dependent manner, 

suggesting that lower doses stimulated early differentiation, while higher doses 

stimulatory effects are observed at a latent stage [77]. Only five exposures to a 420 nm 

LED (3 J/cm2) also increased the expression of the mineralisation markers OCN and 

RUNX2 in ADMSCs at day 21 [76].  

Interestingly, a single exposure to a continuous wave laser (405 nm) at much higher 

doses of 9, 18, 27, 36 and 54 J/cm2, enhanced BMMSCs mineralisation in a dose-

dependent manner. These effects were mediated through an increase in OCN and ALP 

proteins. The nuclear trans-location of CRY1 and PER2 was confirmed by immuno-

staining. CRY1 down-regulation occurred in a dose-dependent relationship at doses 

above 18 J/cm2 proposing that blue light could reset the circadian clock in MSCs. 

Notably, however, CRY1 expression was not affected by either 664 or 808 nm light 

irradiation [74],[75]. The bio-stimulatory effects of blue light were reversed by 
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transient receptor potential channel antagonists, SKF96365 and capsazepine. This 

results suggests that blue light PBM is mediated by slight increase in ROS levels, 

accompanied by an increase in calcium levels which was transduced by light-gated ion 

channels [76],[80],[81]. 

Interestingly, there has been variations among the irradiation parameters reported. 

Different studies reported fixed irradiance settings even though irradiation was carried 

out in different culture dishes. Different plate usage also results in different irradiance 

at target, different cell density and different light-cellular interaction due to the 

discrepancies between the size of the light source and surface area irradiated. All blue 

light studies applied a fixed distance to target; however, in Wang et al.’s study [76] 

they reported adjusting the irradiation distance with various plate arrangements to 

maintain the same spot size and irradiance. Other dissimilarities in experimental set-

ups were also reported in efforts to maintain homogeneity of delivered light and 

decrease light bleed. In one study, plates were wrapped in aluminium foil except for an 

aperture to let light through [76]. While the aluminium foil can cause multiple light 

reflections and affect the final dose of light reaching the cells, others preferred using 

black-walled well plates [74],[75]. Another important observation is the fact that 

temperature measurements are never taken into consideration. In-vivo heat 

dissipation depends on the cell/tissue thermal relaxation time in addition to the 

irradiation time, irradiance, pulse duration and pulse frequency of the light source 

[224]. It is also worth mentioning that non-irradiated controls throughout all 

experimental designs were kept outside the incubator for the same amount of time it 

took their counterparts to be irradiated. This means that depending on the room 
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temperature, the irradiated cultures could encounter a rise in temperature below their 

heat tolerance, which is not the case in a clinical setting.  Although PBM is mostly 

accepted as a non-thermal response [84]; however, hyperthermia - on its own - can 

lead to an increase in mitochondrial ROS production [225].  
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1.6 Aims and objectives 

Based on the background information presented above, it is reasonable to hypothesize 

that both photodisinfection and PBM can be achieved using the same light 

source/wavelength. As dentine is the main tissue through which light will reach 

cariogenic bacteria and/or DPCs, the differences in absorption / transmission patterns 

at a variety of anatomical tooth locations will influence how light could be delivered 

clinically to optimise both antimicrobial and PBM activities. 

 

Therefore, this study aims at exploring the use of a single wavelength of blue light for 

photodisinfection and PBM. However, for clinical applications, the optimisation of 

conditions for administrating blue light requires elucidation of the interaction of light 

individually with dentine, S. mutans and DPCs. Accordingly, this study aims specifically 

to: 

1) Characterize the transmission of blue light through dentine at key anatomical 

sites to allow a better understanding of the dentinal tubules’ optical 

characteristics. 

 

2) Determine blue light irradiation parameters that are required to directly inhibit 

S. mutans. Furthermore, asses how different redox states affect the 

susceptibility of bacteria to blue light.  

 

3) Determine blue light irradiation parameters that are bio-stimulatory for the 

mineralisation potential of DPCs. 
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Chapter 2: Materials and Methods 

 

2.1 405 nm blue light transmission through dentine 

2.1.1 Dentine specimens 

Seventy-five non-carious maxillary and mandibular human molars were used in this 

study (Ethical approval Birmingham community healthcare (BCHC) Ref.: 

BCHCDent398.ToothBank / Research ethics committee Ref.: 14/EM/1128 / Integrated 

research application system Ref.: 161303). Teeth were stored at -80°C prior to 

processing and use.  

 

2.1.2 Dentine preparation for light transmission studies 

Forty-five teeth were randomly selected and fixed in acrylic blocks using impression 

compound sticks (Kerr®, USA) to facilitate the sectioning process. A water-cooled low 

speed saw (Isomet™, Buehler®, USA) was used for sectioning. A primary cut was made 

to remove the surface enamel. Subsequently, dentine discs (n=45) were sliced and 

distributed into three main groups, 1) cross sectional occlusal, 2) cross sectional 

oblique and 3) longitudinal buccal sections [see Figure 7]. Each group contained three 

sub-groups with different thicknesses, 1 mm, 2 mm and 3 mm (n=5 each). Specimens 

were sectioned 0.5 mm thicker than needed to allow for smoothing of the surface by 

using a fine grade carborundum stone (Carborundum®, France), after which discs were 

washed under running tap water for 10 seconds and stored in distilled water (E-pod®, 
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Millitrack®, Germany) at room temperature until light transmission measurements 

were performed. Compressed air was used to surface dry specimens before testing. 

A spectrometer, USB4000-VIS-NIR (Ocean Optics, USA), connected with 200 µm optical 

fibre/detector and a glass cosine corrector (5 mm) were calibrated using a 

deuterium/halogen light source DH2000 (Ocean Optics, USA). A 405 nm light source 

(Aura light engine®, lumencor®, USA) with a wide range of power outputs was used. 

405 nm light transmission for each sample was recorded with the dentine disc aligned 

vertically between the light source (7 mm) above and the detector below [see Figure 

7]. Specimens were oriented with the pulpal side downward. Increasing levels of 

irradiation were applied to determine optimal parameters that would allow dentine 

penetration and antimicrobial decontamination in a clinically appropriate time-frame. 

An irradiance reading (mW/cm2) was obtained at 10 graduated power outputs (10 - 

100 %) of the light source (470, 968, 1473, 1923, 2360, 2774, 3152, 3503, 3768 and 

4054 mW/cm2). Each reading was recorded three times and an average was calculated. 

The percentage of light transmitted was calculated with reference to initial light source 

characterization measuring its absolute irradiance at distances 1, 2, 3 mm between the 

light source and the sensor through atmospheric air. This percentage was calculated 

based on an average of 10 measurements at power settings 10-100% for each sample, 

after which, a mean from 5 measurements (per group) was calculated. 
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2.1.3 Characterisation of dentinal tubule density 

Thirty non-carious molar teeth were randomly selected, and dentine discs (n=30) were 

sectioned and assigned to six groups (2 mm thick) (n=5 per group). To assess the 

dentinal tubule density at different depths, three groups (occlusal, oblique and buccal) 

were obtained with two sub-groups within each group, namely outer and inner. Outer 

sections were located adjacent to the DEJ, while inner sections were located adjacent 

to the pulp chamber.  

All sectioning procedures were performed using the protocol described above [see 

section 2.1.2]. To ensure complete smear layer removal in preparation for imaging, 

dentine discs were rinsed under running tap water, and treated in an ultrasonic bath 

(In-Ceram Vitasonic, VITA, Germany) for 10 minutes in a mixture of 5% sodium 

hypochlorite (Acros Organics, Fisher Scientific, UK) and 17% ethylene-diamine-

tetraacetic acid (EDTA) (CanalPro EDTA 17%, COLTENE) [226]. This was followed by 

another 10 minute treatment in an ultrasonic bath containing distilled water. 

Specimens were dried in a 37°C oven (Hybaid Shake ‘n’ Stack, ThermoFisher Scientific, 

USA) for at least 72 hours before imaging.  

After drying, specimens were gold sputter coated (Emitech K550X, Quorum 

Technologies, UK) under argon for 3 minutes at 20 mA at a distance of 45 mm to 

obtain a gold coating thickness of 21 nm.  Specimens were subsequently loaded into a 

scanning electron microscope (SEM) (EVO MA10, Carl Zeiss, Germany) and 

micrographs were captured at 2000x magnification under high vacuum and electron 

high tension (EHT) voltage of 20 kV.  
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The dentinal tubules were quantified manually using the multipoint counter tool of 

ImageJ software (National Institutes of Health, USA). Subsequently, the number of 

tubules per unit area (mm2) were calculated using the following formula: ‘n X 106 / Z’, 

where ‘n’ is the actual tubules count per image and ‘Z’ is the area of the image in μm2 

[227]. Area of the image was calculated using the square area selection tool, after 

setting the scale bar using the straight line tool. 
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2.2 Light irradiation characterisation for culture exposures 

2.2.1 Light source calibration  

2.2.1.1 Irradiation of bacterial lawns grown on agar 

Initially, light characterisation was performed under two conditions, (a) with the light 

source in contact with the top surface of the culture plate lid and (b) in contact with 

the underside of the plate. Closed plate irradiation was preferred in order to maintain 

complete seal and isolation of the bacteria to avoid contamination. A Spectrometer, 

USB4000-VIS-NIR (Ocean Optics, USA), connected with 200 µm optical fibre/detector 

and a glass cosine corrector were calibrated using a deuterium/halogen light source 

DH2000 (Ocean Optics, USA).To determine the irradiance for top surface irradiation, a 

window was drilled in the underside of the plate, and the detector was levelled with 

the surface of the agar and orientated towards the lid of the agar plate [see Figure 

8(a)]. For underside irradiation, the detector was in contact with the agar surface 

orientated towards the underside of the agar dish [see Figure 8(b)]. Using the 405 nm 

wavelength (Aura light engine®, lumencor®, USA), the irradiance readings (mW/cm2) 

were obtained at 10 gradual power outputs. Each reading was recorded three times 

and an average was obtained. Data were then used to generate a standard / 

calibration curve, this curve was used to estimate irradiation dose under each 

condition ‘Dose (J/cm2) = Irradiance (W/cm2) X Time (seconds)’. 

Irradiation from beneath the plates was preferred to minimize the Rayleigh scattering 

of blue light in air [228] and maximize its penetration within bacterial layers [229]. 
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Bottom irradiation was also preferred as there was less light irradiance recorded on 

the agar surface and therefore potentially less temperature elevation. 

After conducting preliminary experiments using the light source in contact with the 

underside of the plate, and to better mimic the application of light in a clinical setting, 

irradiation was performed at a distance of 5 mm from the bottom surface of the 

culture plate. This set-up better represents the use of light in a cavity where direct 

application to the base or axial wall of the cavity would not be possible. The 405 nm 

light was characterised at this distance [see Figure 8(c)]. 

 

 

2.2.1.2 Irradiation of bacterial planktonic cultures, biofilms and dental pulp 
cells 

 

A calibration curve, similar to the one described for agar plates [see section 2.2.1.1], 

was also generated with the light source in contact with the flat transparent well 

bottom of a black 96 well plate (4titude®, UK). The sensor was in contact with the base 

of the well (6 mm) [see Figure 8(d)]. As the diameter of the light source (7 mm) and 

the well were comparable, this experimental set-up ensured consistent saturation of 

the light beam within each black-walled well in the culture plate. No light leakage 

between wells was detected.  
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2.2.2 Light absorption and temperature change measurements in 

bacterial and cell culture media 
 

2.2.2.1 Media absorption 

Bacterial Agar cultures:  

Measurements determined that the average distance between the bottom of the Petri 

dish and the surface of the agar was 6.5 mm – for 20 ml of poured agar after setting 

[see section 2.3.1.1]. Six separate plates were measured at 4 different point across 

each plate using a calliper. The USB 4000 spectrometer along with the 200 µm 

detector were fixed at 6.5 mm, while the 405 nm light delivery was characterized at a 5 

mm irradiation distance. The absolute irradiance obtained was then used as 

references. The light characterisation data obtained previously - with the plate 

containing agar [see section 2.2.1.1] - were deducted from the references to calculate 

the amount of light absorbed by the agar. The percentage of light absorbed was based 

on an average of 6 measurements 

 

Bacterial Broth and cell culture minimum essential medium: Applying the formula 

‘Absorbance (Optical Density) = - log10 Transmittance’ [230]. Absorbance (405 nm) was 

read for 200 µl fresh brain heart infusion (BHI) broth (Sigma-Aldrich®, USA) [see 

section 2.3.3.1]  and minimum essential medium (MEM) (Gibco, ThermoFisher 

Scientific, USA) [see section 2.4.2] in a black-walled 96 well plate using the microplate 

reader ELx800™ Microplate Reader (BioTek™, USA). Consequently, the transmission 
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percentage was calculated. The absorbance readings were repeated three times and in 

triplicate.  

2.2.2.2 Temperature measurements 

Agar cultures: To determine temperature changes of media following irradiation a K- 

type thermocouple attached to a TC-08 data logger (Pico Technology, UK) was used for 

temperature measurements. The edge of the thermocouple was attached to the top 

surface of the agar in the petri dish. All doses studied were at a 5 mm irradiation 

distance and maximum temperatures were recorded [see section 2.3.2]. 

 

Broth and minimum essential medium cultures: a window was drilled in the lid of a 96 

well plate to permit the thermocouple to be included while irradiation of the 200 µl 

BHI broth/MEM from beneath was performed. For bacterial broth, the maximum 

temperatures reached for irradiated samples were recorded [see section 2.3.3.1]. As 

for cell culture MEM, the plates were taken out of the incubator and immediately 

started measuring temperature change (decrease) for control and irradiated samples 

[see section 2.4.2]. All doses were run as was performed for the irradiation studies and 

measurements were carried out at room temperature. Measurements were carried 

out three times. 
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2.3 Effects of blue light on bacterial growth and viability 

2.3.1 Bacterial cultures and media preparation 

2.3.1.1 Media preparation 

BHI Agar was prepared by adding 26 g of BHI agar powder (Sigma-Aldrich®, USA) to 500 

ml distilled water (E-POD®, Millitrack®, Germany), which was sterilised by autoclaving 

for 27 minutes at 121°C (Labo MLS-3781L, Sanyo, Japan). Twenty-ml agar was then was 

decanted into each petri dish using a serological pipette. For the broth media, it was 

prepared by dissolving 18.5 g of BHI broth (Sigma-Aldrich®, USA) in 500 ml of distilled 

water, which was subsequently autoclaved as described above. Media was stored at 

room temperature for a maximum duration of 1 month prior to use. 

2.3.1.2 Bacterial cultivation 

S. mutans (ATCC 3209) and E. faecalis (ATCC 29212) frozen cryobeads (-80°C) were 

retrieved from archive stocks and streaked onto BHI agar and incubated (37 °C) 

aerobically (5% CO2) (Heracell™ 150i, ThermoFisher Scientific, USA) for 24 hours. 

Colony morphology of both species was subsequently verified. S. mutans showed 

relatively small, droplet-like, heaped, rough colonies. E. faecalis demonstrated 

relatively large, creamy white, well defined and smooth colonies. Subsequently, a 

single representative colony was inoculated into 10 ml of BHI broth using a sterile 

plastic inoculation loop, and incubated aerobically overnight (24 hours) in a shaking 

incubator (NB-205, N-Biotek, Korea) at 100 rpm. The resulting bacterial suspension 

was gram stained to confirm bacterial morphology and lack of contamination. 
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2.3.2 Bacterial lawns  

Preliminary experiments were undertaken administrating six irradiation doses (84, 147, 

200, 358, 443 and 590 J/cm2) to S. mutans lawns- with the 405 nm light source (Aura 

light engine®, lumencor®, USA) in contact with the bottom surface of the petri dish. A 

non-irradiated plate (with S. mutans lawn) served as the negative control. Each 

separate seeded agar plate received a single light irradiation dose. The irradiation 

parameters used are shown in Table 1. 

To mimic the application of using blue light clinically, a series of studies – using S. 

mutans and E. faecalis - with two modifications were undertaken. Initially, irradiation 

was performed at a distance of 5 mm from the underside surface of the culture plate. 

Secondly, each dose was delivered using two different protocols, either with i) 

increased time/decreased power (IT/DP) or ii) increased power/decreased time (IP/DT) 

[see Table 2]. This second modification was adapted to represent the clinical 

application and ensure minimal impact of any potential in vivo temperature rise. 

Experimental culture plates were exposed at six increasing doses including 110, 154, 

273, 366, 456 and 573 J/cm2. 

Overnight bacterial broth cultures were diluted 10 % using fresh BHI in a 1 ml cuvette 

to record their optical density (OD) using a 7315 spectrophotometer (Jenway, UK) at 

wavelength of 600 nm. Afterwards, the overnight culture was diluted in fresh BHI 

broth to an OD of (0.1) (≃ 108 Colony forming unit (CFU)/ml) using the following 

formula: ‘C1 X V1=C2 X V2’, where C1 is the desired OD (0.1), C2 is the obtained OD 

from the overnight culture, V1 is the volume of the final diluted sample and V2 is the 

transfer volume from the overnight culture.  Using a sterile cotton swab (Sterilin™, 
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Thermofisher Scientific, USA) dipped once in the diluted culture, S. mutans and E. 

faecalis were separately lawned on BHI agar. Plates were then tightly sealed using 

Parafilm M™ (Bemis™, USA) to prevent contamination. After receiving the assigned 

light irradiation dose, plates were incubated at 37 °C for 24 hours. 

On the following day, standardized images were obtained (SX620 HS, Canon, Japan) for 

each plate. Images were captured at a fixed distance between the camera and the 

base of the agar plate (≃ 41.5 cm) in a dark room with only bench light illumination. 

Zones of inhibition (ZOI) diameters were measured using ImageJ software (National 

Institutes of Health, USA), where the diameter of the plate was calibrated at 87 mm 

and measurements were taken using the straight line tool in the software. Each ZOI 

was measured three times at different orientations (horizontal, vertical and diagonal), 

and an average ZOI diameter was obtained. Experiments with the light source in 

contact with the underside of the agar plate were repeated three times, while 

experiments at 5 mm irradiation distance were repeated four times. 
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405 nm light irradiation settings applied on bacterial lawns 
 
 
 

Table 1: Irradiation settings applied when irradiating at 405 nm S. mutans culture lawns. The 
light source was in contact with the bottom surface of the agar plate. 
 
 
 
 
 
 
 
 
 
 

Irradiance (mW/cm
2
) Irradiation time  Dose (J/cm

2
) 

122  15 min 110 
251  7 min + 13 sec 110 
172  15 min 154 
251  10 min + 12 sec 154 
152  30 min 273 
251  18 min + 6 sec 273 
122  50 min 366 
191   31 min + 54 sec 366 
152  50 min 456 
191  39 min + 42 sec 456 
191  50 min 573 
251  38 min 573 

Table 2: Irradiation setting applied when irradiating (405 nm) S. mutans and E. faecalis lawns. 
Light source at 5 mm distance from the bottom of the agar plate. 
  

Irradiance (mW/cm
2
) Irradiation time  Dose (J/cm

2
) 

93   15 min 84 
163  15 min 147 
222  40 min 200 
199  30 min 358 
246  30 min 443 
246  40 min 590 
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2.3.3 Irradiation of planktonic cultures 

2.3.3.1 Determining the effect of light irradiation on S. mutans planktonic              
growth 

 

For initial bacterial growth determination, planktonic turbidity investigations were 

performed. S. mutans was grown, sub-cultured and diluted using the same 

methodology previously described [see section 2.3.2]. Subsequently, 200 µl of the 

diluted culture was allocated to wells of a black- walled 96 well plate (4titude®, UK). 

Two wells were used as controls and received no light irradiation. Culture wells 

received a range of light doses including 249, 340, 608, 831, 1014 and 1254 J/cm2 [see 

Table 3]. Experimental design ensured that each plate was removed from the 

incubator and was at room temperature for less than 1 hour. 

Following irradiation, plates were returned to the incubator at 37 °C for 24 hours. On 

the following day, the OD of all wells were read (600 nm) using an ELx800™ 

Microplate Reader (BioTek™, USA). The survival rate was calculated based on the 

equation: ‘Treated well OD / Control well OD X 100’. This experiment was repeated 

three times. 
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405 nm light irradiation settings applied on bacterial planktonic cultures 
 
 
 

Table 3: Irradiation settings applied when exposing planktonic cultures to 405 nm light. The 
light source was used in contact with the bottom surface of the wells of a 96 well plate. 

Irradiance (mW/cm
2
) Irradiation time  Dose (J/cm

2
) 

277  15 min 249 
539  7 min + 40 sec 249 
378  15 min 340 
539  10 min + 30 Sec 340 
338  30 min 608 
539  18 min + 48 sec 608 
281 50 min 831 
418  33 min + 7 sec 831 
338  50 min 1014 
418  40 min + 25 sec 1014 
418  50 min 1254 
539  38 min + 46 sec 1254 
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Two light doses were selected for subsequent assays, as representative of one high 

and a low dose. The doses investigated were 340 J/cm2 (378 mW/cm2 for 15 minutes) 

and 831 J/cm2 (418 mW/cm2 for 33 minutes). Additionally, experiments was repeated 

three times (biological replicates), each in a duplicate (two plates per experiment –

technical replicates). 

2.3.3.2 Viability / Colony Forming Unit assay 

Overnight cultures of S. mutans and E. faecalis were grown, sub-cultured and diluted 

as described previously [see section 2.3.2]. Afterwards, 200 µl of the diluted culture 

was assigned to three wells per plate (black- walled 96 well plate), one well for each 

dose and a non-irradiated control well. Plates were then incubated for 24 hours. 

At 24 hours, the contents of each well was mixed 3 times using a sterile pipette to 

ensure an even distribution of bacteria, before 20 µl was mixed with 180 µl sterile 

phosphate buffered saline (PBS) (Sigma-Aldrich®, USA) (10-1) to produce a serial 

dilution (up to 10-10) in a sterile 96 well plate using the Miles and Misra method [231]. 

Two BHI agar plates were divided into three partitions, and labelled based on dilutions 

used for the CFU assay, each plate contained three dilutions (10-5 – 10-10). In each 

partition, three 20 µl volumes of the specific dilution were inoculated and plated. The 

agar plates were then incubated for 24 hours, after which the colonies were counted.  

The number of colonies per millilitre (CFU/ml) was calculated using the formula: 

‘Average number of colonies for a dilution x 50 x dilution factor’. Subsequently, the 

‘log10’ of each (CFU/ml) was calculated. 
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2.3.4 Mature biofilms live / dead assay 

For biofilm growth, BHI broth was supplemented with 1% sucrose (Sigma-Aldrich®, 

USA). 5 g sucrose were dissolved in 5 ml distilled water, which was filter sterilised using 

a sterile 0.22 μm filter (Millex-GP, Merck, Germany) and a 5 ml sterile plastic syringe 

(Terumo, Belgium) into 500 ml autoclaved BHI broth. 

Overnight cultures of S. mutans and E. faecalis were vortexed, then centrifuged (IEC 

Centra CL2, Thermofisher Scientific, USA) at 5,000 RPM for 5 minutes. Afterwards, the 

supernatant media was removed and replaced with 10 ml of fresh PBS, vortexed and 

then centrifuged (5,000 RPM for 5 minutes) again. The final step was repeated, before 

replacing the supernatant with 10 ml of fresh PBS. Subsequently, the OD was recorded 

in a 1 ml cuvette and adjusted to 0.5 McFarland standard (Pro-Lab Diagnostics, UK) 

(equivalent to 1.5 X 108 CFU / ml) using PBS. 

Forty-µl of the diluted culture was pipetted in each well, supplemented with 160 µl of 

BHI broth (with 1% sucrose). Culture plates were incubated for 4 days with shaking at 

80 rpm with media changed daily. Two control wells were included in this experiment 

including one positive and another negative. 

On the fourth day, media was removed from each well and replaced with PBS in 

preparation for light irradiation. Directly after delivering the treatment, the live/dead 

staining protocol (Filmtracer™ LIVE/DEAD™ Biofilm Viability Kit, ThermoFisher 

Scientific, USA) was carried out. To prepare a working solution, 3 µl of SYTO® 9 stain 

and 3 μL of propidium iodide were added to 1 ml sterile PBS in a bijou container 

covered in foil. After light treatment, PBS was removed and 200 µl of the working 

solution was added to each well, the plate was then incubated in the dark - covered in 
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foil - at room temperature for 30 minutes. Subsequently, the stains were washed with 

PBS and each biofilm was gently disrupted by gentle aspiration, prior to pipetting 100 

µl of the mixture into a µ-Dish 35 mm high Glass Bottom (ibidi ®, Germany) in 

preparation for viewing using confocal microscopy (LSM 700, Carl Zeiss, Germany). The 

excitation/emission maxima used for SYTO® 9 stain was 480/500 nm, while that of 

propidium iodide was 490/635. Objective was set at 20X. The negative control wells 

were treated with 70% ethyl alcohol for 20 minutes. 

Image analysis for quantification of the dead bacterial cell percentages was 

determined using ImageJ software. Initially, channels were split into green and red, 

then each channel was converted to 8 bit. To estimate the number of dead cells, the 

‘Find Maxima’ function was applied along with adopting the ’Point Selection’ output. 

The ‘Noise Tolerance’ was adjusted so that all background staining is excluded, and 

only cellular foci are counted. Finally, the percentages of dead cells were calculated 

according to the following formulas: ‘Percentage of Dead Cells = (Dead Cells/Total Cell 

Number) X 100’ 
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2.3.5 Effects of hemin supplementation on bacterial viability in 
response to blue light 

 

For preparation of a stock solution of hemin, 0.45 g of hemin (Sigma-Aldrich®, USA) 

was dissolved in 18 ml of 1.4 M ammonium hydroxide (Fisher Scientific, UK) to give a 

concentration of 25 mg/ml. Stock solution was stored at 4°C until further use. Next, 

120 μl of the stock solution was added to 300 ml of BHI broth to achieve a final 

concentration of 0.01 g/L. The broth was autoclaved. 

Frozen stocks of S. mutans and E. faecalis were grown aerobically at 37°C on blood 

agar plates (Sigma-Aldrich®, USA) for 24 hours. A single representative colony was 

transferred to the BHI broth supplemented with 0.01 g/L hemin and incubated 

overnight. 

Overnight cultures were vortexed then centrifuged at 5,000 RPM for 5 minutes. 

Subsequently, the supernatant was removed and replaced with 10 ml of fresh PBS, 

vortexed and centrifuged again. The final step was repeated, before replacing the 

supernatant with 10 ml of fresh BHI broth without hemin. The resulting bacterial 

suspension was diluted to an OD of 0.1 (≃ 108 CFU/ml). 

Two-hundred-µl of the diluted culture was pipetted into three wells per plate (black- 

walled 96 well plate), two wells received irradiation and a control well received no light 

irradiation. Plates were then incubated for 24 hours, before a CFU assay (Miles and 

Misra method) [231] was performed and colony counts were undertaken after 24 

hours incubation. 
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2.3.6 Effects of application of 5-Aminolevulinic acid on bacterial 
susceptibility to blue light irradiation and flavin adenine 
dinucleotide levels 

 

Five-hundred mg of 5-ALA hydrochloride (Sigma-Aldrich®, USA) was dissolved in 10 ml 

sterile PBS to achieve an initial concentration of 50 mg/ml. This stock solution was 

further diluted to a concentration of 2 mg/ml (≃ 12 mM) and stored at -20°C until 

further use. 

Overnight cultures of S. mutans and E. faecalis were diluted according to the protocol 

previously described [see section 2.3.4]. One hundred µl of the diluted cultures (1.5 X 

108 CFU/ml) along with an additional 100 µl of the prepared ALA (2 mg/ml) were 

added to three wells per plate (black- walled 96 well plate [131] (two doses and a 

control receiving no light). The final ALA concentration was 1 mg/ml (≃ 6 mM). The 

plates were incubated aerobically at 37°C in the dark (foil wrapped). For each plate in 

this set of experiments, another plate was prepared where there was only a 100 µl of 

the diluted culture in three wells, two receiving light and one non-irradiated control. 

Following irradiation a CFU assay (Miles and Misra method) [231] was executed for all 

samples with colony counts performed after 24 hours. 

To quantify FAD levels, overnight cultures of S. mutans and E. faecalis were diluted 

according to the protocol previously described [see section 2.3.4]. 100 µl of the diluted 

cultures (1.5 X 108 CFU/ml) were transferred to Eppendorf tubes. Samples either 

received no or 100 µl of ALA (6 mM) before aerobic incubation (37°C) in the dark for 1 

hour. 
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To quantify FAD content, FAD Assay and Deproteinizing Preparation Kits (Abcam®, UK) 

were used according to manufacturer’s instructions. All FAD Assay kit reagents were 

stored at -20°C, while the Deporoteinizing kit materials were stored at room 

temperature. All reagents and samples were kept on ice during use. 

The FAD standard (1 nmol) was reconstituted in 100 µl of dimethyl sulfoxide to reach 

an initial concentration of 10 µM, then 10 µl of the reconstituted standard was further 

diluted in 490 µl assay buffer to reach a final concentration of 0.2 pM/µl. The FAD 

standard was further diluted using the assay buffer in a fresh 96-well plate to 

concentrations of 0.4, 0.8, 1.2, 1.6 and 2 pM of FAD per well. 

Samples were vortexed, centrifuged (IEC Centra CL2, Thermofisher Scientific, USA) at 

5,000 RPM for 5 minutes, the resulting pellet was washed with PBS, and then re-

suspended in 400 µl assay buffer and homogenized. Samples were centrifuged at 

10,000 RPM for 5 minutes at 4°C (accuSpin™ Micro 17 Microcentrifuge, ThermoFisher 

Scientific, USA) and the supernatant was transferred to fresh tubes. 

Subsequently, samples were deproteinized by mixing 150 µl of the cell lysate with 15 

µl of trichloroacetic acid, kept on ice for 15 minutes and then centrifuged at 12,000 

RPM for 5 minutes at 4°C. Finally, 10 µl of potassium hydroxide (30 weight %) was 

added to neutralize the samples and samples were vented on ice for 5 minutes. 

FAD concentrations (pM) were calculated using an OxiRed colorimetric assay 

undertaken in fresh 96-well plates.  A master mix for the reaction mix was prepared 

containing 46 µl assay buffer, 2 µl OxiRed Probe and 2 µl Enzyme mix per 

sample/standard. 50 µl of the reaction mix was pipetted into each assigned well before 

adding 50 µl of the samples and the FAD standards. 
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Absorbance was read at 570 nm using the Spark® micro-plate reader (Tecan©, 

Switzerland) every 5 minutes and the maximum linear readings were recorded for each 

sample/standard.  
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2.4 Blue light irradiation of human dental pulp cells 

2.4.1 Cell culture 

Human DPCs (BCHC Ref.: BCHCDent334.1533.TB) - were retrieved from archive stocks 

(-80°C). Cells were previously harvested from caries-free wisdom teeth according to a 

previously published protocol [232].  

Cells were maintained and expanded in MEM with no phneol (Gibco, ThermoFisher 

Scientific, USA) supplemented with 10% fetal bovine serum (FBS), 1% penicillin-

streptomycin and 1% L-Glutamine (Sigma-Aldrich®, USA). 7 ml sterile penicillin-

streptomycin and L-Glutamine were added to 500 ml of MEM, afterwards, 45 ml of 

that MEM were mixed with 5 ml FBS in 50 ml falcon tubes for further use. Media was 

stored at 4°C. 

For preparation of mineralisation-inducing media, the MEM containing 10% FBS was 

supplemented with 0.2 mM ascorbic acid, 10 mM beta-glycerophosphate and 100 nM 

dexamethasone (Sigma-Aldrich®, USA) [76]. 0.108 g beta-glycerophosphate and 0.0029 

g ascorbic acid were weighed in bijou containers, dissolved in sterile MEM (10% FBS), 

then filtered into 50 ml falcon tubes (MEM (10% FBS)) using an 0.22 μm filter (Millex-

GP, Merck, Germany) and a 5 ml syringe (Terumo, Belgium). For dexamethasone, 0.098 

g was dissolved in 50 ml 100% ethanol, filter-sterilised into fresh tubes after which 1 μL 

was added into 50 ml falcon tubes containing MEM (10% FBS).  

Cryovials containing DPCs were thawed using a heating block (Dri-Block® Db.2A, 

Techne®, UK) at 37°C, before adding the contents to 3 ml fresh media. Cells were 

centrifuged at 1,000 RPM for 3 minutes (Hettich® Universal 320 R, Hettich zentrifugen, 

Germany), after which the supernatant was discarded and the pellet was re-suspended 
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in 2 ml fresh media. Cells were then added to either a T25 (containing 4 ml media) or a 

T75 (10 ml media) flask (Nunc™, ThermoFisher Scientific, USA) and incubated at 37°C in 

5% CO2 (Heracell™ 150i, ThermoFisher Scientific, USA).  Cultures were visually 

inspected daily using light miscroscopy (Primo Vert, Carl Zeiss, Germany) and media 

was changed twice per week until cultures were 70-100% confluent [see Figure 9]. 

 

 

Figure 9: Phase contrast microscopy (Primo Vert, Carl Zeiss, Germany) images of human DPCs 
captures (a) 24 hours culture after cell thawing and (b) at confluence. Cells were grown in 5% 
CO2 at 37°C. Images were obtained at an objective of 10X.  
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2.4.2 Cell seeding for biological assays 

Confluent cell monolayers were washed with sterile PBS (no calcium or magnesium) 

(Gibco, ThermoFisher Scientific, USA) then 0.05% trypsin (Sigma-Aldrich®, USA) was 

added and flasks were incubated at 37°C for a further 1-2 minutes to allow cells to 

detach. Freshly heated media was then added to de-activate the trypsin. If operating 

with cells in a T25 flask, volumes used were 3 ml PBS, 1 ml trypsin and 3 ml media. As 

for T75 flask, volumes used were 5 ml PBS, 3 ml trypsin and 5 ml media.  

Cells were pipetted into a 15 ml falcon tube and centrifuged at 1,000 RPM for 3 

minutes, after which the supernatant was discarded and the cell pellet re-suspended in 

2 ml fresh non-mineralising media. Afterwards, 10 μL of the cell suspension was mixed 

with 40 μL of 0.4% trypan blue solution (Sigma-Aldrich®, USA) in an Eppendorf tube for 

cell counting. 10 μL of the mix was loaded into a hemacytometer (Bright-Line™, 

Reichert Technologies®, USA) - beneath a glass coverslip. Cells on the four corner 

squares of the hemacytometer were counted, and the average number of cells per ml 

was calculated based on the formula ‘Average number of cells X 5 X 10,000’. 

Cells were seeded at a density of 10,000 cells/ml using the formula: ‘C1 X V1=C2 X V2’, 

where C1 is the desired number of cells/ml/well multiplied by the number of wells, C2 

is the obtained number of cells/ml in each flask, V1 is the volume of the final diluted 

sample in fresh media and V2 is the transfer volume from the cell suspension. After 

preparing a master mix, 200 μL was pipetted into each well in a black-walled 96 well 

plate, and cells were incubated at 37°C in 5% CO2 for 48 hours to allow initial cell 

attachment to the cultureware. After 48 hours, media (200 μL) was changed with 

mineralisation-inducing media and blue light irradiation was delivered. For all assays, 
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light was administrated at an irradiance of 57.7 mw/cm2 for 35, 69, 90 or 104 seconds, 

respectively, delivering light doses of 2, 4, 5 and 6 J/cm2. However, for the polymerase 

chain reaction (PCR) assay, only 2 and 4 J/cm2 exposures were investigated. Control 

wells received no light exposure. 

For the viability (Alamar blue), proliferation (BrdU), ALP and DMP1 assays (described 

below), cells either received one (day 1) or two irradiations (days 1 and 3). Viability and 

proliferation were investigated 24 hours post initial irradiation (day 2 for cells receiving 

one exposure) as well as 72 hours post initial irradiation (day 4 for cells receiving two 

exposures). ALP and DMP1 levels were investigated at day 3 (one exposure) and day 5 

(two exposures).  

For the PCR and mineralised nodules assays, cells were exposed to 405 nm blue light 

on alternate days for 5 days (i.e. 3 irradiations at days 1, 3 and 5). OCN expression was 

investigated on day 7, while the mineralized nodules formation was determined at 7, 

14 and 21 days. The effect of extended light irradiation (every other day beyond the 

initial 3 irradiations) on mineralized nodules formation was also investigated for the 

full duration of the 14 (6 irradiations) and 21 days (9 irradiations) time points. Media 

was changed twice a week.  

All experiments were carried out in mineralisation-inducing media as described in 

section 2.4.1. All experiments were carried out using cells at passages between 4 and 

8. Experiments were repeated three times (biological replicates) in duplicate (technical 

replicates) except for the PCR assay. For PCR analyses, experiments were repeated 

three times in triplicate, the RNA was collected from 3 samples (per group in each 

repeat) and pooled to produce a single sample.  
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2.4.3 Biological assays 

2.4.3.1 Alamar blue assay 

The effect of blue light on DPCs growth was detected using the Alamar blue assay. A 

stock solution of Invitrogen™ Resazurin (ThermoFisher Scientific, USA) was prepared 

by dissolving 0.015 g in 15 ml PBS, which was subsequently filter sterilised and stored 

at 4°C in the dark until further use. To prepare 10 % Alamar blue solution, 1 ml was 

mixed with 9 ml MEM (10% FBS). 

Media was gently aspirated from each well, 200 μL of the 10 % Alamar blue solution 

was pipetted in, and plates were incubated at 37°C in 5% CO2 (Heracell™ 150i, 

ThermoFisher Scientific, USA) for 4 hours wrapped in foil. Absorbance of the samples 

was measured using the ELx800™ microplate Reader (BioTek™, USA) at both 

wavelengths 570 and 600 nm. Cell growth was calculated as a percentage difference in 

Alamar blue dye reduction between irradiated and control cells applying the formula 

‘Percentage reduction of Alamar blue= [(O2 X A1) – (O1 X A2)] / [(O2 X P1) – (O1 X P2)] 

X 100’  where: 

O1 is the molar extinction coefficient (E) of oxidized Alamar blue at 570 nm (80586). 

O2 is the E of oxidized Alamar blue at 600 nm (117216). 

A1 is the absorbance of irradiated samples at 570 nm. 

A2 is the absorbance of irradiated samples at 600 nm. 

P1 is the absorbance of the control wells at 570 nm. 

P2 is the absorbance of the control wells at 600 nm. 
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2.4.3.2 Proliferation (BrdU) assay 

The BrdU Cell Proliferation ELISA Kit (Abcam®, UK) was used according to the 

manufacturer’s instructions. The wash buffer was diluted 50-fold by adding 40 ml to 

1,960 ml of distilled water (E-POD®, Millitrack®, Germany), while the BrdU reagent was 

diluted 500-fold by mixing 6 μL of the reagent with 3 ml of fresh culture media. For the 

peroxidase anti-mouse IgG conjugate, it was diluted 2,000-fold by adding 6 μL to 12 ml 

of the conjugate diluent. All materials were stored at -20°C until further use. 

40 μL of the media containing the BrdU reagent was added immediately following light 

irradiation either on day 1 or day 3, and the plates were incubated for 24 hours at 

37°C. The media was then discarded, replaced with 200 μL of fixing solution and the 

cells were incubated for 30 minutes at room temperature. After discarding the fixing 

solution, each well was washed three times using 300 μL wash buffer and the plates 

were blotted dry on paper towels. Subsequently, 100 μL of the anti-BrdU monoclonal 

detector antibody was added to each well and incubated for 1 hour at room 

temperature. Plates were washed three times, blotted dry, and 100 μL of the 

peroxidase anti-mouse IgG conjugate was added to the cells and incubated for 30 

minutes at room temperature. Afterwards, the plates were washed/dried as described 

previously, they then received a final wash using distilled water. Afterwards, 100 μL of 

tetramethylbenzidine (TMB) peroxidase substrate was pipetted into each well and 

incubated for 30 minutes at room temperature in the dark – wrapped in aluminium 

foil. Finally, 100 μL of stop solution was added and the OD was read using the 

microplate reader (ELx800™ Microplate Reader, BioTek™, USA) at 450 nm. 
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2.4.3.3 Alkaline phosphatase assay  

The ALP assay Kit (Abcam®, UK) was used according to the manufacturer’s instructions. 

The protocol uses p-nitrophenylphosphate (pNPP) as an ALP substrate. The ALP 

enzyme was reconstituted using 1 ml assay buffer; and for plotting the standard curve, 

the pNPP (5 mM) was diluted to concentrations of 4, 8, 12, 16 and 20 nM. The assay 

buffer and stop solution were stored at -20°C, while the pNPP and ALP enzyme were 

stored at 4°C. 

 Cells were washed once with PBS, then 80 μL of assay buffer was added to each well. 

For homogenization, cells were scraped from the bottom of the wells using a sterile 

needle (BD Microlance™ Stainless Steel Needles, Fisher Scientific, UK) – 0.9 mm in 

diameter and 20 G gauge. The samples were transferred to Eppendorf tubes and 

centrifuged (accuSpin™ Micro 17 Microcentrifuge, ThermoFisher Scientific, USA) at 

13,000 RPM for 15 minutes at 4°C, then samples were placed on ice for 5 minutes 

before transferring to a fresh 96-well plate and 50 μL of pNPP (5mM) was added to 

each sample. 10 μL of the ALP enzyme was added to each diluted pNPP standard well 

and the plate was incubated for one hour in the dark – wrapped in foil at room 

temperature.  

The reaction was stopped by adding 20 μL of the stop solution (3 N sodium hydroxide) 

and the OD of the samples was measured at an absorbance of 405 nm. ALP activity 

was calculated according to the formula: ‘ALP activity = B/ ΔT’, where ‘B’ is the amount 

of pNPP in μM and ‘ΔT’ is the reaction time in minutes. Afterwards, values were 

relativized to the control (non-irradiated) wells in each plate. 
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2.4.3.4 Dentine matrix protein-1 assay 

Human DMP-1 DuoSet ELISA and DuoSet ELISA Ancillary Reagent Kit 2 (R & D systems©, 

USA) were used. High-binding flat bottom 96-well plates and plate sealers were 

provided. The wash buffer concentrate was diluted to 4%, while the reagent diluent 

(bovine serum albumin (BSA)) was diluted to 1% using distilled water. The capture 

antibody (720 μg) was reconstituted with 1 ml PBS. The detection antibody (180 μg) 

and the DMP1 standard were reconstituted with 1 and 0.5 ml BSA, respectively. 

Substrate Streptavidin horseradish peroxidase (HRP) was diluted 200-fold in 1% BSA. 

All reagents were aliquoted and stored at -80°C, except the Streptavidin HRP and the 

colour reagents (H2O2 and TMB) which were stored at 4°C until further use. Before 

each assay, reagents were diluted to their working concentrations using 1% BSA. 25 μl 

of each of the capture and the detection antibodies was mixed with 4.5 ml of 1% BSA 

to achieve a final concentrations of 1 and 4 μg/ml, respectively. The substrate solution 

was prepared by adding 1:1 volumes (2.5 ml) from each colour reagent.  For the 

standard curve, 150 μl of the reconstituted standard (10,000 pg/ml) was the start point 

of seven point 2-fold serial dilutions in fresh Eppendorf tubes – to achieve up to 156 

pg/ml. 

All assay incubations were carried out with sealed plates at room temperature. 24 

hours before the intended detection time, 96-well plates were coated with 100 μL of 

the capture antibody and incubated. Each well was then washed three times and 

blotted dry as described previously [see section 2.4.3.2], and the wells were blocked 

by adding 100 μL 1% BSA and incubated for 1 hour. Subsequently, the 1% BSA was 

discarded, wells washed and 100 μL of samples supernatants /standards were 
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incubated for 2 hours.  After washing the plates, 100 μL of the detection antibody was 

added, incubated for a further 2 hours, re-washed and 100 μL of Streptavidin HRP 

added prior to incubation for 20 minutes in the dark. 

Following a final wash, 100 μL of substrate solution was added to each well and 

incubated for 20 minutes in the dark and finally 50 μL of the stop solution (2 N 

sulphuric acid) was added. OD (450 nm) of the samples was measured using a 

microplate reader (ELx800™ Microplate Reader, BioTek™, USA). DMP1 levels (pg/ml) 

were retrieved from the calibration curve then values were relativized to the control 

(non-irradiated) wells in each plate. 

 

2.4.3.5 Mineralised nodule formation / Alizarin red assay 

Cultures were washed twice with PBS, fixed with 10% neutral buffered formalin 

(Sigma-Aldrich®, USA), re-washed and incubated with 200 µl alizarin red stain solution 

(Sigma-Aldrich®, USA) with gentle agitation (DENLEY orbital mixer) for 30 minutes at 

room temperature . Afterwards, cells were washed 3-6 times until all excess stain was 

removed. Images were captured at an objective of 10X using an inverted phase 

contrast light microscope (Eclipse TE300, Nikon, Japan) along with a digital camera 

(D5100, Nikon, Japan). 

To extract the stain for quantitative data, 200 µl 10% acetic acid (Sigma-Aldrich®, USA) 

were added to each well and the plates were incubated at room temperature with 

gentle agitation. Using a 20 G gauge sterile needle (BD Microlance™ Stainless Steel 

Needles, Fisher Scientific, UK), cells were removed by scraping from the bottom of the 

wells then the cells along with the acetic acid were transferred to Eppendorf tubes. 
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Cells were heated in a water bath (85°C) using  a hot plate (Isotemp™, Fisher Scientific, 

UK) for 10 minutes, transferred to ice for 5 minutes and centrifuged at 14,000 RPM for 

15 minutes (Jouan, UK). Subsequently, the supernatants were transferred to fresh 

Eppendorf tubes and the pH was neutralized by adding 75 µl 10% ammonium 

hydroxide (Sigma-Aldrich®, USA). All samples were transferred to a fresh 96 well plate 

and the OD was read at 405 nm (ELx800™ Microplate Reader-BioTek™, USA). A 

calibration curve using a range of concentrations of alizarin red (0.47-30 µM) - in a 

dilution buffer- was generated to quantify the amounts of the stain present within 

each sample (µM). 

 

2.4.3.6 Semi-quantitative polymerase chain reaction analysis of Osteocalcin 
mRNA expression 

 

Cell lysis and RNA extraction was performed using the RNeasy® Mini kit (Qiagen, 

Germany). To prepare 70% ethanol, 35 ml of molecular biology grade ethanol (Fisher 

Scientific, UK) were added to 15 ml of molecular biology grade water (Invitrogen™ 

UltraPure™ DNase/RNase-Free Distilled Water, Fisher Scientific, UK) in sterile falcon 

tubes. To prepare the working solution of the RPE buffer, 44 ml of 70% ethanol were 

added to the stock solution provided. The entire protocol was carried out on ice. All 

kits and reagents were stored at -20°C, except for the RNA extraction kit which was 

stored at room temperature. 

Cells were washed twice with sterile PBS then 350 µl of the lysis buffer was added to 

each well. Cells were scraped from the bottom of the wells using a 20 G sterile needle 

and then transferred to sterile spin columns – in collection tubes. Subsequently, 350 µl 
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of 70% ethanol was added to each sample, centrifuged for 30 seconds at 10,000 RPM 

(Centrifuge 5425 D, Eppendorf, UK) and the flow-through was discarded from the 

collection tubes. 350 µl of RW1 buffer was then added to the samples, centrifuged (30 

seconds, 10,000 RPM) and the flow-through discarded.  

For DNA digestion, the On-Column DNase I Digestion Set (Sigma-Aldrich®, USA) was 

used. A master mix was prepared in sterile Eppendorf tubes, which included 70 µl 

digest buffer and 10 µl DNase deoxyribonuclease I per sample. 80 µl of the master mix 

was added to each sample and left to incubate on ice for 15 minutes, after which 350 

µl RW1 buffer was added and the spin columns were centrifuged (30 seconds, 10,000 

RPM) and the flow-through discarded.  

500 µl of the RPE buffer was added to each sample, centrifuged (30 seconds, 10,000 

RPM) and the flow-through discarded. This process was repeated; however, samples 

were centrifuged for 2 minutes at 10,000 RPM. Spin columns were placed in fresh 

collection tubes and centrifuged for 1 minute at 13,200 RPM. Columns were placed in 

sterile Eppendorf tubes, and 30 µl of DNase/RNase-free water was added to each 

sample before centrifuging for 1 minute at 10,000 RPM. Finally, the eluted RNA from 

each group (represented by triplicate samples) was collected in a sterile Eppendorf 

tube.  

For detection of RNA purity, a Genova Plus Life Science spectrophotometer (Jenway, 

UK) was used. 2 µl of DNase/RNase-free water were added to the detector to blank the 

spectrometer, before adding 2 µl of the extracted RNA and the 260/280 absorbance 

ratio was recorded. Samples which only recorded a ratio of 1.8-2 were included. 

Samples were stored at -80°C until further use. 
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To prepare complementary DNA (cDNA), the bioline tetro cDNA synthesis Kit (meridian 

BIoscience ™, USA) was used. A master mix was prepared containing the following 

concentrations per sample: 1 µl Oligo deoxythymine, 1 µl deoxyribose nucleotide 

triphosphate mix, 4 µl reverse transcriptase buffer, 1 µl RNase inhibitor and 1 µl 

reverse transcriptase. In sterile 0.2 ml PCR tubes, 8 µl from the master mix was mixed 

with 19 µl of the extracted RNA and 1 µl of DNase/RNase-free water. Afterwards, the 

reaction was initiated by incubating the samples at 45°C for 60 minutes (Applied 

Biosystems’ GeneAmp™ PCR System 2700, Biocompare, USA), and the reaction was 

terminated by further incubation at 85°C for 5 minutes. 40 µl of DNase/RNase-free 

water were added and samples were stored at -20°C until further use. 

For preparation of the primer master mix, volumes used per sample were 60 µl of 

DNase/RNase-free water, 10 µl of the forward primer and 10 µl of the reverse primer. 

As for the PCR master mix, the Redtaq® ReadyMix™ PCR Reaction Mix (Sigma-Aldrich®, 

USA) was used, containing 12.5 µl REDTaq, 9.5 µl DNase/RNase-free water and 2 µl of 

the primers master mix. The forward primer sequence for OCN was 

‘GGCAGCGAGGTAGTGAAGAG’, while the reverse was ‘CTGGAGAGGAGCAGAACTGG’. 

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a housekeeping 

gene; forward primer sequence was ‘CTCCTGTTCGACAGTCAG’ while reverse’s 

sequence was ‘GCCCAATACGACCAAATC’. Primers were purchased from (Sigma-

Aldrich®, USA). Subsequently, 1.5 µl of cDNA was added to 24 µl of the PCR master mix 

in fresh sterile 0.2 ml PCR tubes and thermocycled for 27 cycles. 6 µl was removed 

from each sample and stored on ice, before thermocycling the remainder for a further 

3-6 cycles. For the first 27 cycles, DNA denaturation was performed at 94°C for 5 
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minutes followed by 20 seconds extension, while annealing was undertaken at 60.5°C 

for 20 seconds then 68°C for another 20 seconds. A final extension was carried out at 

72°C for 10 minutes. Further thermocycling of the samples was undertaken using the 

same settings, except for the first and last steps - denaturation (94°C) and extension 

(72°C) - which were done for only 1 minute. 

To prepare a 1.5% agarose gel, 0.9 g of agarose powder (meridian Bioscience™, USA) 

was added to 60 ml 1X Tris-acetate-EDTA buffer (ThermoFisher Scientific, USA), and 

microwaved for 2 minutes. After cooling down under tap water for 10 seconds, 5 µl of 

SYBR® Safe DNA gel stain (Sigma-Aldrich®, USA) was added to the mix and poured onto 

a casting tray with a comb inserted to create loading wells. Samples were loaded into 

the gel which was then placed in an electrophoresis tank (Fisherbrand™ Midi Plus 

Horizontal Gel System, Fisher Scientific, UK), and underwent electrophoresis (120 V / 

40 mA) for 30 minutes using a VWR® power source (Avantor®, USA). The gel was 

viewed using UV light (G-box HR, Syngene, UK), and images were taken by GeneSnap 

software (Syngene, UK). Quantification of the bands fluorescence intensity was 

analysed using GeneTools software (Syngene, UK). Expression values were normalized 

to GAPDH, then values were relativized to the non-irradiated controls. 
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2.5 Statistical analysis 

Light transmission through dentine and tubule quantification data were analysed using 

one-way ANOVA for comparisons of more than two groups. Tukey’s post hoc test was 

applied for pairwise comparisons. For antimicrobial and PBM data, the Kruskal-

Wallis test was used to determine significant differences between groups. The 

Bonferroni test was applied for pairwise comparisons. The significance value was set at 

p ≤ 0.05. Data were analyzed using SPSS 17 (IBM®, USA). 
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Chapter 3: Results 

Blue light has been reported to have the highest absorption and lowest penetration 

through dentine [89-91]. The 405 nm wavelength has previously been shown to have 

antibacterial activity against S. mutans [45-47],[134] as well as an ability to enhance 

the mineralisation processes of MSCs [74-78]. Based on this information, the current 

investigations were performed.  

To estimate the blue light irradiance delivered to either the cariogenic bacteria 

residing within the dentinal tubules or the DPCs during different clinical applications, 

405 nm wavelength transmission through dentine was characterised. Analyses were 

performed using dentine sectioned occlusally, obliquely and buccally at three different 

thicknesses; 1, 2 and 3 mm. The percentage of light transmitted was calculated with 

reference to an initial characterisation of the light source in atmospheric air. The 405 

nm light source was characterised prior to each irradiation experimental set-up for 

both bacterial and cell cultures to determine the light irradiance and doses delivered.  

Subsequently, the effects of blue light were investigated on cariogenic bacterial 

growth and viability. The susceptibility of bacteria to light after supplementation with 

hemin and ALA, as well as the effect of ALA on the bacteria’s FAD levels were also 

studied. Finally, the effects at relatively lower doses of 405 nm blue light on human 

DPCs proliferation and odontoblastic differentiation were investigated. 

Results showed that both dentinal tubule orientation and density have a significant 

effect on 405 nm blue light transmission. Additionally, 405 nm blue light inhibits the 

growth of S. mutans and E. facalis lawn biofilms, as well as exerts a killing effect on 
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bacteria grown in planktonic cultures and in 4 day mature biofilms. The susceptibility 

of bacteria to blue light was affected by its redox state through supplementation with 

hemin and ALA indicating the photochemical – oxidative stress mediated – mechanism 

of inhibition. Moreover, at relatively low doses, 405 nm blue light inhibited the 

proliferation but potentially enhanced the mineralisation potential of human DPCs. 
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3.1 Characterisation of the light source 

3.1.1 Characterisation of blue light in atmospheric air 

To determine the percentage of light transmitted through dentine sections with 

different thicknesses, characterisation of the light source was carried out initially by 

measuring the absolute irradiance at 1, 2 and 3 mm distance between the light source 

from above and the spectrophotometer sensor below [see Section 2.1.2]. The light 

source was operated at 20 regular interval power outputs of between 5 - 100 % [see 

Figure 10]. Irradiance slightly decreased as the distance between the light source and 

the detector increased; however, there was no significant differences in irradiance at 

any power output used. 
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Figure 10: Scatter graphs showing mean irradiance (n=3) recorded relative the operating 
power percentages of the light source at 1 (a), 2 (b) and 3 (c) mm distance between the light 
source and the sensor in atmospheric air. A linear regression curve fit was applied. The fitting 
formula is used to estimate the operating power percentage of the light source based on the 
desired incident irradiance.  
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3.1.2 Characterisation of light irradiation for use in bacterial and human 
cell cultures 

To enable selection of the irradiance assigned for each specific dose when irradiating 

bacterial and cell cultures, the light source was characterised for each irradiation set-

up. Bacterial lawns were grown on BHI agar, while planktonic cultures, biofilms and 

DPCs experiments were performed in 96-well plates [see Section 2.2.1 & Figure 8]. The 

light source was operated at 6 increasing power outputs of between 10 - 60 % [see 

Figure 11]. Comapred with direct contact, there was a slight decrease in irradiance as 

the light source was positioned at 5 mm from the underside of the agar plate. 

However, these values markedly increased when positioning the light source in direct 

contact with the 96-well plate base. To select the light source’s operating power 

output, the desired irradiance was calculated from each calibration curved obtained. 

Subsequently, the light dose was calculated based on the formula ‘Dose (J/cm2) = 

Irradiance (mW/cm2) X Time (seconds).’ 
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Figure 11: Scatter graphs showing mean irradiance recorded relative to the operating power 
percentages of the light source when the light source was in contact with the agar plate base 
(a) or at 5 mm from agar plate base (b), as well as contacting the base of a well in a 96 well 
plate (c) (n=3). A linear curve fit was applied. 
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3.1.3 Media absorption and temperature measurements 

3.1.3.1 Media absorption 

For the bacterial cultures, the amount of blue light transmitted to the upper surface of 

the BHI agar was 67.9 % ± 2 when irradiating the plate at a 5 mm distance. These data 

indicated that the percentage of blue light absorbed / scattered before reaching the 

agar surface was 32.1 %. The percentage of light transmitted through the BHI broth 

was calculated to be 29.4 % ± 0.2. Therefore, the amount of light absorbed in the broth 

was 70.6 %. The percentage of light transmitted through the MEM cell culture media 

was 74 % ± 1.5, indicating the percentage of blue light absorbed in the MEM was 26 %. 

3.1.3.2 Temperature measurements 

Temperature elevation in the bacterial cultures was consistently directly related to the 

power/ irradiance setting administrated regardless of either the duration of exposure 

or the eventual dose. Once the irradiation commenced, temperatures increased until a 

stationery plateau phase was reached. The room temperature was between 19-22°C. 

The highest temperature reached at the BHI agar surface was 31.18°C, and 37.99°C for 

the BHI broth [see Figure 12]. Both temperatures are within the normal range of 

growth for both S. mutans and E. faecalis [233],[234].  

The irradiance parameter used for DPCs studies was considerably lower than those 

used to irradiate the bacterial cultures. The irradiation times were also relatively 

shorter. Accordingly, there was no elevation in the MEM temperature.  The 

temperature of the MEM cell culture media began decreasing once the 96-well plates 

were removed from the incubator, the average temperature decrease over 104 
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seconds (maximum irradiation time) was 7.22°C. There was no significant difference in 

the temperature decrease between the non-irradiated control and the irradiated 

samples [see Figure 13].   

Figure 12: Scatter graphs showing average temperatures reached (n=3) corresponding to each 
irradiance applied throughout the photodisinfection studies. Irradiance settings used on agar 
(a) were 122,152,172,191 and 254 mW/cm2. Irradiance settings for broth cultures (b) were 
277, 338, 378, 418 and 539 mW/cm2. A linear curve fit was applied.  
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Figure 13: Mean temperature change (ΔT) (n=3) measured in both the irradiated (57.7 
mW/cm2) and non-irradiated controls at different time points; 35, 69, 90 and 104 seconds. 
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3.2 Effect of dentinal tubule orientation and density on 405 nm   
blue light transmission  

 

3.2.1 Dentine orientation and thickness 

To determine the percentage of light transmitted through different dentine specimens, 

the absolute irradiance was measured in each dentine specimen aligned vertically 

between the light source and the sensor (pulpal side downwards) [refer to Section 

2.1.2 and Figure 7]. The light source was operated at 10 gradual power outputs of 

between 10-100% and was initially characterised in atmospheric air [see Figure 14]. 

Results indicated that light transmission decreased as dentine thickness increased at 

all orientations. The percentage of light transmitted through 1 mm dentine in all 

sections (occlusal, oblique, buccal) was significant compared with both the 2 and 3 mm 

dentine specimens (P<0.001). The amount of light transmitted through either occlusal 

or oblique sections was consistently greater than the amount of light transmitted 

through buccal sections at all three thicknesses studied [see Figure 15]. 

No significant differences were found between occlusal and oblique dentine in terms 

of light transmission in the thicknesses tested. In the 1 and 3 mm dentine sections, 

light transmission in occlusal sections was significantly greater than in buccal dentine 

sections (P=0.033 and P=0.040, respectively). In 2 mm dentine sections, although light 

transmitted in the occlusal and oblique sections was higher than in buccal sections, 

there was no significant difference between all three groups analyzed. It is notable 

that the percentage of light transmitted through each specimen was not significantly 

different regardless of the light source’s power output.  
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Figure 14: Scatter graphs representing mean irradiance transmitted through 1 (a), 2 (b) and 3 
(c) mm occlusal, oblique and buccal dentine sections in relation to the initial irradiances 
recorded at 1, 2 and 3 mm distance between the light source and the sensor in atmospheric air 
(n=5). A linear regression curve fit was applied. The formula is used to estimate the irradiance 
of the transmitted light on the pulpal side of dentine based on the incident irradiance. 
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Figure 15: (a) Bar chart showing light transmission percentages through occlusal, oblique and 
buccal dentine at 3 separate tissue thicknesses (n=5) (mean +/- SD). Significance level set at P ≤ 
0.05. Similar symbols show statistically significant differences in percentage of light 
transmission. (¥ and Ω P<0.001), (* and # P<0.05). (b) SEM images of buccal dentine sections at 
the locations where a change of orientation in tubular direction occurs. The tubules are not 
circular and are elongated, which occludes the light beam, limiting transmission. 
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3.2.2 Dentinal tubule density 

Dentinal tubule quantification data revealed that occlusal and oblique sectioned 

dentine had the highest tubular density in comparison with the buccal dentine. These 

data correlate directly with the light transmission results where the higher tubular 

density encountered through the occlusal and oblique sections yielded higher 

percentages of light transmission. This was in comparison with the buccal sections 

which exhibited a lower dentinal tubular density. There was no significant differences 

between any outer and inner counts within the same section. Yet, both the inner 

occlusal and oblique counts were significantly higher than the inner buccal counts 

(P=0.024 and P=0.004, respectively) [see Figure 16]. 
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Figure 16: (a) Representative SEM images of outer (DEJ) and inner (pulp) dentine sections from 
each group; occlusal, oblique and buccal. These Images were used to quantify the dentinal 
tubules. (b) Bar chart showing the tubular density through occlusal, oblique and buccal dentine 
(n=5) (mean +/- SD). Significance level set at P ≤ 0.05. Similar symbols indicate statistically 
significant differences (* and # P<0.05).  
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3.2.3 Discussion 

Results of the current study indicated that the dentinal tubule orientation played a 

major role in the transmission of the 405 nm light, since the percentage of light 

transmitted through cross-sectional dissected occlusal and oblique dentine was always 

significantly higher than light transmitted through longitudinally dissected buccal 

dentine. Light was transmitted more readily along the tubules in cross-cut specimens, 

other than occluding perpendicular to the tubules in deeper layers of buccal dentine 

[see Figure 15]. Fried et al. confirmed that if light is delivered perpendicular and not 

along the path of the tubules, it will penetrate ~100 microns then degrades due the 

sigmoid pathway of the tubules. Dentine has birefringence and bi-refractive 

properties, meaning it exhibits two refractive indices, one due to the hydroxyapatite 

and the other due to the dentinal tubules structure [51]. Notably, the S- shaped 

curvatures of the dentinal tubules are less prominent beneath the cusps [103].  

If dentine is dissected at an angle greater than 45 degrees to the tubules, minimal to 

no light reflection may occur and light will be scattered in the forward half space. 

These findings indicate that the scattering coefficient of highly scattering dentine is 

zero. In cross-cut dentine, there is a relatively small angle between incident light and 

dentinal tubules, and so light propagates along the tubular direction as a result of 

multiple scattering events by collagen fibrils [58]. Hariri et al. obtained similar results 

confirming that the refractive index of cross-cut dentine is less than dentine cut either 

obliquely or longitudinally. In longitudinal and oblique dissections, hydroxyapatite 

crystals along with collagen are responsible for light propagation [52]. Light propagates 
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along the cross-cut tubules; however, occludes along longitudinally-cut tubules [see 

Figure 15(b)].  

Although in the present study the percentage of light transmission through 1 and 3 

mm occlusal sections was higher than both oblique and buccal sections, in 2 mm 

dentine, oblique dentine permitted the highest light transmission (3.1%). However, 

this percentage was slightly higher than occlusal dentine (2.9%). It is notable that the 

average counts of the dentinal tubules obtained in the current investigation conforms 

to the light transmission results obtained, especially observed through 2 mm dentine 

specimens. The inner oblique tubular density was higher compared with the inner 

occlusal dentine. This occurred most likely due to the fact that pulp horns are in closer 

proximity to the outer tooth surface in oblique cut section. This would result in 

specimens - closer to the pulp - with a higher tubular density and wider tubules [57] 

compared with the occlusal cut section. 

As the teeth used in this study were extracted teeth from a cross-section of the 

population, standard deviations throughout the data obtained could potentially be due 

to heterogeneity in tooth structure [52]. Age is also an influential factor, as younger 

teeth would have wider tubules and therefore more scattering [58]. Type I dentine is 

more frequent in younger individuals while type II dentine is more prevalent in older 

individuals [112]. Furthermore, odontoblasts deposit secondary dentine at a 

significantly slower rate after tooth eruption and throughout life [235]. Variations in 

optical properties could occur at different zones as a result of of sclerotic dentine 

deposition [123]. It is also important to take into account that the optical 

characteristics of dentine can change with tooth type [59]. Additionally, optical 
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properties will most likely fluctuate if the dentine’s physical condition change. Arends 

et al. measured the diameter of dentinal tubules in wet or air-dried dentine specimens 

in sound and demineralized dentine. Wetting did not affect sound dentine but led to 

an increase in demineralized dentine tubule diameter; however, this diminished as 

demineralisation proceeded as a result of the cariogenic bacteria’s acid dissolving 

inter-tubular and peri-tubular dentine. Drying led to an enlargement of tubule 

diameter as drying time gets longer through both sound and demineralized dentine 

[236]. Uusitalo et al. conducted similar wetting and drying investigations; however, 

they assessed light curing unit transmittance at 455 nm under both conditions. They 

also added a third condition of EDTA etching. Light irradiance was lower in dentine 

compared with enamel, indicating that dentine attenuates more light. As the thickness 

of dentine and enamel increases the transmittance decreased. Moist dentine and 

enamel attenuated less light (i.e. transmitted more light). EDTA treatment increased 

the irradiance of transmitted light in dentine samples [237]. In contrast, Turrioni et al. 

reported that EDTA treatment had no effect on trans-dentine light propagation [238]. 
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3.3 Effects of blue light on cariogenic bacteria  

3.3.1 Growth and viability 

3.3.1.1 Zones of growth inhibition in bacterial biofilm lawns 

Initial results for S. mutans lawns which were irradiated with the light source in direct 

contact with the underside of the agar plate indicated that the light treatment 

inhibited their growth. This was demonstrated as a ZOI and there was evidence of a 

gradual dose-response relationship. The ZOI produced by a 405 nm light at a dose of 

590 J/cm2 was significantly larger than doses of 84 and 147 J/cm2 (P=0.05). However, 

there was no significant difference between any of the other irradiation doses (200, 

358, 443 or 590 J/cm2) applied using this experimental set-up [see Figure 17].  

Figure 17: Scatter graph showing the effect of six increasing doses of 405 nm light irradiation 
on S. mutans lawns, when the light source was in contact with the agar plate base (mean +/- 
SD, n=3). Doses administered were 84, 147, 200, 358, 443 and 590 J/cm2. An asterisk show 
statistically significant differences in ZOI diameters (* P=0.05). Significance level was set at P ≤ 
0.05. A linear curve fit was applied, showing the direct dose-response relationship between 
the irradiation dose and ZOI diameteres. 
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To better represent the use of light in a cavity where direct application to the base or 

axial wall of a cavity would not be possible, further irradiation of bacterial lawns was 

carried out at 5 mm distance from the underside of the agar plate. With regards to 

results for both S. mutans and E. faecalis cultures irradiated at a 5 mm distance, data 

showed that 405 nm light irradiation produced a wider ZOI on S. mutans – compared 

to E. faecalis lawns - at all doses investigated. There was no significant differences in 

ZOI diameter with the range of doses investigated for either of the bacteria used 

between the (IT/DP) and the (IP/DT) mode. However, in general, the IT/DP mode 

produced wider ZOI. For the S. mutans analysis, delivering a dose of 110 J/cm2 (IP/DT) 

resulted in a significantly smaller ZOI compared with the 573 J/cm2 dose applied in 

either mode (IT/DT) (P=0.012) and (IP/DT) (P=0.016). The same dose - 110 J/cm2 - yet 

in its (IT/DP) mode, exhibited a significantly smaller ZOI compared with 573 J/cm2 

(IP/DT) (P=0.047). As for E. faecalis, the dose of 456 J/cm2 (IT/DP) resulted in 

significantly wider ZOI compared with 110 J/cm2 (IP/DT) exposure (P=0.045). 

Additionally, irradiation at 573 J/cm2 (IT/DP) led to significantly wider ZOI relative to 

110 J/cm2 (IT/DP) (P=0.013), 110 J/cm2 (IP/DT) (P=0.001) and 154 J/cm2 (IP/DT) 

(P=0.015). Moreover, irradiation at 573 J/cm2 (IP/DT) resulted in ZOIs that were highly 

significantly different compared with those at 110 J/cm2 (IT/DP) (P=0.047), 110 J/cm2 

(IP/DT) (P=0.006) and 154 J/cm2 (IP/DT) (P=0.05) irradiation [see Figure 18].  
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Figure 18: Bar graphs showing the effect of 405 nm light on the growth of both S. mutans (a) 
and E. faecalis (b) bacterial biofilm lawns when the light source was  positioned at 5 mm from 
the agar plate base. Each dose was administrated in (IT/DP) and (IP/DT) modes (n=4, mean +/- 
SD). Similar symbols within each chart show statistically significant differences in ZOI 
diameters initiated by different doses administrated (*, # and ¥ P<0.05). Significance level set 
at P ≤ 0.05. (c) Representative images showing the difference between a control plate of 
S.mutans lawns (no exposure), a plate exposed to 405 nm light at a dose of 110 J/cm2  and  at a 
dose of 456 J/cm2. As illustrated, the higher dose produced a wider zone of Inhibition (7 mm) 
compared with the lower dose (4 mm). 
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3.3.1.2 Planktonic cultures 

3.3.1.2.1 Irradiation effects on S. mutans viability 

Although there was a trend identified indicating a dose response relationship, the 

(IT/DP) mode did not necessarily result in a decreased bacterial survival as was 

observed in the irradiated biofilm lawns. When irradiating planktonic cultures at a 

wavelength of 405 nm with a dose of 608 J/cm2, the percentage survival was similar 

under both conditions (IT/DP=46.43%) (IP/DT=46.49%), although at 1254 J/cm2 the 

(IP/DT) mode yielded less bacterial survival (34.86%) compared with the (IT/DP) mode 

(36.95%).  

A dose of 1254 J/cm2 delivered using the (IP/DT) modality produced significantly lower 

survival percentages compared with the 249 J/cm2 irradiation when using either mode 

(IT/DP) (P=0.037) and (IP/DT) (P=0.021). As was the case with irradiation of bacterial 

biofilms on agar, there was no significant difference on viability - within a single dose - 

between its (IT/DP) and (IP/DT) mode [see Figure 19]. 
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Figure 19: Scatter graph showing the effect of different 405 nm light doses on S. mutans 
planktonic culture viability. The light source delivery was in contact with the base of the well in 
a 96 well plate. Each dose was administrated in either (IT/DP) or (IP/DT) mode (n=3, mean +/- 
SD). Groups having an asterisk are statistically significantly different compared to each other (* 
is IT/DP, * is IP/DP) (* P<0.05). Significance level was set at P ≤ 0.05. A linear regression curve 
fit was applied, showing the direct correlation between the light dose administered and S. 
mutans inhibition. 
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3.3.1.2.2 Colony counts for S. mutans and E. faecalis following 405 nm irradiation 

Blue light Irradiation resulted in a 0.6 and 0.92 log10 (CFU/ml) reductions in bacterial 

growth when irradiating S. mutans planktonic cultures at doses of 340 and 831 J/cm2, 

respectively. Both were significant reductions in colony counts compared with the non-

irradiated controls (P=0.038 and P=0.002, respectively); nonetheless, there was no 

significant difference between colony counts using both doses. Furthermore, the 405 

nm light exhibited a lower inhibitory effect on E. faecalis growth, as was also found 

when irradiating bacterial biofilm lawns directly from underneath the agar. Light 

treatment at 340 J/cm2 exhibited minimal effects, only a 0.25 log10 (CFU/ml) reduction; 

however, at 831 J/cm2 there was a significant 1.15 log10 (CFU/ml) reduction relative to 

the control (P=0.002) [see Figure 20].  
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Figure 20: Bar charts showing mean +/- SD log10 (CFU/ml) reductions for both S. mutans (a) and 
E. faecalis (b) planktonic cultures in response to 405 nm light doses of 340 and 831 J/cm2 
(n=3). Irradiation parameters for 340 J/cm2 were 378 mW/cm2 for 15 minutes, while for 831 
J/cm2, they were 418 mW/cm2 for 33 minutes. Asterisks represent a statistically significant 
difference in log10 (CFU/ml) reductions relative to the control (* P<0.05). Significance level set 
at P ≤ 0.05.  
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3.3.1.3 Photodisinfection of S. mutans and E. faecalis biofilms 

Image analysis revealed that delivering blue light (405 nm) at a dose of 340 J/cm2 

resulted in 48% ± 1.4 dead cells for S. mutans and 28% ± 2.2 for E. faecalis in biofilm 

cultures. Following exposure of biofilms to 830 J/cm2, killing of 54% ± 6.4 of the S. 

mutans biofilm and 37% ± 1.8 of the E. faecalis biofilm was observed, respectively. 

There was no significant differences between the two doses investigated for each 

bacterial strain. However, the dose response relationship was still maintained. In 

addition, and consistent with all previous assay data, E. faecalis was more resistant to 

405 nm light irradiation [see Figure 21]. 
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Figure 21: (a) Representative confocal microscope images demonstrating the effect of 
exposing S. mutans biofilms to 405 nm light. The dose of 340 J/cm2 led to inhibition of 48% of 
the biofilm, while 831 J/cm2 led to 54% dead cells. (b) Representative confocal microscope 
images demonstrating the effect of exposing E. faecalis biofilms to 405 nm light. The dose of 
340 J/cm2 led to inhibition of 28% of the biofilm, while 831 J/cm2 led to 37% dead cells. Green 
represents live cells, while red represents dead cells (c) Bar charts showing the response of S. 
mutans and E. faecalis biofilms to 405 nm light doses of 340 and 831 J/cm2 (n=3). Data is 
represented as the mean percentage of dead cells (+/- one SD from the mean) per biofilm. 
There was no statistical significant difference between the effect of the two experimented 
doses throughout each biofilm. Scale bar is 50 μm. 
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3.3.1.4 Discussion 

Previous investigations have been conducted by Feuerstein et al. to determine the 

minimum inhibitory doses of three light sources on P. gingivalis, F. nucleatum, S. 

mutans and E. faecalis. The light sources used were a halogen lamp (400-500 nm), a 

plasma arc (450-480 nm) and an LED (450-480 nm). They concluded that the doses 

required to kill both S. mutans and E. faecalis were 7-10 times higher than the doses 

which were inhibitory for P. gingivalis and F. nucleatum. Interestingly, S. mutans and E. 

faecalis eradication was only demonstrated when using the plasma arc (450-480 nm). 

Inhibitory doses were 159 J/cm2 and 212 J/cm2 for S. mutans and E. faecalis, 

respectively, when irradiating at 1 mm distance from the surface of the agar cultures 

[42]. However, results from the current study have shown that inhibition could be 

initiated using a 405 nm light source, at lower doses and at a greater irradiation 

distance. At approximately 11.5 mm irradiation distance (≈ 6.5 mm agar height plus 5 

mm irradiation distance) and a dose of 110 J/cm2, a ZOI could be initiated. This 

difference in outcomes compared with the literature could possibly be due to the 

difference in light source used. Needless to say, data from the current study confirms 

that E. faecalis is more resistant to this type of killing compared with S. mutans lawns. 

Notably, Henry et al. were not successful in obtaining any inhibition for both strains, 

using a 488-514 nm argon laser at a dose of 70 J/cm2 [239]. 

Data from the current study using OD survival percentages showed that 405 nm light 

was capable of inhibiting 27-65% of S. mutans planktonic cultures in a dose-response 

relationship. This finding was attributed to results obtained after investigating six blue 
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light doses ranging from 249 to 1254 J/cm2. Furthermore, the CFU assay results 

showed that E. faecalis in planktonic suspensions showed less susceptibility towards 

405 nm light compared with S. mutans planktonic cultures. However, this was only 

demonstrated at the 340 J/cm2 but not 831 J/cm2 doses. Light doses of 340 and 831 

J/cm2 led to a significant 0.6 and 0.92 log10 (CFU/ml) reductions for S. mutans. 

Conversely, 340 J/cm2 irradiation resulted in a lower 0.25 log10 (CFU/ml) reduction for 

E. faecalis; however, 831 J/cm2 irradiation resulted in a significant 1.15 log10 (CFU/ml) 

reduction – in comparison with data for S. mutans. These outcomes correspond with 

similar investigations within the literature. At a light dose as low as 5.73 J/cm2, Hope et 

al. irradiated at 405 nm with an LED and did not show any inhibition for E. faecalis 

[240]. An LED array of the same wavelength inactivated most gram positive strains 

except for E. faecalis at doses of up to 72 J/cm2 [241]. Interestingly, E. faecalis was 

regarded as a control group in a study where a 405 nm tooth-care device did not affect 

the resistant strain at a slightly higher dose of 98.55 J/cm2 [242]. Maisch et al. 

examined the effect of combining 10% EDTA, photosan (a photosensitizer) and blue 

light on both S. mutans and E. faecalis. The combined treatment resulted in a more 

than 3 log10 (CFU/ml) reduction for both species, while exposure of bacteria to light 

alone - at a dose of 19.3 J/cm2 - did not result in any killing [243]. Using a similar 

approach, Steinberg et al. reported S. mutans viability response towards H2O2 and a 

xenon lamp (irradiation at 400-500 nm). The combined therapy was the only modality 

capable of achieving a 0.7-1 log10 (CFU/ml) reduction, while exposing the bacteria to 

light alone - 68 J/cm2 - exerted no effect [244].  
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Conversely, S. mutans planktonic cultures exposed to a xenon lamp (wavelengths 450-

490 nm) at 686.4 J/cm2 inhibited more than 90% of their growth in comparison with 

22.88, 34.32 and 45.76 J/cm2 which only induced inhibition when used alongside H2O2 

[245]. Chebath-Taub et al. delivered a range of doses from a plasma arc lamp (400-500 

nm); 68, 204, 340, 476 and 680 J/cm2. All doses resulted in S. mutans CFU reductions; 

however, only significant reduction was shown at doses of 476 and 680 J/cm2. 

Moreover, doses of 204, 340, 476 and 680 J/cm2 significantly interfered with the re-

formation of a new biofilm in a latent and delayed manner. This was manifested as an 

increase in the ratio of dead cells throughout the newly formed biofilm [246]. 

Subsequently, Cohen-Berneron et al. investigated three doses of 37, 112 and 262 J/cm2 

delivered from an LED (460-480 nm). Unexpectedly, these doses resulted in an 

increased re-growth generating a new biofilm; however, both viability and virulence 

factor production were impaired. Such effects were demonstrated as lower 

acidogenicity, aciduricity and less extracellular polysaccharide production. Their results 

suggested that lower doses might up-regulate genes associated with the bacteria 

entering into the biofilm phase [247]. 

With respect to S. mutans biofilms in the current study, results have demonstrated the 

ability of the 405 nm light to kill 48% (340 J/cm2) and 54% (831 J/cm2) of the bacterial 

cells residing within the 4 day old biofilm. The overall dose administered in De sousa et 

al.’s study falls within the same range. They irradiated S. mutans biofilms twice daily 

for 5 days (each at 72 J/cm2). The total of 420 nm light doses of 720 J/cm2 caused a 

significant reduction in extracellular polysaccharides as well as a two-fold decrease in 

the live biomass [45]. Conversely, Gomez et al. proposed that irradiating 12-16 hours 
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old S. mutans biofilms using a quantitative light-induced fluorescence device (380-440 

nm/ peak 405 nm) could lead to significant reduction in the total biomass and viability 

at doses as low as 9.26 J/cm2. This reduction was only observed in biofilms grown in 

sucrose free media [46]. They indicated the same light source (9.26 J/cm2) could 

significantly affect the metabolic activity of 12-16 hours old S. mutans biofilms grown 

without sucrose, with a further re-incubation period up to 6 hours. However, this 

pattern was different in biofilms supplemented with sucrose, resulting in lower 

metabolic activity at a recovery period lasting only 2 hours [47]. Moreover, twice daily 

irradiation of 5 day old biofilms (9.26 J/cm2) resulted in a significant reduction of CFUs 

for S. mutans grown on human enamel and dentine specimens [248],[53]. Conversely, 

it was suggested that administrating H2O2 (30 mM) along with blue light at a dose of 68 

J/cm2 was able to reduce the viable population and ATP levels throughout an S. mutans 

biofilm. Administration of either blue light (34 and 68 J/cm2) or H2O2 (3, 30 and 300 

mM) - on their own - had negligible effects on S. mutans viability [244]. For E. faecalis 

biofilms, data from the current investigation revealed that 405 nm light could kill 28% 

and 37% of the biofilm when irradiated with a single dose of 340 and 831 J/cm2, 

respectively. These findings are in contrast to those obtained by Imamura et al. who 

did not identify any form of growth inhibition using the same wavelength, even though 

irradiation was performed in closer proximity to the bacteria. Notably, they exposed E. 

faecalis using a radial laser tip with energy settings of up to 60 J [249]. Nonetheless, 

inhibition was possibly not initiated due to the lower irradiation parameters applied. 

Other studies have indicated that inhibition of E. faecalis biofilms is only achievable 

when a photosensitizer is used alongside blue light in order to obtain a synergistic 
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effect. Pileggi et al. irradiated samples pre-treated with eosin-y, rose Bengal or 

curcumin. They used a dental quartz-tungsten-halogen light source (380-500 nm). 

Although the actual exposure dose was not reported, the irradiance at the tip was 450 

mW/cm2 and the irradiation was performed for 240 seconds at a distance of 20 mm. It 

is therefore likely that the dose on the surface of the samples was considerably lower 

than 108 J/cm2. Nonetheless, all three adjunctive treatments led to a significant 

decrease in viable counts within the biofilm [250]. Even though they employed lower 

irradiation parameters than the ones used in the current study, bacterial killing likely 

occurred at this dose as the light was supplemented with a photosensitizer. 

There was a diversity among the range of inhibitory doses used in the current study. 

This difference between doses used to irradiate either bacterial lawns or planktonic 

cultures is notably due to the difference in the experimental set-up. Higher irradiation 

doses were required to kill bacteria in a broth medium compared with being exposed 

on the surface of solid agar. This was attributed to the scattering and absorption 

effects on the 405 nm light in the broth, thus affecting its penetration depth. The 

irradiation conditions are major modulating factors with regards to achieving 

disinfection [251]. Another reason for this issue may be due to the half-life of the ROS 

generated in response to light. Singlet oxygen has a very short half-life in aqueous 

solutions which is around 4 μs. Also, it has been estimated that the singlet oxygen can 

only diffuse a distance of 100 nm. So, it is essential to produce cytotoxic levels of 

singlet oxygen relative to the amount of photons absorbed [252-254]. Data presented 

here have shown that blue light was relatively more effective towards 3 days biofilms 

compared with planktonic killing. This was more evident when the dose of 340 J/ cm2 
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was shown to have minimal effect on E. faecalis planktonic cultures (0.25 log10 

(CFU/ml) reduction); however, it was capable of killing 28 % of cells within biofilms of 

the same strain. Notably, it is been reported that blue light can exert enhanced 

outcomes on bacteria in a biofilm phase even though bacteria in biofilms might 

express genes which enhance their resistance [246],[247]. Steinberg et al. 

demonstrated greater reductions in colony counts for S. mutans grown in biofilms 

compared with killing in planktonic cultures [244]. Therefore, it can be hypothesized 

that a growth inhibition effect was initiated on the surface of the agar due to the close 

proximity between the light source and the bacteria. Additionally, comparable 

outcomes were only obtainable at relatively higher doses to overcome the scattering 

effects of the broth in planktonic cultures. Irradiation of a bacterial lawn with bacteria 

growing in a single plane makes control of the dose easier compared with a bacterial 

suspension where bacteria will be at different distances from light source and 

therefore receive a range of different doses. However, more killing in 4 day biofilms 

was obtained due to the presence of a denser biomass residing at the bottom of the 

well notably in closer proximity to the light source. Overall this shows how various 

experimental set-ups affect the outcomes in studies using light. 

It is worthwhile noting that only a few investigations studying the effects of blue light 

on cariogenic bacteria included temperature measurements [42],[245]. In the current 

investigation, the highest temperature reached at the BHI agar surface was 31.18°C, 

and 37.99°C in the BHI broth [see Figure 12]. These temperatures are within the 

normal range of growth for both S. mutans and E. faecalis [233],[234], which excludes 

any potential photo-thermal killing effects. 
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3.3.2 Supplementation conditions affect bacterial response to blue light 

3.3.2.1 Hemin increases the bacterial resistance to blue light 

Supplementing the media with hemin at a concentration of 0.01 g/L did not affect the 

growth of both S. mutans and E. faecalis. Non irradiated controls of both species grew 

to similar log10 (CFU/ml) whether cultured in media supplemented with hemin or not 

[see Figures 20 and 22]. 

Overnight incubation in BHI broth containing hemin resulted in both S. mutans and E. 

faecalis being more resistant to blue light. Hemin supplementation also led to the loss 

of the dose response relationship exhibited in the previous experiments. Irradiation of 

S. mutans resulted in only 0.5 and 0.4 log10 (CFU/ml) reductions at doses of 340 and 

830 J/cm2, respectively. Interestingly, the 340 J/cm2 log10 (CFU/ml) reduction was 

significant compared with the control group (P=0.002). Similarly, 340 J/cm2 exposure 

did not have any effect on E. faecalis growth, while 830 J/cm2 irradiation showed a 

limited 0.23 log10 (CFU/ml) reduction in growth [see Figure 22]. 
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Figure 22: Bar charts showing the effect of hemin overnight supplementation on the log10 
(CFU/ml) reductions for both S. mutans (a) and E. faecalis (b) planktonic cultures in response 
to 405 nm light doses of 340 and 831 J/cm2 (n=3) (mean +/- SD). Asterisks represent a 
statistically significant difference in log10 (CFU/ml) reductions relative to the control (* P<0.05). 
Significance level was set at P ≤ 0.05  
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3.3.2.2 Aminolevulinic acid increases the susceptibility of S. mutans to blue 
light by elevating its flavin adenine dinucleotide content  

 

Notably, ALA applied at the concentrations studied here (1 mg/ml) (6 mM) did not 

exert toxic effects on the bacteria of both strains studied [see Figure 23]. Pre-

treatment of S. mutans planktonic cultures with ALA led to a significant 3 log10 

(CFU/ml) reduction when light was then delivered at 831 J/cm2. This significance 

difference was demonstrated in relation to the non-irradiated control samples 

(P=0.003), the samples treated only with ALA (P=0.016), as well as samples where only 

340 J/cm2 light was delivered (P=0.001). Conversely, ALA treatment alongside light 

dose of 340 J/cm2 yielded a 1.6 log10 (CFU/ml) reduction, which was only statistically 

significant compared with its control where no ALA pre-treatment was applied 

(P=0.043). Light treatment on its own had minimal effect at irradiation of 340 J/cm2 

and resulted in 0.75 log10 (CFU/ml) reduction at a dose of 831 J/cm2. Diversely, ALA did 

not potentiate the effect of the 405 nm light on E. faecalis as it did with S. mutans. 

Nonetheless, 831 J/cm2 exposure resulted in a 1.12 log10 (CFU/ml) reduction, which 

was similar to the reduction obtained with the same dose applied alone. However, this 

reduction was statistically significant relative to the non-irradiated control group 

(P=0.047). As expected, 340 J/cm2 exposure along with ALA supplementation led to 

only 0.45 log10 (CFU/ml) reduction. Without ALA pre-treatment, a light dose exposure 

of 340 J/cm2 did not have any effect on growth, while 831 J/cm2 exposure 

demonstrated a 0.95 log10 (CFU/ml) growth reduction [see Figure 23]. The current 

investigation showed a significant increase of FAD levels in S. mutans incubated with 

ALA compared with controls which did not receive ALA supplementation (P=0.02). 
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While E. faecalis controls had slightly higher FAD levels than S. mutans, pre-treatment 

with ALA did not have any significant effect on FAD content [see Figure 24]. 

 

Figure 23: Bar charts showing the effect of ALA (1 mg/ml) pre-treatment on the log10 (CFU/ml) 
reductions for both S. mutans (a) and E. faecalis (b) planktonic cultures in response to 405 nm 
light doses of 340 and 831 J/cm2 (n=3) (mean + /- SD). Experiments were carried out in 
duplicate. Similar symbols within each chart show statistically significant differences in log10 
(CFU/ml) reductions induced by different treatments administrated (* and # P<0.05). 
Significance level was set at P ≤ 0.05. 
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Figure 24: Bar charts showing the effect of ALA (1 mg/ml) pre-treatment on FAD content of S. 
mutans and E. faecalis (n=3) (mean +/- SD). Experiments were performed in triplicate. An 
asterisk indicate statistically significant differences in FAD content (* P<0.05). Significance level 
set at P ≤ 0.05. 
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3.3.2.3 Discussion 

To better elucidate the nature of the photodisinfection mechanism, a series of 

experiments were undertaken with the bacteria being incubated over-night with 

media supplemented with hemin. While this is not a photosensitizer, heme absorbs 

blue light [255],[256], and hence the bacterial cells were washed prior to irradiation in 

BHI broth not supplemented with hemin. Hemin inhibits the production of ALA, and 

subsequently porphyrin synthesis, through a negative feedback control mechanism 

[257],[258]. Expectedly, for S. mutans, the 405 nm blue light resulted in 0.5 log10 

(CFU/ml) reduction in bacterial count at a dose of 340 J/cm2 and 0.4 log10 (CFU/ml) 

reduction at 830 J/cm2. Since ALA supplementation enhanced the antibacterial effect 

of light exposure on S. mutans, therefore supplementing the same species with hemin 

should limit the production of porphyrins. Subsequently, the capability of light to kill 

bacteria occurred up to a certain threshold after which higher doses had no further 

effects.  With regards to E. faecalis, a more resistant pattern was apparent where the 

340 J/cm2 exposure did not have any antimicrobial effect while 830 J/cm2 exposure 

only showed a 0.23 log10 (CFU/ml) reduction. Notably, this response fits well with the 

failure of ALA to potentiate the inhibitory effect of blue light.  

Earlier reports in the literature have stated that heme/hemin supplementation could 

have a toxic effect on bacteria without the application of light. Nitzan et al. reported 

that iron-containing hemin (0.01 g/L) binds to S. aureus rapidly, affecting its growth. 

This was evidenced by bacterial monitoring which indicated cessation of glucose 

uptake and production of CO2. Conversely, other bacterial species such as E. coli and P. 
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aeruginosa were not reportedly affected by hemin even at ten times higher 

concentrations of supplementation. However, they attributed the toxic effect of hemin 

to its iron content. Notably, the antibacterial effect of hemin is not due to singlet 

oxygen or hydroxyl radical formation and this was confirmed by adding singlet oxygen 

and hydroxyl radicals’ scavengers/quenchers which still did not stop the inhibitory 

effect of hemin on bacterial growth. Furthermore, thiol inhibited hemin’s antibacterial 

effect although it did not have any impact on hindering the photosensitization process 

generated by metal-free porphyrins. These results supported the hypothesis that 

hemin’s toxic effects are due to an oxidation-reduction process linked with a peroxide, 

since hemin may act on a prosthetic group in the peroxidative enzymes [259-261]. 

Conversely, hemin (0.006 g/L) showed opposite effects on lactic acid-generating 

bacteria, such as L. lactis, enhancing its growth and glucose utilization. H2O2 levels 

were also supressed after hemin addition; however, no catalase activity was detected 

[262].  

Results presented here have shown that supplementing the growth media with hemin 

at a concentration of 0.01 g/L did not have a negative influence on the growth of both 

S. mutans and E. faecalis [see Figures 20 and 22]. Furthermore, supplementaion 

increased their resistance towards the 405 nm light. Supported by results from the ALA 

investigations, it could be hypothesized that hemin initiated the negative feedback 

control for S. mutans and therefore restricted the photo-absorbers content. 

Nonetheless, there might be other explanations for why this phenomenon occurred in 

S. mutans. It has been reported that S. mutans expresses the SOD enzyme which has 

strong anti-oxidative potential. Iron can act as a co-factor in the formation of the SOD 
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enzyme [245],[153]. It is conceivable that the enzyme was highly expressed given that 

iron was supplemented through the hemin in the broth overnight. Another possibility 

is that iron was bound to the Dpr protein which sequestrates iron, preventing further 

hydroxyl radical formation through the Fenton reaction [140],[158]. The role of Dpr 

was further confirmed through a study by Yamamoto et al. S. mutans’ intracellular iron 

content was lower when cells were transferred from anaerobic to aerobic growth 

conditions. This was accompanied by the synthesis of Dpr during this transition, 

confirming its role in iron binding and subsequent aero-tolerance [162]. With respect 

to E. faecalis, the results obtained from the hemin experiments were not particularly 

surprising, taking into consideration its enduring resistance even after pre-incubating it 

with ALA. However, if ALA at the concentration applied (6 mM) failed initially to 

produce more photo-absorbers, then there are two possible explanations: i) It is 

required at a higher concentration to initiate generating porphyrins relative to the 

ones reported in the literature [143] and ii) the strain studied here has not acquired 

the enzymatic/metabolic pathway for synthesizing porphyrins [240],[242] similar to 

these produced in S. mutans. However, in either case, supplementing E. Faecalis with 

hemin enhanced their resistance to oxidative stress. This could have occurred due to 

the emergence of catalase activity. Early studies reported the detection of catalase 

activity once hemin was added to E. faecalis grown on agar [263]. Furthermore, when 

supplemented with hemin, E. faecalis highly expressed features of both cytochrome bd 

in the cell membrane and KatA in the cytoplasm. Cytochrome bd is an essential protein 

for full aerobic endurance, while KatA is a gene encoding a heme-B containing catalase 

[151]. Therefore, and with regards to the outcomes obtained from the current 
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investigation, blue light might have exhibited a marginal inhibitory effect on S. mutans 

grown in hemin because it only expressed SOD, while E. faecalis expressed both 

cytochrome bd and catalase [see Figure 25].   

Figure 25: Schematic diagram showing the effects of hemin supplementation on both S. mutans 
and E. facealis. Iron in hemin leads to the activation of superoxide dismutase enzyme in S. 
mutans, converting superoxide anions to hydrogen peroxide. Iron also leads to the activation of 
the Dpr protein, sequestrating free iron and preventing the formation of hydroxyl radicals 
through the Fenton reaction. In E. faecalis, hemin leads to the activation of catalase and 
cytochrome bd, enhancing its aerobic tolerance. 
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To further charachterise the nature of the photodisinfection mechanism and 

potentially boost its effectiveness, a set of experiments were performed whereby S. 

mutans and E. faecalis planktonic cultures were pre-treated with ALA before blue light 

irradiation. ALA is the first compound in the porphyrin synthesis pathway [34]. ALA is 

not a known photosensitiser [264] but is a heme-protein/cytochrome intrinsic 

precursor [169]. Hsieh et al. reported that the combination of ALA and an LED red light 

(635 nm) was capable of inducing significant reduction in the growth of both S. aureus 

and P. aeruginosa. They studied a range of concentrations of ALA at 1, 2.5, 5 and 10 

mM. However, higher concentrations of ALA (5-10 mM) - on its own- showed toxicity 

against P. aeruginosa, contrary to S. aureus which survived at all concentrations of ALA 

before administration of the red light [146]. The same treatment modality resulted in a 

remarkable inhibition of the survival in antibiotic resistant staphylococcal biofilms of S. 

aureus and S. epidermidis. The uptake of ALA and subsequent formation of 

protoporphyrin 9 was confirmed by fluorescence microscopy. Irradiation from a red 

semiconductor laser (635 nm) did not exert any effect alone for doses up to 300 J/cm2. 

Similarly, 40 mM of ALA did not exhibit any toxicity towards the biofilms [145]. Results 

from the current investigation showed that incubation of S. mutans planktonic cultures 

with ALA (6 mM) prior to 405 nm light irradiation led to a statistically significant 1.6 

and 3 log10 (CFU/ml) reductions. These outcomes agreed with Saeed et al.’s which 

indicated that the group pre-treated with ALA showed the highest bacterial inhibition, 

even compared with chlorhexidine and sodium hypochlorite treatment. Notably 

however, while they used red light LED (635 nm), the irradiation parameters were not 

described other than for the exposure time of 30 seconds. Additionally, the ALA 
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concentration they used (125 mM) was much higher [148] than the one used here. 

Results presented here indicated that pre-treatment of E. faecalis cultures with ALA 

did not necessarily potentiate the inhibitory effect of the blue light. This was 

demonstrated as only 0.45 and 1.12 log10 (CFU/ml) reductions were achieved. When 

Nitzan et al. investigated the effect of ALA treatment (380 mM) on a wide range of 

Gram positive and Gram negative bacteria, E. faecalis was the only strain manifesting 

resistance to blue light (407–420 nm) at doses of 50 and 100 J/cm2. The resulting 

porphyrin synthesis after ALA uptake was validated by high performance liquid 

chromatography; however, all the strains exhibited an obvious increased porphyrin 

yield except for E. faecalis. Moreover, E. faecalis viability was not affected by ALA as a 

treatment on its own even at this relatively high concentration [143]. In contrast, Liu et 

al. demonstrated that pre-treatment with either ALA or ALA methyl ester at a 

concentration of 10 mM exhibited an enhanced light eradication potential. E. faecalis 

was severely affected by 5.22 and 4.91 log10 (CFU/ml) reductions after pre-incubation 

with ALA and ALA methyl ester, respectively. The treatment was combined with a 633 

nm red LED at a dose of 288 J/cm2 [149]. Although porphyrins maximally absorb in the 

blue spectrum of light and ALA is the precursor of porphyrin production [31],[35], 

previous investigations rely on red light after incubating bacterial cells with ALA. 

Interestingly, bacterial growth inhibition was successful which suggests that there 

might be another chromophore along with porphyrins and this could possibly be 

cytochromes [265].  

An important observation was noted during all ALA experiments related to a minor 

difference in the timing of plating the samples. Notably, the same light source used in 
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the current investigation demonstrated significant inhibitory effects on S. mutans 

when applied without ALA; however, the CFU assay was undertaken on the following 

day after re-incubating the irradiated sample for 24 hours. Conversely, when the CFU 

assay was performed on the same day directly after light irradiation in the ALA 

investigations, the light dose of 340 J/cm2 demonstrated minimal inhibitory effects, 

while 831 J/cm2 showed marginally less effect compared with the re-incubated 

samples. These data are supported by the reports indicating the extremely short half-

life of singlet oxygen as well as its limited diffusion potential in aqueous solutions [252-

254]. 

The current investigation showed a significant increase in FAD levels in S. mutans 

incubated with ALA [see Figure 24]. This was accompanied by a concomitant increase 

in S. mutans susceptibility to 405 nm blue light. Conversely, FAD levels did not change 

after ALA treatment in E. faecalis. The presence of flavo-enzymes in E. faecalis and 

their dependency on FAD has not been fully characterised [266],[267]. While there are 

several FAD constituents in S. mutans, results suggest that Nox-1 may act as a blue 

light chromophore in comparison with Nox-2 which is not simulated by FAD and 

generates water.  Nox-1 is triggered by increasing FAD concentrations and generates 

H2O2 [154]. Not only does FAD absorb blue light, but also produces ROS production 

which  is essential for the inhibitory effects of light to occur. Light absorption within a 

chromophore does not necessarily mean that bacterial killing will take place. The 

chromophore has to be situated within the cell at the correct biochemical orientation 

for ROS production after light excitation. Previously, blue light did not show any signs 

of inhibition of S. agalactiae growth although it contains granadaene - a blue light 
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chromophore. Furthermore, exogenous FAD only minimally enhanced the inhibitory 

effects of blue light. [268],[230]. This also highlights the issue with applying an 

exogenous photosensitizer, it is not clear whether ROS is generated inside the cell or 

generated in the media post irradiation to cause bacterial killing [268]. 

The aero-tolerance of different bacterial species is another key factor relating to the 

success of photodisinfection. Notably, different bacterial species express various types 

and levels of chromophores as well as different antioxidant potentials [28],[269]. It 

should be noted that knocking out both Nox-1 and AhpC genes did not previously 

affect the growth of S. mutans in the presence of exogenous H2O2. This suggests that 

there is either an undiscovered scavenging system [160] or that AhpC is only activated 

when an H2O2 gradient needs to be maintained [270]. Moreover, H2O2 forming NADH 

oxidases are mainly found in species possessing cytochromes and heme-proteins 

[154]. The significant elevation in FAD levels of S. mutans suggests an increase in the 

total redox state and ROS generation, which in turn support previous reports which 

indicate that bacterial species which have a blocked heme synthetic pathways can still 

maintain the genetic antecedents to generate membrane bound electron transport 

[165]. Notably, S. mutans possess an incomplete TCA cycle [156],[157], and it has been 

reported that bacteria having incomplete TCA cycle can synthesise and utilise ALA 

through alternative pathways [271]. However, concentrations and distributions of 

intermediate compounds in the heme bio-synesthetic pathway differ according to 

environmental conditions and between species. In all cases the pathway is directly or 

indirectly linked to both the TCA cycle and cytochrome synthesis. Lactic acid produced 

can also reverse the function of the TCA cycle from catabolic to anabolic pathways 
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promoting cytochrome synthesis [272]. This indicates that S. mutans can sustain 

aerobic metabolism amongst tolerable levels of H2O2. 
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3.4 Effects of blue light irradiation on human dental pulp 
cellular responses 

 
3.4.1 Cell growth and proliferation 
 

To investigate the effects of blue light on DPCs growth and proliferation, irradiations 

were performed on days 1 and 3. DPCs growth and proliferation were investigated 24 

hours post initial irradiation (day 2 /cells receiving one exposure) as well as 72 hours 

post initial irradiation (day 4 /cells receiving two exposures). DPCs growth was 

investigated using the Alamar blue assay, while proliferation was investigated using 

the BrdU assay [refer to sections 2.4.3.1 and 2.4.3.2]. Alamar blue assay results 

showed that 405 nm blue light irradiation at range of doses appeared to negatively 

affect DPCs growth in a dose-dependent manner as a decreasing trend was identified. 

Doses administrated decreased DPCs growth by 11 – 20 % at day 2 as well as by 26 - 35 

% at day 4. Notably however, no statistically significant differences were detected 

between different exposure groups at each time point [see Figure 26]. The BrdU 

proliferation assay results confirmed that blue light irradiation has inhibitory effects on 

DPCs proliferation rates, and the dose dependant trend was still evident. At day 2, the 

doses of 4, 5 and 6 J/cm2 significantly decreased the cell proliferation rates compared 

with the non-irradiated control (P=0.039, P=0.003 and P=0.001 respectively). At day 4 

the same dose-response inhibitory trend was observed, and the 4, 5 and 6 J/cm2 

groups were significantly lower than the control group (P<0.001). Notably, for the 2 

J/cm2 exposure group, proliferation rates continued to increase from day 2 till the day 
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4 point, as opposed to the 4, 5 and 6 J/cm2 groups whose absorbance values were 

relatively similar at both time points [see Figure 27]. 

Figure 26: Bar chart showing the effect of 405 nm light irradiation on growth of DPCs (n=3) 
(mean +/- SD). Experiments were performed in duplicate. Alamar blue assay was carried out 
after 24 hours (day 2 / cells receiving 1 exposure) and 72 hours (day 4 / cells receiving 2 
exposures), and the percentages of Alamar blue dye reduction were calculated relative to the 
non-irradiated controls. There was no statistically significant differences between any of the 
doses administrated on cell viability at each time point. Significance level set at p ≤ 0.05. 
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Figure 27: Bar chart showing the effect of 405 nm light on proliferation rates of DPCs (n=3) 
(mean +/- SD). Experiments were carried out in duplicate. BrdU assay was carried out after 24 
hours (day 2 for cells receiving 1 exposure) and 72 hours (day 4 for cells receiving 2 exposures), 
and absorbance for samples was read at 450 nm. Asterisks represent statistically significant 
differences compared to the non-irradiated controls (*P<0.05) (** P<0.001). A Bonferroni post 
hoc test was applied for pairwise comparisons. Significance level set at p ≤ 0.05. 
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3.4.2 Odontoblastic differentiation 

Since ALP and DMP1 levels are central markers to odontoblastic differentiation of 

DPCs, they were both investigated at day 3 (cells receiving 1 exposure) and day 5 (cells 

receiving 2 exposures) [refer to sections 2.4.3.3 and 2.4.3.4]. With regards to the ALP 

activity, at day 3 all doses investigated lead to an increase in ALP levels compared with 

the non-irradiated control except for 2 J/cm2. A dose response trend was also 

observed, and the stimulatory effects of 5 and 6 J/cm2 were both significantly higher 

than that of 2 J/cm2 (P=0.029 and P=0.004, respectively). At day 5, samples irradiated 

with blue light maintained higher ALP levels relative to the non-irradiated control 

although the stimulation level was lower than that observed at day 3. ALP levels in 

samples irradiated with 4 J/cm2 were comparable to the control group, whereas 6 

J/cm2 resulted in the greatest stimulation (20% higher than the control); however, 

there were no statistically significant differences observed. Similarly, blue light 

irradiation enhanced DMP1 levels at day 3, and the doses of 2 and 6 J/cm2 lead to the 

highest stimulation compared to 4 and 5 J/cm2. The effects of 2 J/cm2 were 

significantly higher compared with the 4 J/cm2 (P=0.024) exposure, while there was no 

significant differences between DMP1 levels in the 4, 5 and 6 J/cm2 exposure groups. 

At day 5 the stimulation level was lower than that detected for day 3 at all doses 

applied except for the 6 J/cm2 group, where DMP1 levels continued to increase and 

were highly statistically significantly compared with the group irradiated with 4 J/cm2 

(P=0.002) [see Figure 28 and Table 4].        
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Figure 28: Bar chart showing the effect of 405 nm light on (a)Alkaline phosphatase (ALP) and 
(b)Dentine matrix protein-1 (DMP1) levels in DPCs (n=3) (mean +/- SD). Experiments were 
carried out in duplicates. ALP and DMP1 levels were investigated at day 3 (cells receiving 1 
exposure) and day 5 (cells receiving 2 exposure). ALP activity was calculated in (Unit/ml) and 
DMP1 activity was calculated in (pg/ml) then values were relativized to the control (non-
irradiated) wells in each plate. Asterisks show statistically significant differences in ALP or 
DMP1 levels (* P<0.05). Significance level set at p ≤ 0.05. 
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To evaluate the effects of 405 nm blue light on the mineralised nodule formation of 

DPCs, alizarin red staining was performed at days 7, 14 and 21. Cells were exposed to 

blue light on alternate days for 5 days (i.e. 3 irradiations) [refer to section 2.4.3.5]. 

Alizarin red staining showed that an exposure rate of 3 irradiations on alternate days 

was sufficient to stimulate mineralised nodules formation at all doses investigated. At 

day 7, the doses of 2, 4 and 6 J/cm2 produced similar responses as opposed to 5 J/cm2 

which lead to the lowest degree of stimulation throughout blue light irradiated 

samples. At day 14, the 2 J/cm2 group resulted in the highest mineralised nodules 

formation, followed by 6, 4 and 5 J/cm2. The alizarin red stain in the 2 J/cm2 was 

statistically significantly higher than the non-irradiated control at days 7 and 14 

(P=0.039 and P=0.017, respectively). At day 21, 2 and 4 J/cm2 lead the highest 

mineralised nodules formation, which were significant compared to the control 

(P<0.001 and P=0.002, respectively). Even though 5 and 6 J/cm2 resulted in more 

alizarin red stain, they did not show any significant difference relative to the control 

[see Figure 29].  
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Figure 29: (a) Bar chart showing the effect of 3 irradiations (on alternate days) of blue light  in 
stimulating mineralized nodule formation in DPCs assayed at days 7, 14 and 21 (n=3) (mean +/- 
SD). Experiments were performed in duplicate. Cultures were stained with alizarin red, after 
which alizarin red stain extraction and quantification (μM) was performed [refer to Section 
2.4.3.5]. Asterisks represent statistically significant differences relative to its respective non-
irradiated control (*P<0.05) (** P<0.001). Significance level set at p ≤ 0.05. (b) Representative 
light microscope images of DPCs mineralised nodules stained with alizarin red at day 21 of 
odontoblastic differentiation. Control wells were non-irradiated, while wells receiving 405 nm 
light irradiation were exposed to 2, 4, 5 and 6 J/cm2. Scale bar is 400 μm. 
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The effect of extended light irradiation (every other day beyond the initial 3 

irradiations) on mineralized nodules formation was also investigated for the full 

duration of the 14 (6 irradiations) and 21 days (9 irradiations) time points. Extended 

blue light irradiation marginally stimulated mineral deposition at day 14 (6 irradiations) 

at all doses studied. However, this stimulation was much lower compared to cells 

receiving only 3 irradiations [see Figures 29 and 30]. Conversely, extended irradiation 

resulted in inhibitory effects at all doses at day 21 (9 irradiations), and the dose of 6 

J/cm2 resulted in statistically significantly lower mineralised nodule formation 

compared with the control group (P=0.027) [see Figure 30].    

Figure 30: Bar chart showing the effect of 405 nm light irradiation on mineralized nodule 
formation in DPCs cultures at days 14 and 21. In order to study the effect of extended light 
irradiation (every other day beyond the initial 3 irradiations), cells were exposed to blue light 
every other day for 14 days (6 irradiations) or 21 days (9 irradiations) (n=3) (mean +/- SD). 
Experiments were undertaken in duplicate. Cultures were stained with alizarin red stain, after 
which the stain extraction and quantification (μM) was performed. Asterisks represent 
statistically significant differences compared with the respective non-irradiated control                        
(* P<0.05). Significance level set at p ≤ 0.05. 
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The expression of OCN - another important marker for DPCs odontoblastic 

differentiation - was investigated relying on PCR analysis. OCN expression was 

investigated on day 7 after DPCs were exposed to 405 nm blue light on alternate days 

for 5 days (i.e. 3 irradiations) [refer to sections 2.4.3.6]. Semi-quantitative PCR analysis 

showed that blue light irradiation at doses of 2 and 4 J/cm2 up-regulated the 

expression of OCN in a dose-dependent manner. The effects of 4 J/cm2 were 

statistically higher compared with that of the 2 J/cm2 exposure (P=0.05) [see Figure 

31].  

 

Figure 31: (a) Bar chart showing the effect of 3 irradiations (on alternate days) of 405 nm light 
on the expression of OCN. Expression values were normalized to GAPDH, then values were 
relativized to the non-irradiated controls (n=3) (mean +/- SD). The RNA was collected from 3 
samples (per group in each repeat) and pooled to a single sample. An asterisk represent a 
statistically significant difference in the expression of OCN (* P<0.05). Significance level set at p 
≤ 0.05.  (b) Representative image of OCN agarose gel bands of non-irradiated controls as well 
as cells receiving blue light doses of 2 and 4 J/cm2. 
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3.4.3 Discussion 

The biomodulatory effects of blue light on the mineralisation processes of MSCs have 

only recently been investigated [273]. It has been reported that a blue light LED 

exposure could enhance the mineralisation potential of MSCs at a range of doses from 

1 to 6 J/cm2. However, investigations published in the literature have mostly focused 

on adapting a fixed irradiance parameter of 100 mW/cm2 and variable irradiation 

times [77],[78]. Interestingly, R/NIR wavelengths have also shown stimulatory effects 

on MSCs mineralisation when applying light doses in the same range. However, R/NIR 

wavelengths have been more extensively studied and there has been several trends 

identified relating to the Arndt Schultz model for biphasic dose-dependent effects. 

Additionally, reciprocity between irradiance and irradiation times was evident 

between different studies. Moreover, enhancement of the mineralisation potential of 

MSCs using R/NIR light was reported to occur with either fewer exposures at higher 

irradiance parameters (shorter exposure times) or increased treatments at lower 

irradiance parameters (longer exposure times). Notably, the opposite trend was noted 

for blue light irradiation. Investigations adapting an irradiance of 100 mW/cm2 

required irradiation every other day for up to 28 days, while one study using an 

irradiance of 16 mW/cm2 required only five exposures every two days [273]. 

Consequently, the irradiance setting of 57.7 mW/cm2 was selected for the current 

investigation, irradiating DPCs for 35, 69, 90 or 104 seconds in order to deliver blue 

light doses of 2, 4, 5 and 6 J/cm2. 
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Results from the current investigation showed that blue light inhibits DPCs 

proliferation; however, enhances its odontoblastic differentiation processes. The 

decline in proliferation occurred in a dose-response manner. The 2 J/cm2 was the only 

group- among the irradiated groups- that showed continued increase in proliferation 

rates on day 4, unlike the 4, 5 and 6 J/cm2 groups which gave almost the same 

absorbance readings on days 2 and 4. These outcomes show that 2 J/cm2 irradiation 

reduced the proliferation rate, while higher doses completely arrested it. Studies 

applying an irradiance of 100 mW/cm2 [77],[78] also showed a inhibition in 

proliferation; however, there are two main differences. Unlike the current 

investigation, cells irradiated at doses higher than 2 J/cm2 continued to proliferate 

after the second blue light exposure. Moreover, the dose-response trend was not 

observed, for example the 2 J/cm2 resulted in lower proliferation rates compared to 1, 

4 and 6 J/cm2. 

To evaluate the effects of 405 nm blue light irradiation on the mineralisation potential 

of DPCs, the levels of ALP, DMP1 and OCN were investigated. These represent markers 

which are regarded as being central to odontoblastic differentiation of DPCs [274]. 

Results showed that 5 and 6 J/cm2 irradiation resulted in higher ALP levels compared 

with the 2 and 4 J/cm2 doses. Previous studies have demonstrated similar outcomes 

however different magnitudes of stimulation were reported. Zhu et al. irradiated 

gingival MSCs with an irradiance of 100 mW/cm2 and it was reported that 2 and 4 

J/cm2 exposure resulted in the highest ALP levels compared with the 1 and 6 J/cm2 

[77]. When using the same irradiance Yang et al. reported that 3 and 4 J/cm2 yielded 

the highest ALP levels in relation to 1 and 2 J/cm2 exposures when they irradiated stem 
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cells from the apical papilla [78]. These data are in agreement with results from the 

current study, i.e. the higher the light dose, the greater the ALP level stimulated. 

Notably, the previous study also indicated that a blue light dose of 4 J/cm2 significantly 

stimulated DMP1 levels. The current study showed that irradiating DPCs at 2 and 6 

J/cm2 resulted in the highest DMP1 increase, and levels continued to increase from day 

3 to day 5 in the 6 J/cm2 exposure group. However, further comparison between the 

studies cannot be undertaken as the only dose previously investigated was 4 J/cm2. 

Results from the current study have also indicated that irradiating DPCs with 2 and 4 

J/cm2 (57.7 mW/cm2 for 35 and 69 seconds) is capable of up-regulating the expression 

of OCN protein in a dose-response relationship. Reportedly, the same doses (100 

mW/cm2 for 20 and 40 seconds) as well as 3 J/cm2 (16 mW/cm2 for 188 seconds) have 

resulted in similar outcomes [76-78].  

Alizarin red staining showed that irradiating DPCs with 405 nm light significantly 

enhanced the mineralised nodule formation at days 7, 14 (2 J/cm2) and 21 (2 and 4 

J/cm2). Irradiation at 2 and 6 J/cm2 led to comparable results at days 7 and 14. 

However, at day 21 the blue light dose exposure of 2 J/cm2 resulted in the highest 

calcified nodule formation, followed by doses of 4, 5 and 6 J/cm2. Interestingly, when 

gingival MSCs were irradiated (at doses of 1, 2, 4 and 6 J/cm2) using an irradiance of 

100 mW/cm2, a dose- response trend was observed at day 28 [77]. Moreover, when 

apical papilla stem cells were irradiated at 1, 2, 3 and 4 J/cm2 - using the same 

irradiance – the 3 J/cm2 group resulted in the highest mineralised nodule formation 

followed by 2 and 4 J/cm2 groups [78].  
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Previous studies have reported that irradiations at time period of every other day (1 – 

6 J/cm2) at 100 mW/cm2 (cumulative dose of 10 – 80 J/cm2) led to enhancement in 

MSCs calcified nodule formation at day 28 [77],[78]. Additionally, only 5 irradiations 

every two days (3 J/cm2) at 16 mW/cm2 (cumulative dose of 15 J/cm2) resulted in 

similar outcomes at day 21 [76]. In the current study, the cumulative blue light dose - 

leading to enhancement of mineralised nodule formation - after 3 irradiations on 

alternate days is between 6 and 18 J/cm2. The extended irradiation on alternate days 

beyond the initial 3 irradiations (6 irradiations) also resulted in enhanced mineralized 

nodule formation at day 14 at all doses studied– delivering a cumulative dose of 12-36 

J/cm2. However, this increase was not statistically significant compared with the non-

irradiated control. Contrarily, 9 irradiations (cumulative dose 18-54 J/cm2) resulted in 

an inhibitory effect at all doses with the 6 J/cm2 dose demonstrating significantly fewer 

nodules at day 21. When Yuan et al. [223] irradiated MSCs daily with a dose of 12 

J/cm2 (cumulative dose 70 -80 J/cm2) at an irradiance of 20 mW/cm2, data indicated 

statistically significantly lower calcified nodules formation at day 7. Collectively, these 

data suggest that at lower irradiance parameters, cells may require fewer exposure 

times.  

It is notable that differences in experimental set-ups could also be the reason behind 

the diversity in results. In both the Zhu et al. and Yang et al. investigations, it was 

reported that the light source spot size was 3.5 cm in diameter (35 mm). However, 

proliferation was investigated in 96-well plates, ALP and mineralised nodule formation 

studies were performed in 35-mm dishes, and cell culture plates used for gene 

expression investigations were not reported. It was reported that irradiation was 
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performed from above the cultures at a 1 cm distance, and the standard heights of 

both plates were different, i.e. 14.5 mm for 96-well plates and 14 mm for 35-mm 

dishes. Moreover, the spot size is 5-6 times larger in diameter than the well’s diameter 

in a 96-well plate (6 mm) [77],[78]. In a study by Wang et al., all plates were covered in 

aluminum foil except for a 4 cm2 area / light spot size area (22.5 mm diameter). 

Irradiance was maintained at 16 mW/cm2 by changing the distance between the light 

source and the cell culture-plates. Molecular investigations were performed in 96-well 

plates, while mineralised nodule studies were undertaken in 6-well plates. The location 

of the irradiation was not reported; however, again differences exist between the 

heights of 96-well plates (14.5 mm) and that of the 6-well plates (22.6 mm). 

Additionally, there are discrepancies between the spot size (22.5 mm) and the well in a 

96-well plate (6 mm) as well as the 6-well plate diameter (34.8 mm) [76]. There were 

also no details reported regarding how the light source was characterised or where the 

sensor/detector was positioned during light characterisation [76-78]. This highlights 

the importance of including both detailed explanation of each experimental set-up and 

how light is characterised, especially as blue wavelength light has the highest Rayleigh 

scattering [228]. In the current investigation, the light source (7 mm diameter) was in 

direct contact with the black walled 96-well plate bottom and the attached cell 

monolayer. This experimental set-up used here ensured minimal light bleed as well as 

precision in both: i) light characterisation and ii) delivering the same light dose for all 

samples at all assays carried out.   
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Another important variable which should be considered is the potential effect of 

temperature change following light irradiation. No studies have previously reported 

measuring temperature changes [76-78]. Heat dissipation in cultures depends on their 

thermal relaxation time as well as the irradiance, irradiation time, pulse frequency and 

pulse duration of the light source [224]. Not only can hyperthermia increase 

mitochondrial ROS [225], but also hyperthermia is reported to enhance the osteogenic 

differentiaton of MSCs through the up-regulation of ALP, OSX, RUNX2, BMP2 and OPN. 

These effects are mediated via the heat shock protein HSP70, and its knockout 

alleviates the positive effects of hyperthermia [275-277]. If the PBM mechanism 

involves hyperthermia, this means that the energy of lights photons absorbed in 

different molecules - and not only the designated chromohpore - will dictate the 

resulting effects. Resultantly, blue light - with higher energy per photon [61] - has a 

greater ability of causing hyperthermia compared with red light at similar irradiation 

doses. However, from a photo-chemical perspective, both the wavelength used and 

the absorption spectrum of the chromophore influence the outcomes [224], and not 

the energy per photon. In the current study, there was no significant differences in the 

temperature change/decrease between the non-irradiated controls and the irradiated 

samples – at all doses investigated [refer to section 3.1.3.2]. This subsequently 

alleviates the hypothesis that any hyperthermic effects initiated the DPCs responses. 
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Chapter 4: General Discussion 

Blue light has been reported to have inhibitory effects on S. mutans growth as well as 

stimulatory effects on MSCs mineralisation. However, there has been variability in 

experimental set-ups and irradiation parameters reported throughout the studies 

investigating blue light’s antimicrobial and bio-modulatory effects [45],[47],[53],[76-

78]. Consequently, this thesis aimed to elucidate 405 nm blue light interactions with 

dentine, S. mutans and DPCs in order to identify opportunities for the clinical 

application of a single wavelength which is able to disinfect dentine and promote the 

mineralisation potential. Understanding the optical properties of dentine which 

influences how light is penetrated through its structure will facilitate the delivery of 

blue light doses that: i) kill cariogenic bacteria without the need for a photosensitizer 

and ii) enhance mineralisation processes in DPCs.  

Blue light transmission through dentine was investigated at 10 increasing power 

outputs of the light leading to an incident irradiance (at the outer dentine surface) of 

470 - 4054 mW/cm2. Results showed that dentine thickness, dentinal tubule 

orientation and density significantly affect the 405 nm blue light transmission. Light 

transmission decreased (i.e. absorption increased) as tissue thickness increased, while 

occlusal and oblique dentine allowed significantly higher blue light transmission 

compared with buccal dentine. This occurred due to the change in tubular orientation 

in the central layers of the buccal dentine as well as due to the significantly decreased 

inner tubular density.  
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To build on the results obtained following analysis of dentine’s blue light transmission 

studies, further analyses aimed to determine 405 nm light irradiation doses that 

inhibited S. mutans activity without the need for application of a photosensitizer. The 

reciprocity of a range of blue light doses (110 -1254 J/cm2) was investigated at 

irradiance parameters ranging from 122 to 539 mW/cm2. Notably, S. mutans has been 

reported to lack porphyrin and heme synthesis pathway [140]. Accordingly, in order to 

elucidate the nature of the photodisinfection mechanism, this study assessed the 

effects of supplementing the bacteria with hemin and ALA on their blue light 

susceptibility. Furthermore, the bacteria’s FAD levels were investigated after blue light 

showed significantly higher reductions in S. mutans cell counts post-ALA treatment. It 

is important to understand the factors leading to this effects within the same bacterial 

species as well as in comparison with appropriate control species. Therefore, a lactic 

acid-producing, gram positive and facultative anaerobic specie was selected, i.e. E. 

faecalis. It is strongly associated with the caries process, as well as being isolated from 

root canal infections and periapical disease [278],[279].  E. faecalis has demonstrated 

the highest resistance to direct light therapy compared with other gram positive 

species, and was regarded as a control specie in previous studies [241],[242]. Notably, 

a better understanding and identification of antibacterial light irradiation conditions 

ultimately has clinical translational applications. 

Results demonstrated that blue light irradiation can inhibit the growth of both S. 

mutans and E. faecalis as demonstrated by the ZOIs detected in the bacterial lawns. 

These data strongly indicate that direct blue light could inhibit initial biofilm formation 

[42].  The 405 nm wavelength irradiation also led to significant reductions in colony 
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counts for bacteria grown in planktonic cultures, and killed bacteria in mature biofilms. 

Interestingly, E. faecalis showed higher resistance to blue light compared with S. 

mutans at all growth conditions.  

Hemin supplementation increased the bacterial resistance to blue light irradiation due 

to activation of the negative feedback loop limiting porphyrin production [257],[258] 

as well as  providing an anti-oxidant effects [140],[151],[153],[158],[162],[245],[263]. 

Intriguingly, heme inhibits the growth of species with confirmed endogenous 

porphyrins [259], while enhancing the growth and aero-tolerance of lactic acid-

producing species where the presence of no porphyrins have been identified 

previously [151],[163],[164],[262]. It should be noted that heme acquisition and 

utilisation by bacteria remains a subject that has not entirely been elucidated in the 

literature and there are still unanswered questions concerning how bacteria utilise 

exogenous heme. Indeed, it is unclear as to whether exogenous or endogenously 

synthesised forms are preferentially taken up by the bacterial cell, and once absorbed 

do they exist in a free state or as a chaperone inside the bacterial cell [167]. 

Accordingly, the hypothesis that light resistance due to heme groups absorbing light 

and preventing light delivery to the designated chromophores cannot be excluded. ALA 

supplementation increased the sensitivity of S. mutans to blue light, which indicated 

that ALA likely initiated the induction of porphyrin production in S. mutans. This 

exposure was accompanied by a significant increase in FAD levels, indicating an 

elevation in cellular redox states. Notably, data presented here suggests that flavins 

are also potential blue light chromophores within S. mutans.  
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The variability identified in the inhibitory effects of 405 nm blue light on the bacterial 

strains studied was possibly due to the difference in the photo-absorber types and 

levels present as well as being due to the antioxidative potential of each strain 

[28],[269]. Furthermore, the porphyrin levels in bacteria might differ greatly in wild-

type strains cultured in their natural environment [241]. Indeed, it has previously been 

reported that the antioxidative potential of each strain fluctuates depending on 

culture conditions [280]. It is notable that results from the current investigation 

showed that the delivery of identical reciprocal doses resulted in similar antimicrobial 

outcomes against S. mutans. This can be also observed when comparing the current 

irradiation parameters to other studies employing similar doses but using different 

irradiance settings and irradiation times [42],[245],[246]. This reciprocity could be 

observed when blue light doses were fractionated [45], delivering a total cumulative 

dose falling within the same range of dosage as was administered in the current study. 

These findings demonstrate the plasticity in delivering inhibitory blue light doses for 

adaptation to various clinical conditions.  

The final set of experiments presented in this thesis reported on the investigation of 

the effects of relatively lower doses of blue light (2, 4, 5 and 6 J/cm2) on human DPCs 

responses. Blue light was delivered at an irradiance of 57.7 mW/cm2 for 35, 69, 90 or 

104 seconds. Results showed that 4, 5 and 6 J/cm2 resulted in significantly lower 

proliferation rates compared with the non-irradiated controls at days 2 and 4. 

However, 5 and 6 J/cm2 exposures resulted in the highest stimulated ALP and DMP1 

levels at days 3 and 5, as well as comparable mineralized nodule formation to 2 and 4 

J/cm2 – at days 7 and 14. Nonetheless, at day 21, 2 and 4 J/cm2 exposures resulted in 
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the highest mineralized nodule formation. Thus it could be hypothesized that under 

the current experimental set-up and irradiation parameters, higher blue light doses 

resulted in an arrest in proliferation rates due to the early cellular shift towards 

differentiation responses [281]. The difference in the magnitude of response to each 

dose observed between the current study and previous investigations reported in the 

literature is likely due differences in cell types, light sources, experimental set-ups, 

irradiation parameters and exposure rates used. Of note however, concentrations of 

the mineralization-inducing media supplements were not always reported [76-78].  
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Chapter 5: Conclusions 

Based on the results obtained from the current study, it can be concluded that when 

exposing the dentine of human permanent molar teeth to a 405 nm light source, 

targeting the light source vertically through the occlusal surface will yield the greatest 

transmission. If operating from a proximal / buccal / lingual surface, comparable 

results could be obtained if the light is targeted obliquely parallel to the tubule 

orientation. However, exposing the tooth to a light beam directly perpendicular to a 

proximal surface will lead to the lowest transmission. 

Application of 405 nm direct light treatment has been shown to inhibit the growth and 

kill both S. mutans and E. faecalis - generating a dose-response trend - and at doses as 

low as 110 J/cm2. Notably, the maximum temperatures reached following all light 

delivery doses investigated were within the normal incubation and growth 

temperatures recommended for both bacterial species [233],[234], which excludes the 

possible effect of the photo-thermal inhibition process utilised by IR diode and CO2 

lasers [29],[30]. Since phototherapy is based on photoactivation of chromophores 

endogenous to the bacteria, it is reported that the bacteria are less likely to develop 

resistance to this killing process [28]. Potentially, greater bacterial killing would be 

expected in a clinical environment compared with conditions of optimal in-vitro 

growth conditions used here which provide a rich nutrition [42]. The change in 

bacterial susceptibility to blue light after supplementation with hemin and ALA 

confirmed the photo-oxidative nature of the photodisinfection mechanism. The 
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elevation in FAD levels of S. mutans supplemented with ALA also supported these 

outcomes.   

For the potential use of the 405 nm wavelength in managing and treating carious 

molar dentine infections, applying an exposure time of 7 minutes with an irradiance of 

251 mW/cm2, a dose of 110 J/cm2 could potentially be used to inhibit bacterial growth 

on the tooth surface. Furthermore, using the same irradiation time but with higher 

irradiance parameters of 280 - 325 mW/cm2, has the potential to treat bacteria at up 

to a 1 mm depth within the dentinal tubules at different tooth locations. This light 

application regimen would therefore easily penetrate to sufficient dentine depths 

which have been reported for bacterially invaded tubules [282].  The delivery of the 

same dose for shorter exposure times can be achieved by either applying a higher 

irradiance setting or reducing the distance between the light source and the target 

[247].  

In order to achieve both antimicrobial and bio-stimulatory effects, the selected 

irradiance parameter would mainly depend on the location of irradiation and 

estimated residual dentine thickness. For example, irradiating 3 mm dentine for 7 

minutes using irradiance settings between 280 and 325 mW/cm2 will allow negligible 

blue light doses to reach the dental pulp tissue (0.3 - 1 J/cm2) at different tooth 

locations. However, to achieve photodisinfection and PBM, it would be necessary to 

increase the irradiance settings to 7693 – 19,233 mW/cm2 (allowing a 57.7 mW/cm2 

dose to reach the dental pulp) and reduce the irradiation time to 35, 69, 90 and 104 

seconds. This approach would still deliver doses between 200 and 1500 J/cm2 through 

the first 1 mm of the dentine tissue, potentially killing bacteria. Since the irradiance of 
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57.7 mW/cm2 did not cause any rise in the MEM temperature [see Figure 13], this 

protocol is likely safe towards the pulp. However, a suitable light source would be 

required, as the current device used in the present investigations had a maximum 

irradiance of only 4054 mW/cm2.  

 Notably, exposing 2 mm dentine (251 – 325 mW/cm2 for 7 minutes) would allow blue 

light doses of 1.6 - 4 J/cm2 to reach the dental pulp, which are within the bio-

stimulatory range of doses investigated. However, to avoid both the biphasic PBM 

responses [84-88] arising from using different parameters and a longer irradiation 

time, an irradiance 1923 – 3846 mW/cm2 could be utilised (35, 69, 90, 104 seconds). 

Notably, this would deliver a blue light dose of 50 – 350 J/cm2 for photodisnfection 

purposes within the first 1 mm of the tissue. Irradiating 1 mm dentine (251 – 325 

mW/cm2 for 7 minutes) would permit doses of 11 – 30 J/cm2 to reach the dental pulp, 

which are potentially cytotoxic to DPCs. Accordingly, and to achieve bio-stimulatory 

effects, it is best to increase the irradiance range up to 524 mW/cm2 and reduce 

exposure time to 35, 69, 90 and 104 seconds. A blue light dose of 7 – 50 J/cm2 would 

be delivered through the dentine prior to reaching the pulp; however, this is in a lower 

range than the inhibitory doses investigated in the current study. Nonetheless, using a 

different light source, previously it was reported that doses as low 9.26 J/cm2 can kill S. 

mutans [46], consequently this requires further investigation.  
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Chapter 6: Clinical relevance and future work 

This study investigated the transmission of blue light in coronal molar dentine along 

with the antibacterial and bio-stimulatory effects of the same light source/wavelength. 

The clinical rationale is to optimise the delivery of inhibitory doses towards cariogenic 

bacteria as well as providing bio-stimulatory doses for DPCs, while both are in situ 

within their normal environment. Results of the current study reported on the 405 nm 

light propagation through molar dentine and the potential factors governing it. 

However, further investigations are needed which incorporate different light sources, 

various tooth types (i.e. anteriors / canines / premolars / molar) as well as sampling 

teeth from different age groups. 

The reciprocity required for delivering antimicrobial blue light doses is advantageous 

to adapt to different conditions present in the clinical environment. ALA 

supplementation increased the susceptibility of S. mutans to blue light, which was 

accompanied by a significant increase in FAD levels. This results suggests that S. 

mutans is able to synthesize porphyrins and also supports the hypothesis that flavins 

are potential chromophores. Collectively, these data potentially provide an approach 

for optimising the outcomes for utilising blue light for photo-targeting S. mutans and 

disinfection of dental hard tissue, providing a wider therapeutic potential especially in 

view of the current issues associated with antibiotic resistance. However, the 

mechanisms underlying the involvement of heme-proteins, cytochromes or flavo-

cytochromes still requires further elucidation. Further investigations are also needed 
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to confirm the types and levels of porphyrins within the bacteria under different 

growth conditions.  

Notably, 405 nm light irradiation can potentially be used to enhance DPCs 

odontoblastic differentiation, and depending on the residual dentine thickness, 

different parameters can be adjusted to deliver the desired dose.  The limited 

availability and high passage number of human DPCs samples used here limited the 

potential to investigate the odotongenic markers at further time points as well as in 

studying the reciprocity of blue light doses. Notably, studying different parameters 

would enable a better understanding of the biphasic dose-response previously 

reported, especially relating to the flexibility in delivering reciprocal antimicrobial 

doses as this may not be always the case when delivering PBM doses. Moreover, blue 

light PBM effects requires further studies aimed at standardizing the light sources, 

MSCs type/derivation/passage number, mineralising supplements concentrations, 

experimental set-ups and cell culture plates usage. For optimisation of this novel 

therapy, a concomitant development of a suitable therapeutic device is required along 

with ex-vivo models and clinical trials to demonstrate the safety and efficacy for dental 

phototherapy.  
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infection, tissue necrosis, peri-apical pathologies and ultimately tooth 
loss [11]. 

Effective disease management therefore should aim to minimize 
S. mutans infection at an earlier stage as possible alongside modification 
of the patient’s diet. The delivery of chemical antibacterial compounds 
(e.g. in toothpastes or mouth washes) to inhibit initial biofilm formation 
and growth is the current treatment of choice, however this approach is 
not always effective [12–15]. When a carious lesion is advanced, its 
clinical treatment involves the removal of the infected tissue which is 
then replaced with a restoration which aims to restore the tooth’s 
functionality. However, these restorations have a finite lifespan and 
frequently re-treatment procedures are required due to secondary caries, 
resulting in additional tooth tissue loss over time [16]. 

The use of direct and indirect light therapy approaches has previ
ously been explored for photo-disinfection of dental tissues. Photody
namic therapy (PDT) provides one such approach utilising a light- 
activated sensitizer to generate reactive oxygen species (ROS) which 
subsequently exert antibacterial action [17]. Studies have explored its 
potential use for the treatment of dental caries in vitro and ex vivo, using 
photosensitizers such as toluidine blue and curcumin activated by 
wavelengths of 450 nm and 633 nm, respectively. Variable results were 
obtained and diffusion of the photosensitizer within the biofilm was 
shown to be a potential limitation of this approach [18,19]. 

Recent studies have now indicated that direct light irradiation could 
be used for bacterial killing. Compared with PDT, direct light potentially 
results in excitation of locally derived bacterial chromophores which 
subsequently release ROS, exerting an antibacterial affect [20]. Intra
cellular porphyrins are proposed as the main endogenous photosensi
tizers, which have an absorption peak within the violet/blue spectral 
range, i.e. 390–425 nm [21–23]. Indeed, a recent in vitro study has 
indicated that irradiation at 405 nm could be used directly to inhibit 
cariogenic bacteria residing within biofilms [24]. Other ex vivo studies 
have also demonstrated the potential efficacy of direct light application 
for dental tissue disinfection, however, frequently, neither details of the 
light parameters, nor the orientation of the dentinal tissues used were 
reported [25–28]. 

Importantly, for dental applications, photo-disinfection approaches 
should be able to kill bacteria on the tooth surface and located within the 
dentinal tubules [8]. Notably, the dentine’s tubular structure is complex 
and has an S-shaped curvature or linear orientation depending upon 
their location within the tooth. Furthermore, tubules are conical due to 
the deposition of intratubular dentine which has been deposited at 
increased levels at the outer dentinal margins as the tooth ages [29,30]. 
Consequently, dentine is optically anisotropic, and light scattering, also 
due to dentine’s non-homogenous composition, is relatively high in the 
near ultraviolet - Near Infrared light spectrum. At the dentine’s outer- 
surface scattering is lower compared with locations closer to the pulp 
where there is a higher dentinal tubule density with wider diameters 
[31]. 

The light dose/energy density (J/cm2) is directly related to re
ductions in bacterial viability and the delivered dose is dependent upon 
both; light irradiance/power density (W/cm2) and irradiation time 
(seconds). Therefore, decreased irradiation times for antibacterial action 
can potentially be obtained by using high energy irradiation [32]. To 
identify potential therapeutic irradiation parameters for use in a clini
cally relevant time-frame for dental tissue photo-disinfection, it is 
important to determine the optical characteristics of dentine at the 
target wavelength. Notably, differences in absorption and transmission 
at different anatomical tooth locations will influence how light could be 
delivered to disease areas. This study, for the first time, utilises the same 
light source, which is comprehensive photo-physically characterised, 
and aims to both; i) determine 405 nm light transmission through 
dentine, and ii) identify 405 nm light irradiation parameters that have 
direct antimicrobial efficacy for S. mutans which have the potential to be 
used both prophylactically and to treat different stages of carious 
infection. 

2. Materials and methods 

2.1. Dentine specimens 

Seventy-five non-carious human permanent molars (aged 20–40 of 
approximately equal gender) were used in this study (Ethical Approval 
Ref.: BCHCDent398.ToothBank/REC Ref.: 14/EM/1128/IRAS Ref.: 
161303). All teeth were stored at 80 ◦C prior to use. 

2.1.1. Dentine light transmission 
Teeth were fixed in acrylic blocks using impression compound sticks 

(Kerr®; USA) to enable sectioning. A water-cooled low speed saw (Iso
Met™, BUEHLER®, USA) was used and a primary cut was made to 
remove the surface layer of enamel. Dentine discs (n 45); from 
randomly selected samples, were sliced and assigned to three main 
groups; cross-sectional occlusal, oblique and longitudinal buccal sec
tions. Each group contained three sub-groups of thicknesses: 1 mm, 2 
mm, and 3 mm (n 5 each). Polishing of surfaces using a carborundum 
stone (CARBORUNDUM®, France) was performed; after which discs 
were washed under running tap water and stored at room temperature in 
distilled water (E-POD®, Millitrack®, Germany) until light transmission 
measurements were undertaken. Compressed air was administrated to 
surface dry specimens prior to testing. A spectrometer; USB4000-VIS- 
NIR (Ocean Optics, USA); connected with 200 μm optical fibre sensor/ 
detector and a glass cosine corrector (5 mm), were calibrated using 
deuterium/halogen light source DH2000 (Ocean Optics, USA). Trans
mission of light at 405 nm (AURA light engine®, lumencor®, USA) in 
each sample was recorded with the dentine disc aligned between the 
light source (7 mm) above, and the detector below. Specimens were 
oriented with the pulpal side downward [see Supp. Fig. 1]. Increasing 
irradiation power settings were applied to investigate the potential of 
delivering light which was able to penetrate the dentine and may be 
used for antibacterial action in a clinically relevant time-frame. An 
irradiance reading (mW/cm2) was obtained for 10 increasing power 
outputs of the light source (470, 968, 1473, 1923, 2360, 2774, 3152, 
3503, 3768, and 4054 mw/cm2). Each reading was recorded in triplicate 
and an average value was calculated. The percentage of light trans
mitted was calculated in reference to an initial characterisation of the 
light source; measuring its absolute irradiance at distances of 1, 2, 3 mm 
between the light source and the sensor through atmospheric air. This 
percentage was calculated using an average of 10 measurements (i.e. at 
10 gradual power settings) for each sample; after which, a mean from 5 
measurements (per group) was calculated. 

2.1.2. Dentinal tubule characterisation 
Dentine discs (n 30) from non-carious molar teeth were randomly 

sectioned and assigned to six groups (2 mm thick) (n 5 per group). To 
assess the dentinal tubule density at different depths, three groups 
(occlusal, oblique, and buccal) were obtained with two sub-groups 
within each group; namely outer and inner. Outer sections were adja
cent to the dentine-enamel junction (DEJ), while inner sections were 
located adjacent to the pulp chamber. All sectioning/slicing procedures 
were performed as described above. To ensure complete smear layer 
removal in preparation for imaging, samples were rinsed under running 
tap water, then each sub-group was treated in an ultrasonic bath (In- 
Ceram Vitasonic, VITA; Germany) for 10 min in a mixture of 5% sodium 
hypochlorite (Acros Organics, Fisher Scientific, UK) and 17% ethylene- 
diamine-tetraacetic acid (EDTA) (CanalPro EDTA 17%; COLTENE); 
relying on a previously published protocol [33]. This was followed by a 
further 10 min treatment in an ultrasonic bath of distilled water. Spec
imens were allowed to dry at 37 ◦C (Hybaid Shake ‘n’ Stack, Thermo
Fisher Scientific; USA) for at least 72 h before imaging. Specimens were 
gold sputter coated (Emitech K550X, Quorum Technologies; UK) under 
argon for 3 min at 20 mA at a distance of 45 mm to obtain a gold coating 
thickness of 21 nm. Specimens were imaged using a scanning electron 
microscope (SEM) (EVO MA10, Carl Zeiss; Germany). Micrographs were 
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captured at 2000× magnification under high vacuum and electron high 
tension (EHT) voltage of 20 kV. Dentinal tubule numbers were quanti
fied using ImageJ software (National Institutes of Health; USA). Subse
quently, the number of tubules per unit area (mm2) were calculated 
using the following formula; ‘n X 106/Z’, where ‘n’ is the actual tubule 
count per image and ‘Z’ is the area of the image in μm2 [34]. 

2.2. Bacteria 

S. mutans (ATCC 3209) was retrieved from frozen stocks ( 80 ◦C) 
and incubated (37 ◦C) aerobically (Heracell™ 150i, ThermoFisher Sci
entific, USA) for 24 h on brain heart infusion (BHI) agar (Sigma- 
Aldrich®, USA). Subsequently, a representative colony was inoculated 
into 10 ml of BHI broth (Sigma-Aldrich®, USA), and incubated (37 ◦C) 
overnight (18–24 h) in a shaking incubator at 100 rpm (NB-205, N- 
Biotek, Korea). 

2.2.1. Light irradiation characterisation in bacterial cultures 
Closed plate irradiation was used to avoid cross-contamination of 

bacterial cultures. Irradiation (AURA light engine®, Lumencor®, USA) 
from beneath the plates was performed to minimize the Rayleigh scat
tering of blue light in air [35], and maximize its penetration within 
bacterial layers [36]. Light characterisation was performed with the 
light source at a distance of 5 mm from the underside of the culture plate 
to better represent the use of light in a dental cavity where direct 
application to a cavity wall would not be clinically feasible. To deter
mine irradiance values, the detector USB4000-VIS-NIR (Ocean Optics, 
USA) was placed in contact with the agar surface orientated towards the 
underside of the agar dish [see Supp. Fig. 2(a)]. Using the 405 nm 
wavelength the irradiance readings (mW/cm2) were obtained at 10 
gradual power outputs (470–4054 mW/cm2). Readings were recorded 
three times and an average was obtained. Data were used to generate a 
calibration curve. A calibration curve; using a similar approach was also 
generated for black-walled 96 well plates (4titude®; UK), with the light 
source placed in contact with the flat transparent underside of the well 
(6 mm); with the sensor in contact with the base of the well. As the 
diameter of the light source (7 mm) and the well were comparable, this 
experimental set-up ensured consistent saturation of the light beam 
within each black-walled well in the culture plate. No light leakage 
between wells was detected [see Supp. Fig. 2(b)]. Calibration curves 
were used to estimate irradiation doses applied using each experimental 
set-up; ‘Dose (J/cm2) Irradiance (W/cm2) X Time (seconds)’. 

2.2.2. S. mutans viability analysis 

2.2.2.1. Bacterial lawns. Overnight bacterial cultures were diluted in 
fresh BHI broth to an optical density (OD) of 0.1 (≃ 108 CFU/ml) using a 
7315 spectrophotometer (Jenway, UK) with an absorbance wavelength 
of 600 nm. Using a sterile cotton swab (Sterilin™, Thermofisher Scien
tific, USA); S. mutans was lawned onto the BHI agar. Subsequently, a 
non-irradiated plate served as the negative control; while experimental 
plates were exposed at six increasing doses of 110, 154, 273, 366, 456, 
and 573 J/cm2 – one dose per plate. Each dose was delivered using two 
different regimens; either with i) increased time/decreased power (IT/ 
DP), or ii) increased power/decreased time (IP/DT) [see Table 1]. This 
protocol was adopted to identify optimal conditions which may have 
direct clinical application whilst minimising any potential heating ef
fects. Following irradiation agar plates were incubated (37 ◦C) for up to 
24 h. Standardized images were obtained (SX620 HS, Canon, Japan) for 
each plate and diameter of zones of inhibition (ZOI) were measured 
using ImageJ software (National Institutes of Health; USA). Each ZOI 
was measured at three different orientations along horizontal, vertical 
and diagonal axes, and an average ZOI diameter was obtained. Studies 
were repeated four times. 

2.2.2.2. Planktonic culture assay. S. mutans was grown, sub-cultured, 
and diluted as described above. Subsequently, 200 μl of diluted cul
tures were transferred into a well of a black-walled 96-well plate. Two 
control wells were not exposed to light in each plate and a range of doses 
were applied including: 249, 340, 608, 831, 1014, and 1254 J/cm2. (IT/ 
DP) and (IP/DT) modes were also investigated [see Table 2]. Doses were 
applied to individual wells in each plate. Subsequently, plates were 
incubated at 37 ◦C for up to 24 h. To determine bacterial cell viability 
and killing after irradiation, turbidity and colony forming units (CFU) 
assays were performed. For the turbidity assessment, the OD of wells 
was read at 600 nm using an ELx800™ Microplate Reader (BioTek™, 
USA). The survival rate was calculated based on the equation: ‘Treated 
wells OD/Control wells OD X 100’. Experiments were performed in trip
licate. Two doses were investigated; 340 J/cm2 (378 mW/cm2 for 15 
min) and 831 J/cm2 (418 mW/cm2 for 33 min) to assess reductions in 
colony forming units. Colony counts for samples in irradiated and non- 
irradiated wells were performed using the Miles and Misra method [37]. 
The number of colonies per millilitre (CFU/ml) was calculated using the 
formula: ‘Average number of colonies for a dilution x 50 x dilution factor’. 
Finally, ‘Log10’ of each (CFU/ml) was calculated. This experiment was 
repeated three times; each in duplicate (two plates per experiment). 

2.2.2.3. Mature biofilm assay. Overnight cultures were vortexed (IEC 
Centra CL2, Thermofisher Scientific, USA), then centrifuged at 5000 
RPM for 5 min. Afterwards, the supernatant was removed and replaced 
with 10 ml of sterile phosphate buffered saline (PBS), vortexed, then re- 
centrifuged. This step was repeated, before replacing the supernatant 
again with 10 ml of sterile PBS. Subsequently, the OD was adjusted to 
0.5 Mcfarland standard (Pro-Lab Diagnostics, UK) (equivalent to 1.5 ×
108 CFU/ml) using PBS. 40 μl of the diluted culture was pipetted into 
each well of a 96-well plate; supplemented with 160 μl of BHI broth - 
with 1% sucrose (Sigma-Aldrich®, USA). The cultures were incubated at 

Table 1 
Irradiation parameters applied when exposing S. mutans lawns to 405 nm light. 
The light source was placed at a 5 mm distance from the underside of the agar 
plate (see Supp. Fig. 2).  

Irradiance (mW/cm2) Irradiation time Dose (J/cm2) 

122 15 min 110 (IT/DP) 
251 7 min + 13 s 110 (IP/DP) 
172 15 min 154 (IT/DP) 
251 10 min + 12 s 154 (IP/DT) 
152 30 min 273 (IT/DP) 
251 18 min + 6 s 273 (IP/DT) 
122 50 min 366 (IT/DP) 
191 31 min + 54 s 366 (IP/DT) 
152 50 min 456 (IT/DP) 
191 39 min + 42 s 456 (IP/DT) 
191 50 min 573 (IT/DP) 
251 38 min 573 (IP/DT)  

Table 2 
Irradiation parameters applied when exposing planktonic cultures to 405 nm 
light. The light source was placed in contact with the base of a well in a 96 well 
plate (see Supp. Fig. 2).  

Irradiance (mW/cm2) Irradiation time Dose (J/cm2) 

277 15 min 249 (IT/DP) 
539 7 min + 40 s 249 (IP/DT) 
378 15 min 340 (IT/DP) 
539 10 min + 30 s 340 (IP/DT) 
338 30 min 608 (IT/DP) 
539 18 min + 48 s 608 (IP/DT) 
281 50 min 831 (IT/DP) 
418 33 min + 7 s 831 (IP/DT) 
338 50 min 1014 (IT/DP) 
418 40 min + 25 s 1014 (IP/DT) 
418 50 min 1254 (IT/DP) 
539 38 min + 46 s 1254 (IP/DT)  
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37 ◦C, shaking at 80 rpm for four days. On the fourth day of culture, 
media was removed from wells; replaced with PBS, and the formed 
biofilms were irradiated. Two wells per 96-well plate were irradiated for 
each dose of 340 J/cm2 and 831 J/cm2. Two control wells were included 
containing one positive control (non-irradiated) and a negative control 
which included biofilm treatment with 70% ethyl alcohol for 20 min; 
applied immediately prior to imaging. Immediately after light delivery, 
the live/dead staining protocol (Filmtracer™ LIVE/DEAD™ Biofilm 
Viability Kit, ThermoFisher Scientific, USA) was performed. To prepare 
a working solution, 3 μl of SYTO® 9 stain and 3 μL of propidium iodide 
were added to 1 ml sterile PBS. After PBS removal from wells, 200 μl of 
the working solution was added to each well and the plate was incubated 
in the dark at room temperature for 30 min. The stains were removed by 
washing with PBS, and biofilms were gently disrupted by aspiration; and 
100 μl was pipetted into a μ-Dish 35 mm high Glass Bottom (ibidi ®, 
Germany) for imaging using a confocal microscope (LSM 700, Carl Zeiss; 
Germany) with excitation/emission at 480/500 nm and 490/635 nm. 
Image analysis for quantification of the live/dead bacterial cell per
centages was performed using ImageJ software. To estimate the per
centage of dead cells, the following formula was used: ‘(Dead Cells/Total 
Cell Number) X 100’. The experiment was performed three times; in 
duplicates. 

2.2.3. Light absorption and temperature measurement in media 
The light detector USB4000-VIS-NIR (Ocean Optics, USA) was posi

tioned beneath the agar and absolute irradiance values were obtained. 
These values were deducted from reference values to calculate the 
amount of light absorbed by the agar. The percentage of light absorbed 
was based on an average of 6 measurements. The amount of blue light 
transmitted to the surface of the BHI agar was 67.86% ± 2.03 when 
irradiating the plate at a 5 mm distance; indicating that the percentage 
of blue light absorbed before reaching the agar surface was 32.14%. For 
BHI broth; absorbance was determined through 200 μl fresh BHI broth in 
well of a 96-well plate using a microplate reader (BioTek™, USA). The 
transmission percentage was calculated using the formula ‘Absorbance 
(OD) - log10 Transmittance’ [38]. Absorbance readings were obtained 
three times. The percentage of light transmitted through the BHI broth 
was calculated to be 29.36% ± 0.24. Therefore, the amount of light 
absorbed in the broth was 70.53%. 

K- Type thermocouples attached to a TC-08 data logger (Pico Tech
nology; UK) were used for temperature measurements. Thermocouples 
were either attached to the surface of the agar or positioned within wells 
containing 200 μl broth following generation of access portals within the 
plastic ware. All temperature investigations were performed at room 
temperature in triplicate. Temperature elevation was always directly 
related to the power/irradiance setting administered regardless of 
either; the duration of exposure or the eventual dose. Once the irradi
ation commenced, temperatures increased until a stationery plateau 
phase was reached. The highest temperature reached at the BHI agar 
surface was 31.18 ◦C, and 37.99 ◦C for the BHI broth [see Supp. Table 1]. 
Both temperatures are within the range of normal incubation and 
growth for S. mutans [39]. 

2.3. Statistical analysis 

Light transmission through dentine and tubule quantification data 
were analysed using one-way ANOVA; for comparisons of more than two 
groups. Tukey’s post hoc test was applied for pairwise comparisons. For 
antimicrobial data; the Kruskal-Wallis test was used to determine sig
nificant differences between groups. The Bonferroni test was applied for 
pair-wise comparisons. The significance value was set at p ≤ 0.05. Data 
were analysed using SPSS 17 (IBM®, USA). 

3. Results 

3.1. Dentine light transmission 

Data demonstrated that light transmission decreased as dentine 
thickness increased for all orientations. Percentage of light transmitted 
through 1 mm dentine; in all sections (occlusal, oblique, buccal), was 
statistically significant compared with both the 2 and 3 mm dentine 
specimens (P < 0.001). The amount of light transmitted through either 
occlusal or oblique sections was consistently greater than the amount of 
light transmitted through buccal sections at all three thicknesses stud
ied. No significant differences were found between occlusal and oblique 
dentine in terms of light transmission for the thicknesses examined. In 
the 1 and 3 mm dentine sections, light transmission in occlusal sections 
was significantly greater than in buccal dentine sections (P 0.033; P 
0.040, respectively). It is notable that the percentage of light transmitted 
through each specimen was not significantly different regardless of the 
light source’s power output. Light therefore appeared to be transmitted 
along the tubules occlusally and obliquely; compared to degrading at 
sites of change of orientation in tubular direction buccally [see Fig. 1 & 
Supp. Table 2]. Dentinal tubule quantification data revealed that 
occlusal and oblique dentine sections exhibited the highest tubular 
density in comparison with the buccal dentine. These data correlated 
directly with the light transmission results where the higher tubular 
density detected in the occlusal and oblique sections yielded higher 
percentages of light transmission. This was in contrast to the buccal 
sections which exhibited a lower dentinal tubular density. There were no 
significant differences between any outer and inner counts within the 
same section. Notably, both the inner occlusal (P 0.024) and inner 
oblique (P 0.004) counts were significantly higher than the inner 
buccal counts [see Fig. 2]. 

3.2. S. mutans viability following irradiation 

Results indicated that 405 nm light irradiation inhibited S. mutans 
growth in a dose dependent relationship based on zone of inhibition 
(ZOI) measurements. There were no significant differences in ZOI 
diameter between single doses when applied either in the IT/DP or IP/ 
DT mode. Delivering a dose of 573 J/cm2 in both modes; IT/DT and IP/ 
DT resulted in a significantly greater ZOI compared with the 110 J/cm2 

(IP/DT) (P 0.012) (P 0.016). Delivery of 573 J/cm2 IP/DT resulted 
in a significantly wider ZOI compared with 110 J/cm2 IT/DP delivery (p 

0.047) [see Fig. 3]. All agar plates were re-incubated for an additional 
48 h; and ZOIs were still maintained indicating that the effect of 405 nm 
light was bactericidal rather than bacteriostatic. To address the hy
pothesis that 405 nm irradiation may exert an indirect affect due to i) 
activation of media components, or ii) degradation of nutrients, the agar 
was irradiated prior to the seeding of the bacterial lawn. Notably, bac
teria grew over the area where the agar was illuminated and no ZOI was 
observed. Additionally, irradiation with the plate lid removed, directly 
from above, was performed and ZOIs were also observed. To address the 
hypothesis that blue light may be specifically degrading or sensitizing 
BHI agar; irradiation of bacterial lawns was conducted on Tryptone Soy 
Agar, similar inhibitory effects were observed. 

To determine the effect of light on planktonic bacterial growth, 
turbidity and CFU analyses were performed following culture irradia
tion at 405 nm. Using turbidity measurements, a trend was detected 
indicating a dose response relationship using either the IT/DP or IP/DT 
mode of delivery. The dose of 1254 J/cm2 delivered using the IP/DT 
modality produced significantly lower survival percentages compared 
with 249 J/cm2 irradiation when using both modes; IT/DP (P 0.037) 
and IP/DT (P 0.021). As was the case with irradiation of bacterial 
lawns on agar, there was no significant differences; within a single dose, 
between its IT/DP mode and IP/DT mode [see Fig. 4(a)]. To better 
characterize the potential killing effects of 340 and 831 J/cm2 irradia
tion, planktonic cultures of S. mutans were irradiated which lead to 0.6 
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and 0.92 log10 reductions in growth. These values were statistically 
significant compared with the non-irradiated controls (P 0.038) (P 
0.002) [see Fig. 4(b)]. Image analysis of irradiated S. mutans biofilms 
revealed that delivery of 340 and 831 J/cm2 light resulted in 48 ± 1.38% 
and 54 ± 6.38% killing, respectively [see Fig. 5]. Notably, these biofilms 
were irradiated solely in PBS, which therefore supports a direct anti
bacterial action of the light rather than this effect being due to activation 
of an intermediary compound as would occur due to PDT. 

4. Discussion 

Previously blue light has been reported to have the highest absorp
tion and lowest penetration through dentine [40–42] whilst also having 
the potential to kill cariogenic bacteria [24,28]. Consequently, the 
current studies were performed to better characterize how 405 nm light 
may be applied for the treatment and management of dental disease. 
Data indicated that the dentinal tubule orientation played a significant 
role in the transmission of 405 nm light; as the percentage of light 
transmitted through cross-sectional dissected occlusal and oblique 
dentine was always significantly higher than light transmitted through 
longitudinally dissected buccal dentine. Fried et al. reported that if light 
is delivered perpendicular and not along the path of the tubules, it will 
penetrate only ~100 μm and this is in part due to dentine being a bi- 
refractive tissue as it contains hydroxyapatite crystals as well as hav
ing a complex dentinal tubule structure [43]. Interestingly, Hariri et al. 
obtained similar results to those reported here confirming that the 
refractive index of cross-cut dentine is less than dentine cut either 
obliquely or longitudinally. In longitudinal and oblique dissections, 
hydroxyapatite crystal and collagen orientation were reported as being 
key properties which influenced light propagation [44]. 

It is notable that considerable variation was detected in the light 
transmission data and this likely related to several factors. The extracted 

teeth used in this study were obtained from a relatively broad age range 
and therefore specimens would likely exhibit considerable heterogene
ity in tissue structure potentially due to the presence of intratubular 
dentine and hence tubule width [44,45]. Furthermore, the presence of 
sclerotic dentine may also have been a factor influencing transmission as 
its presence could not be excluded [46]. 

Our data, along with that from several other groups, support the use 
of direct light application for antibacterial action against S. mutans. 
Previously, in similar studies, a range of light sources have been used 
including a halogen lamp (400–500 nm), a plasma arc (450–490 nm), 
and an LED (450–480 nm). Notably, it has been shown that S. mutans 
and Enterococcus faecalis lawns required a 7–10 times higher dose for 
killing compared with Porphyromonas gingivalis and Fusobacterium 
nucleatum. Furthermore, S. mutans eradication was only demonstrated 
when using the plasma arc (450–490 nm); at a dose of 159 J/cm2 [47]. 
Results from the current study, however, have now shown that bacterial 
inhibition can be achieved using a LED light source at a wavelength of 
405 nm, and lower doses than those previously reported can also be 
used. 

Results from the current study showed that 405 nm light was capable 
of inhibiting S. mutans growth in planktonic cultures and these outcomes 
are in agreement with other similar studies. S. mutans planktonic cul
tures exposed to a xenon lamp (450–490 nm) at a dose of 686.4 J/cm2 

showed more than 90% growth inhibition [48]. Chebath-Taub et al. 
reported delivery of a range of doses from 68 to 680 J/cm2 using a 
plasma arc lamp at wavelengths between 400 and 500 nm. All doses 
resulted in S. mutans killing and also interfered with biofilm re- 
formation [49]. In our S. mutans biofilm studies results demonstrated 
the ability of the 405 nm light to kill 48% (340 J/cm2) and 54% (831 J/ 
cm2) of bacterial cells in mature (4 days old) biofilms. Notably, the 
overall dose administered by De Sousa et al. [24] falls within the same 
range as was used here although they irradiated S. mutans biofilms twice 

Fig. 1. (a) Bar chart showing of light transmission percentages through occlusal, oblique, and buccal dentine; at 3 separate tissue thicknesses (n = 5) (mean +/ S. 
D.). Significance level set at P ≤ 0.05. The different letters (A-F), within each of the different thickness groups indicate statistically significant differences between the 
differently oriented sample groups. (b) SEM images of buccal dentine sections at the locations where a change of orientation in tubular direction occurs. The tubules 
are not circular, but rather elongated; occluding the light beam instead of allowing transmission. 
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daily; for 5 days; each at 72 J/cm2. Their irradiation protocol resulted in 
a significant reduction in extracellular polysaccharides, as well as, a 
two-fold decrease in live biomass. Gomez et al. [50] also proposed that 
irradiating 12–16 h old S. mutans biofilms, using a quantitative light- 
induced fluorescence system with a peak wavelength of 405 nm, led 
to a significant reduction in total biomass at doses as low as 9.26 J/cm2. 
However, this reduction was only observed in biofilms grown in sucrose 
free media. 

Results showed differences between effective antibacterial doses 
observed on bacterial lawns or planktonic cultures. There were also 
variations through light exposure reciprocity; as a longer time delivery 
for a given dose led to wider ZOIs. These effects likely occurred due to 
the variations used for the experimental set-ups. Higher irradiation 
doses were required to kill bacteria in a broth medium, compared with 
the exposure required on the surface of solid agar. Data indicated that 
this difference was attributable to the scattering and absorption effects 
on the 405 nm light in the broth, thus affecting the penetration depth. 
Indeed, it is well recognised that irradiation conditions, as well as, the 
half-life of ROS; are major modulating factors with regards to achieving 
disinfection [51–54]. However, there was no notable differences 

between the effects of the two doses investigated; on both colony counts 
and mature biofilms. Furthermore, it has been reported that blue light 
can exert enhanced bacterial killing in biofilm cultures [49,55]. Indeed, 
Steinberg et al. [56] demonstrated greater reductions in CFU counts 
following light irradiation for S. mutans biofilms compared with the 
levels of bacterial death detected in planktonic cultures irradiated under 
similar conditions. 

It is therefore apparent that the direct delivery of 405 nm blue light 
has the potential for use to manage and treat carious infections. Based on 
the data presented here applying an exposure time of 7 min with an 
irradiance of 251 mW/cm2, a dose of 110 J/cm2 could be used to inhibit 
bacteria on the tooth surface. Using the same irradiation time but with 
higher irradiance parameters of 280–325 mW/cm2, has the potential to 
treat bacteria at up to a 1 mm depth within dentine tubules at different 
tooth locations. This light application regimen would therefore easily 
penetrate to sufficient dentine depths which have been reported for 
bacterially invaded tubules [57]. Delivery of the same dose at less 
exposure times can be achieved by either; applying a higher power 
setting, or reducing the distance between the light source and the target 
surface [55]. Furthermore, there is the potentially that greater bacterial 

Fig. 2. (a) Representative SEM images of outer (DEJ) and inner (pulp) dentine sections from each group; occlusal, oblique, and buccal. These Images were used to 
quantify the dentinal tubules. (b) Bar chart showing the tubular density through occlusal, oblique, and buccal dentine (n = 5) (Mean +/ S.D.). Significance level set 
at P ≤ 0.05. Different letters are statistically significantly different. 
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killing at lower doses could be expected in vivo; as survival may not be as 
optimal as it is in vitro under the rich nutrient growth conditions used 
here [47]. Notably, the antimicrobial effects observed here are not based 
on the photo-thermal effects that are utilised by infra-red diode and 
carbon dioxide lasers which are potentially hazardous to healthy tissues 

[58,59]. 
To our knowledge, this is the first study which has investigated both 

the transmission of blue light in coronal dentine; along with determining 
the antibacterial effects using the same light source. The data we have 
presented here indicates that direct blue light delivery has the potential 

Fig. 3. (a) Representative images showing the difference between S. mutans i) control plate (not irradiated), ii) an agar plate exposed to 405 nm light at a dose of 110 
J/cm2, and iii) at a dose of 456 J/cm2. As shown, the higher dose produced a greater area for the zone of Inhibition (7 mm diameter) compared with the lower dose 
(4 mm). (b) Bar chart showing the effect of 405 nm light on S. mutans lawns; when the light source was at 5 mm from agar plate bottom. Each dose was administrated 
in an (IT/DP) and (IP/DT) modes (n = 4) (Mean +/ S.D.). The same symbols show statistically significant differences. Significance level set at p ≤ 0.05. 

Fig. 4. Bar charts showing the effect of different 405 nm light doses on S. mutans planktonic cultures (n = 3). (a) Effect of blue light on bacterial survival percentages 
using OD readings at 600 nm. Each dose was administrated in either (IT/DP) or (IP/DT) mode. The same symbols show statistically significant differences. (b) Bar 
chart showing log10 reductions for S. mutans planktonic cultures; in response to 405 nm light doses of 340 and 831 J/cm2. Irradiation parameters for 340 J/cm2 were 
378 mW/cm2 for 15 min; while for 831 J/cm2, were 418 mW/cm2 for 33 min. Superscripts (*) represent a statistically significantly difference relative to the control. 
Significance level set at P ≤ 0.05. Mean +/ S.D. shown. 
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to be used to treat and manage carious infections at different stages of 
disease. Our findings can therefore be used to underpin future studies 
which utilise well-established complex multispecies biofilm models to 
identify light delivery parameters for antibacterial killing which have 
the potential for use prophylactically and in a clinically relevant time
frame. Notably, we are also aware of the ability of 405 nm light to 
stimulate a positive response in host cells and tissues [60–62], therefore 
there is the possibility to utilise photobiomodulation to stimulate innate 
repair responses within the tooth through the dentine. Future trans
lational studies will therefore require the concomitant development of a 
suitable therapeutic device along with further in vitro, ex vivo and clin
ical trials to demonstrate the safety and efficacy of dental phototherapy. 
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dose-dependent response and bio-stimulation for each spe-
cific cell type or tissue occurs only through a therapeutic 
window of doses [11]. This defies the reciprocity laws; 
meaning that if the radiant exposure was kept constant while 
changing the irradiance and irradiation time, the end results 
will not be similar [12, 13]. Consequently, the Arndt–Schulz 
law has provided an appropriate model to describe the dose-
dependent effects of PBM. This law states that insufficient 
stimuli exert no effects, relatively low stimuli exert a stimu-
latory effects, while higher stimulus causes inhibition. If 
the radiant exposure is too high (higher irradiance or longer 
exposure times) or too low; no response or an inhibitory 
effect could occur. Furthermore, other irradiation parameters 
can also affect cellular responses, such as the mode of opera-
tion, i.e., continuous wave or pulsed, and the wavelength 
applied. It is important to understand that the energy of pho-
tons is dependent on the wavelength of light used, e.g., blue 
light photons contain more energy per photon, compared 
with red light. The absorption of blue light in most tissues 
is higher, because fundamental tissue chromophores have 
dominating absorption bands in the blue light region. It is 
therefore important to fully understand the light irradiation 
parameters applied to optimise the therapeutic outcomes and 
avoid unwanted side effects. Benefits of PBM can include 
regulation of the activity of growth factors, cytokines, and 
inflammatory mediators [9, 12, 14].

Several investigations have reported that red 
(620–660 nm) and near-infra-red (800–980 nm) (R/NIR) 
light can enhance MSC proliferation [15, 16]. Other stud-
ies have now also reported on osteo- and odonto-genic dif-
ferentiation outcomes following irradiation by R/NIR light 
[10, 17–22]. Blue light (400–500 nm) has recently been 
shown capable of up-regulating the osteogenic potential 
of MSCs [23–27]. Even though the PBM mechanisms are 
not fully elucidated [9], the most widely accepted theory 
for the R/NIR PBM effects is in response to light absorp-
tion by cytochrome c oxidase (COX); which subsequently 
leads to stimulation of the respiratory chain and associated 
adenosine tri-phosphate (ATP) production [28]. The mode of 
action of blue light is, however, reportedly primarily medi-
ated through a relatively small increase in reactive oxygen 
species (ROS) levels; after the light has been absorbed by 
cellular flavins [29, 30]. ROS are also secondarily gener-
ated as a result of stimulating the respiratory chain by R/
NIR light [31]. Notably, the redox state of MSCs is reported 
as being an important modulator of both proliferation and 
mineralisation processes [32, 33].

A combined application of PBM and MSCs therefore 
offers a prospective therapeutic modality for the promo-
tion of hard tissue repair and regeneration. However, to 
optimise its clinical use, the mechanisms governing their 
interactions need to be better understood. Indeed, it will be 
important to determine how different wavelengths interact 

with different chromophores; and subsequently determine 
how ROS responses may be generated resulting in the down-
stream molecular and cellular events. Furthermore, the accu-
rate characterisation and reporting of irradiation parameters 
applied is also critical to enable optimisation of therapeutic 
light delivery. This review article explores potential PBM 
mechanisms involved in mediating MSC responses and 
reports on in vitro studies investigating blue and R/NIR light 
effects on cellular mineralisation capacity. Bibliographical 
searches were performed using ScienceDirect and PubMed. 
To identify in vitro studies reporting on the effects of blue 
and R/NIR light on the mineralisation potential of MSCs, the 
keywords used included combinations of: ‘PBM’, ‘LLLT’, 
‘phototherapy’, ‘osteogenic/odonto-genic differentiation’, 
and ‘MSCs’. Studies which only investigated light effects on 
proliferation were excluded; while those investigating osteo/
odontogenesis were included. Subsequently, a methodologi-
cal quality check was performed; in which studies lacking 
essential dosimetry and light characterisation parameters 
were not included. Studies which were included contained 
sufficient information for a radiant exposure to be calcu-
lated, and hence, the irradiation part of the experiment is 
repeatable.

2 � PBM signal transduction in the red/
near‑infra‑red spectrum

Following the absorption of photons, the resulting excited 
molecule exerts biologic effects by modulating intracel-
lular metabolic pathways. Depending on the radiant expo-
sure, light absorption can either cause increases in ATP and 
cyclic adenosine monophosphate (cAMP) levels resulting in 
downstream bio-stimulation, or destruction of cytochromes, 
which results in inhibitory effects. Both processes are pro-
posed to take place within mitochondria [34]. The primary 
photoreceptor or chromophore which reportedly absorbs 
light photons is COX which is a terminal enzyme in the 
respiratory chain and plays a major regulatory role in the 
process of oxidative phosphorylation. The enzyme consists 
of two heme, two copper, one magnesium, and one zinc site. 
COX transfers electrons from cytochrome c to molecular 
oxygen, and this leads to the oxidation of ferrocytochrome c 
and the reduction of a di-oxygen molecule; inducing proton 
pumps from the mitochondria to the cytosol. Ultimately, the 
energy produced from this redox process leads to the genera-
tion of ATP [31, 35].

Karu et al. established a direct link between optical radia-
tion, in the ultraviolet and infra-red spectrum (300–900 nm), 
and stimulation of both DNA and RNA synthesis in HeLa 
cells. DNA synthesis stimulation peaks were recorded at wave-
lengths of 400, 630, 680, and 760 nm, while those for RNA 
synthesis were detected at 400, 615, 680, 780, and 820 nm. 
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Data indicated that light was not absorbed directly by the 
nucleic acids but that light regulated their synthesis indirectly 
[36]. To elucidate the photo-absorber, they used a light source 
of a narrower spectrum (580–860 nm). Four peaks for DNA 
and RNA synthesis were identified; two within the red spec-
trum (613–623 nm and 667–683 nm), and two within the NIR 
spectrum (750–772 nm and 812–846 nm). These results sup-
ported the hypothesis that COX was the main endogenous 
chromophore; as the 613—623 nm absorbance wavelength 
was within the same absorbance maxima for reduced COX, 
while the 667- 683 nm wavelength also conformed to one of 
the COX intermediates, compound A (fluoromethyl-2,2-dif-
luoro-1-trifluoromethyl vinyl ether). Moreover, peaks recorded 
at 750–772 nm correlated with the absorption coefficient of 
mitochondria; and the 812–846 nm wavelengths corresponded 
with oxidized COX [28]. Further studies demonstrated that cell 
exposure to nitric oxide (NO), a COX inhibitor, eliminated 
the bio-stimulatory effects of R/NIR light and this was also 
accompanied by significant changes in COX absorption. NO 
is known to compete with oxygen for binding at the COX cop-
per (CuB) nuclear center. Notably, light reportedly dissociates 
the binding of NO from COX, which can then enable cellular 
respiration and oxygenation by reversing the hypoxic condi-
tions in stressed cells. In turn, this increases electron transfer 
and ATP production, subsequently inducing transcription fac-
tors which can enhance cellular migration, proliferation, and 
differentiation responses [37–39]. Further studies by Wong-
Riley et al. investigated the effects of five different irradia-
tion wavelengths (670, 728, 730, 830, and 880 nm) following 
pre-treatment of neuronal cells with potassium cyanide; an 
inhibitor of COX that also binds to the CuB nuclear center. 
The delivered light demonstrated an ability to restore COX 
activity and ATP levels; with outcomes being dose-depend-
ently related to the potassium cyanide levels applied. The most 
efficient wavelengths applied were 630 and 830 nm, and these 
correlated with the absorbance spectrum of oxidised COX. As 
potassium cyanide could have been bound to other proteins 
within the cell, such as catalase, NO synthase, cytochrome 
b, and cytochrome c; these data therefore did not rule these 
molecules out as prospective chromophores [40]. Interestingly, 
it has been reported that PBM effects in the R/NIR spectrum 
also occur due to the simultaneous production of relatively 
low amounts of ROS; alongside increases in ATP production. 
This takes place due to the shift in the cellular redox state 
towards higher oxidation levels, by simultaneously increasing 
mitochondrial ROS and decreasing cytosolic ROS [10, 31] 
(see Fig. 1).

3 � Blue light PBM signal transduction

Several mechanisms have been reported to mediate blue 
light absorption and activation of downstream signal-
ling pathways. Indeed, it is possible that more than one 
pathway is activated by blue light simultaneously or that 
sequential signalling may occur. Furthermore, differences 
in cell type, metabolic state, and chromophore levels likely 
play a pivotal role in determining the response detected. 
Early hypotheses have proposed that shorter wavelengths 
of blue light (400 nm) were absorbed by porphyrins, lead-
ing to the release of ROS; mainly in the form of singlet 
oxygen. Cellular mitosis is subsequently triggered via 
stimulation of the respiratory chain and calcium influx 
into the cytoplasm. Notably, however, at higher radiant 
exposure, molecular and cellular damaging effects could 
also occur due to the high reactivity of the singlet oxygen 
generated [36, 41].

Due to their key roles in the respiratory process, redox 
chain molecules are candidates for blue light signal trans-
duction. Indeed, the flavin constituents have been proposed 
as chromophores; and this includes molecules such as 
Nicotinamide adenine dinucleotide phosphate (NADPH) 
dehydrogenase [35] and NAPDH oxidase. Studies have 
shown that hydroxyl radicals were induced in sperm cells 
following irradiation using blue spectrum light. Results 
suggested that the endogenous photosensitizer was fla-
vin-bound; and was prevalent in the cytosol [29]. Other 
studies have detected increased mitochondrial ROS pro-
duction after irradiating sperm cells, fibroblasts, cardiac, 
and skeletal muscle cells. The addition of an extracellular 
scavenger led to a reduction in hydroxyl radicals; findings 
which supported the hypothesis that ROS is produced at 
the cell membrane level potentially due to the sensitization 
of NADPH oxidase [42].

Intracellular ROS induced by light are mainly super-
oxide anions, hydrogen peroxide (H2O2), and hydroxyl 
radicals [43, 44], and these can be formed due to type I or 
type II reactions. In type I reactions, electron transfer from 
the excited sensitizer to oxygen produces a superoxide 
anion and H2O2, which in turn is transformed to hydroxyl 
radicals through Harber–Weiss or Fenton reactions. A 
type II reaction results in the production of singlet oxy-
gen. Interestingly, it has been hypothesised that the type I 
reaction conforms closely with the ascending part of the 
Arndt–Schultz curve when light irradiation, up to a certain 
radiant exposure, results in the bio-stimulation of ROS. 
Longer periods of irradiation, or higher radiant exposure, 
correlates with the descending part of the curve; due to 
the elevated ROS production and activation of the cel-
lular scavenging system which causes an imbalance in the 
redox state of the cell. A concomitant rise in intracellular 
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calcium levels accompanies the ROS increase. Thus, it 
has been proposed that a transient increase in calcium, 
induced by H2O2, may be responsible for the bio-stimula-
tory effects, while more rapid increases in calcium cause 
inhibitory effects which are consistent with the descending 
part of the Arndt–Schultz curve [30] (see Fig. 1).

In addition to NADPH-dependent enzymes, flavin ade-
nine dinucleotide (FAD) containing cryptochromes (CRY1 
and CRY2) have also been proposed as blue light absorbers 
in humans [45]. CRY proteins are circadian rhythm regula-
tors which modulate cell and tissue haemostasis [46, 47] (see 
Fig. 1). CRY1 and CRY2 specifically act as negative feedback 
regulators of the circadian clock and decreased levels of these 
molecules can increase bone formation. Increased ROS can 
also reset the cellular circadian clock as well as optimising 
cellular survival mechanisms [48–50].

4 � Intracellular ROS levels regulate MSC 
haemostasis and fate

As has previously been highlighted, ROS can be gener-
ated within mitochondria during electron transport by a 
range of enzymes, including NADPH oxidase, NO syn-
thase, mono-amide oxidase, heme oxygenase, lipoxyge-
nase, myeloperoxidase, cyclooxygenase, and cytochrome 
P450 [51–53]. Other cellular locations for ROS generation 
include the cytosol (NO synthase/lipoxygenase), plasma 
membrane (NADPH oxidase/lipoxygenase) [54–57], 
endoplasmic reticulum (NAPDH oxidase) [58, 59], and 
peroxisomes [60]. In MSCs, ROS play a pivotal role in 
determining cell fate as well as regulation of their self-
renewal. Notably, several studies have reported that the 

Fig. 1   Schematic diagram showing blue and red/near infra-red (R/
NIR) light potential bio-modulatory mechanisms. At the stimula-
tory dose (i.e., radiant exposure), blue light (absorbed by flavins in 
both mitochondria and cytosol) induces the production of stimula-
tory levels of hydrogen peroxide, causing an elevation in intracellu-
lar calcium levels through transient receptor potential (TRP) chan-
nels. These effects are accompanied by decreased crytochrome-1 
(CRY1) activity. R/NIR light dissociates nitric oxide (NO) bound 

to cytochrome c oxidase (COX) inside the mitochondria, enhancing 
cyclic adenosine monophosphate (cAMP), mitochondrial membrane 
potential (MMP), and adenosine tri-phosphate (ATP) production. At 
higher doses, blue light can cause inhibition due to the up-regulation 
of the scavenging system (catalase/peroxidase). Inhibitory effects 
of a higher dose of R/NIR light can occur due to the destruction of 
cytochromes. Nevertheless, both spectral ranges can cause inhibition 
due to the excessive production of ROS
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application of exogenous ROS can stimulate mineralising 
marker expression in both dental pulp stem cells (DPSCs) 
[61] and adipose tissue-derived MSCs (ADMSCs) [62].

During homeostasis, ROS levels are regulated by a range 
of antioxidant/scavenging enzymes including catalases, 
superoxide dismutase, glutathione reductase, and glutathione 
peroxidase. If ROS levels reach certain thresholds; beyond 
the point which the scavenging enzymes can modulate, cel-
lular injury occurs due to oxidation of several molecules, 
including nucleotides, lipids, and proteins [63]. Undifferenti-
ated MSCs contain relatively low levels of ROS, and express 
high levels of antioxidant enzymes; however, the opposite 
state exists for MSCs during their proliferation and differen-
tiation phases [32, 33, 64, 65]. During MSC differentiation, 
the main sources of ROS are complex I (NADH coenzyme 
Q oxidoreductase), complex III (ubiquinol cytochrome c oxi-
doreductase), and NADPH oxidase [66]. Similar to other 
cellular processes, excessive levels of ROS inhibit both pro-
liferation and osteogenic differentiation [67].

Further evidence highlighting the role of the redox status 
in regulating MSC activity is highlighted by the importance 
of the master regulator of anti-oxidative responsive tran-
scription factor, nuclear factor erythroid related factor-2, in 
the process. Its knockout increases cellular differentiation 
processes and bone formation [62]. Combined, these data 
indicate the fine balance the redox state plays in regulat-
ing cellular events and identifies a potential mechanism by 
which light can indirectly influence MSC fate.

5 � PBM promotes MSC mineralisation 
processes in vitro

5.1 � Red light

Red light (620–660 nm) irradiation has been reported to sig-
nificantly increase the proliferation of bone marrow MSCs 
(BMMSCs) [17–19] and periodontal ligament stem cells 
[20] at radiant exposures of 1, 2, and 4 J/cm2. Notably, osteo-
genic differentiation was also promoted after 2 and 4 J/cm2, 
as demonstrated by up-regulation of alkaline phosphatase 
(ALP), osteocalcin (OCN), bone gamma-carboxyglutamic 
acid-containing protein [17–20], runt-related transcription 
factor-2 (RUNX2) [18–20], bone morphogenic protein-2 
(BMP2) [19, 20], collagen-1α (Col-Iα) [18], and insulin-like 
growth factor-1 [19]. Importantly, data also demonstrated 
concomitant increases in mineral deposition [18–20] (see 
Table 1).

Enhanced bio-stimulatory effects in MSCs have also been 
observed when cultures were irradiated either once daily 
[20, 21] or every other day [18, 19]. Higher irradiance values 
and multiple exposures resulted in enhanced mineralising 
outcomes compared with single exposure controls [18]. It 

is notable that PBM effects were inhibited by culture sup-
plementation with SQ22536, an adenylyl cyclase inhibitor; 
supporting the role of cAMP and respiratory chain signalling 
in the photo-transduction process [21].

5.2 � NIR irradiation

NIR diode irradiation (810–850 nm) was reported to stimu-
late the proliferation [10, 21] and osteo-/odonto-genic poten-
tial of BMMSCs [21, 68], ADMSCs [22], DPSCs [10], and 
stem cells from human exfoliated deciduous teeth [69], at 
radiant exposures ranging from 77 mJ/cm2 to 4 J/cm2. Irradi-
ated cell cultures exhibited higher levels of mineralisation 
markers, including ALP [10, 21, 22, 69], Col-Iα, Dentin 
matrix phosphoprotein-1 (DMP-1), and dentin sialophos-
phoprotein (DSPP) [69]. At relatively high radiant exposure 
(64 J/cm2), diode laser (808 nm) irradiation also significantly 
increased mineral deposition in BMMSC cultures via the up-
regulation of ALP, RUNX2, transforming growth factor-βeta 
1 and Osterix (OSX) [68] (see Table 1).

5.3 � Blue light

The bio-modulatory effects of blue light have only relatively 
recently been reported, and there has been considerable 
diversity in the light sources used, irradiation parameters 
applied, and outcomes. Yuan et al. reported that blue light 
(470 nm LED) adversely affected the proliferation and min-
eralisation potential of BMMSCs at a relatively wide range 
of radiant exposures from 1 to 72 J/cm2 [70]. When gingival 
MSCs were treated with 420–480 nm LED irradiation at 1, 
2, 4, or 6 J/cm2, results indicated a significant reduction in 
proliferation rates but increases in both ALP levels and calci-
fied nodule formation. The same light source promoted the 
osteogenic differentiation of stem cells from apical papilla 
after irradiation at 1, 2, 3, and 4 J/cm2. These effects report-
edly occurred due to up-regulation of DSPP, OCN, and 
DMP-1 [26, 27].

Notably, the increase in calcified nodule formation at 
28 days after irradiation was observed in a dose-depend-
ent relationship; suggesting that lower radiant exposures 
promoted early differentiation, while higher radiant expo-
sures exerted enhanced effects, albeit at a more latent stage 
[26]. Exposure to 420 nm LED irradiation at 3 J/cm2 also 
increased expression of the mineralising markers RUNX2 
and OCN, in ADMSCs at 21 days. These effects were also 
reportedly regulated by an increase in intracellular calcium 
signalling [25] (see Table 2).

Continuous wave laser (405 nm) exposure at 9, 18, 27, 
36, and 54 J/cm2 was shown to enhance osteogenic differ-
entiation in mouse BMMSCs cultures, in a dose-depend-
ent manner. These outcomes were supported by increased 
ALP and OCN expression (see Table 2). Immuno-staining 
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confirmed the nuclear accumulation of the clock proteins, 
CRY1 and Period-2. CRY1 down-regulation occurred in a 
dose-dependent manner, at levels above 18 J/cm2, and the 
authors proposed that blue light was able to reset the circa-
dian clock in MSCs. Notably, however, 664 and 808 nm light 
irradiation did not affect the expression of CRY1 [23, 24].

The application of transient receptor potential channel 
antagonists, including capsazepine and SKF96365, have 
been shown to abolish the bio-stimulatory effects of blue 
light, suggesting involvement of light-gated channels in the 
PBM mechanism. The original enhancement in minerali-
sation processes reportedly occurred via an ROS-mediated 
mechanism, accompanied by an increase in intracellular 
calcium, which was transduced by light-gated ion channels 
[25, 29, 30].

6 � Discussion and Conclusions

This review has outlined the different PBM mechanisms 
reported to enhance the mineralisation potential of MSCs, 
using either blue or R/NIR light. Studies have shown that 
light in the R/NIR spectrum can have positive bio-stimu-
latory effects on MSCs in terms of both proliferation and 
mineralising phenotype differentiation. These effects pre-
dominantly occur using both continuous-wave LEDs and 
lasers at relatively low radiant exposures of up to 4 J/cm2 
[17–21]. The majority of the studies reporting multiple 
irradiations did not specify the exact number of treatments 
applied to the MSCs except for the study by Soleimani et al. 
[21], which utilised an estimated cumulative radiant expo-
sure of 6–12 J/cm2. Assuming that in studies where multiple 
irradiations were applied throughout the full duration of the 
mineralised nodules formation assay, the cumulative radi-
ant exposure would be in the range of 10–50 J/cm2 [17–20]. 
Interestingly, it was also reported that multiple NIR laser 
irradiations at much higher radiant exposures of 64 J/cm2 
[68] could enhance osteogenic processes.

Relating to the Arndt Schultz model for the biphasic 
dose-dependent effects, several irradiation parameters trends 
were observed. With regards to R/NIR light, different com-
binations of irradiances and irradiation times were used to 
deliver a range of radiant exposures from 0.5 to 4 J/cm2. 
With multiple red light (620–660 nm) irradiations, 1 and 2 J/
cm2 enhanced proliferation—compared with 4 J/cm2- when 
irradiation was undertaken at 6.67 and 15 mW/cm2. How-
ever, 2 and 4 J/cm2 resulted in enhanced proliferation—in 
comparison with 1 J/cm2—at 10 mW/cm2 [18–20]. Moreo-
ver, a single exposure of 0.5 J/cm2 at 50 mW/cm2 signifi-
cantly enhanced proliferation compared with 1 and 2 J/cm2 
[22]. Conversely, 2 and 4 J/cm2 enhanced the mineralisa-
tion processes in a dose-dependent manner regardless of the 
irradiance or irradiation time [17–20, 22]. As for NIR light 

(808–850 nm), differentiation was also stimulated in a simi-
lar dose-dependent trend using 2 and 4 J/cm2 when MSCs 
were irradiated once (40 mW/cm2) or up to three irradiations 
(167 mW/cm2) [21, 69]. Notably, when employing a single 
irradiation at 50 mW/cm2, 0.5 and 2 J/cm2 resulted in higher 
mineralised nodules formation compared with 1 J/cm2 [22]. 
All these trends were common using both lasers and LEDs, 
indicating that successful phototherapy approaches depend 
on the irradiation parameters, rather than the light delivery 
source [12].

Several studies investigated different irradiation modes 
to optimise light delivery. Li et al. studied the effects of 2 
and 4 J/cm2 (630 nm LED)—on BMMSCs—delivered in 
two modes, 5 mW/cm2 (400 and 800 s) or 15 mW/cm2 (133 
and 266 s); they also studied single or multiple irradiations. 
Their results showed that multiple irradiations at 15 mW/
cm2 for 266 s resulted in the highest proliferation rates [17]. 
Moreover, Kim et al. reported that pulsed 810 nm LED light 
was more effective in enhancing ALP levels in DPSCs, com-
pared with continuous-wave irradiation. They examined the 
effects of a range of duty cycles (0–60%) at a fixed pulse 
frequency (1 Hz), which typically resulted in a range of radi-
ant exposures (0.8–154 mJ/cm2). The duty cycle indicates 
the percentage of time the light is on over the entire ‘on–off’ 
cycle. A duty cycle of 30% resulted in the most hyperpolar-
ized cytoplasmic membrane potential. At fixed frequency 
(1 Hz) and duty cycle (30%), cells exhibited similar ALP 
levels when irradiated at both 77 mJ/cm2 and 2.3 J/cm2—
at variable irradiation times. Additionally, at fixed radiant 
exposure (77 mJ/cm2), and duty cycle (30%), a frequency 
of 300 Hz resulted in highest ALP levels when studying 
a range of different frequency settings; 1–3000 Hz. These 
results indicated that the duty cycle and pulse frequency are 
the main parameters influencing DPSC response, as opposed 
to the radiant exposure. Nonetheless, the radiant exposure 
settings applied [10] were much lower compared with other 
studies investigating the effects of continuous-wave R/NIR 
light [17–22, 69]. This violates the Arndt–Schulz law if 
both continuous and pulsed irradiation are hypothesised to 
enhance mineralisation relying on the same photo-chemical 
mechanism.

For blue LED irradiation, induction of MSC osteogenic 
differentiation and inhibition of proliferation occurred as a 
result of multiple irradiations at radiant exposures within a 
range from 1 to 6 J/cm2, utilising an irradiance of 100 mW/
cm2 (cumulative 10—80 J/cm2) [26, 27]. However, at much 
lower irradiance (16 mW/cm2), longer exposure times, and 
only five irradiations, 3 J/cm2 (cumulative 15 J/cm2) was 
required to stimulate MSCs mineralisation [25].

At higher radiant exposures; multiple blue LED irradia-
tions (12 J/cm2) inhibited osteogenesis [70], while single 
blue laser irradiation (9—54 J/cm2) stimulated minerali-
sation [23, 24]. Compared with LEDs, both blue and NIR 
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lasers were shown to enhance MSCs mineralisation only at 
considerably higher radiant exposure. Further investigation, 
especially using the higher energy of blue light photons, is 
required to ensure that irradiation does not lead to injury 
of local tissues. Intriguingly, enhancement of the minerali-
sation potential of MSCs using R/NIR light was reported 
to occur with either fewer treatments at higher irradiance 
parameters (40–167 mW/cm2) (shorter exposure times), or 
increased treatments at lower irradiance (6–15 mW/cm2) 
(longer exposure times). However, the converse was the 
case for blue light irradiation, since MSCs irradiated at 16 
mW/cm2 required only five exposures compared with cul-
tures irradiated at 100 mW/cm2 every other day. Reciprocity 
between irradiance and exposure times was evident through-
out various R/NIR investigations, which was not reported for 
blue light studies [17–22, 25–27, 69].

Notably, as is highlighted in Tables 1 and 2, there were 
variations among the experimental conditions regarding 
the type of MSCs culture-ware used, location of irradia-
tion source, and irradiation distance. Remarkably, different 
studies reported using fixed irradiance values, even though 
irradiation was carried out in different culture dishes within 
the same study. The use of different size culture-ware will 
clearly result in the generation of different irradiance at 
target, different cell densities, and different light–cellular 
interaction. Despite this, to address this issue, the studies by 
Ateş et al. [22] and Wang et al. [25] reported adjusting the 
irradiation distance within the various culture-plate setups 
to enable maintenance of the same spot size and irradiance. 
Other differences in experimental set-up were also reported 
in attempts to maintain homogeneity of delivered light and 
decrease bleed. For example, in some designs, the culture-
ware plate lid was removed before covering the entire plate 
with aluminium foil except for a window to enable the light 
source to be used to deliver the light from above the culture 
at a fixed distance [68]. Other designs relied on changeable 
distance to target while keeping the light spot and aluminium 
foil window size fixed [25]. While the aluminium foil can 
cause multiple light reflections and affect the light–cellular 
interaction, some authors preferred covering the plates with 
blackout foil or using black-walled well plates [22–24].

Another important variable which should be considered 
is the potential effect of temperature change following light 
irradiation. Only the two studies of Li et al. [17] and Tur-
rioni et al. [69] reported measuring thermal affects. In the 
first study, red LED (630 nm) irradiation resulted in less 
than 0.26 °C temperature increase in the media, while in the 
latter study, no significant rise in temperature was detected 
at up to 2 min of 850 nm LED irradiation. In vivo, the heat 
dissipation in cultures depends on their thermal relaxation 
time, as well as the irradiance, irradiation time, pulse fre-
quency, and pulse duration of the light source [71]. It is also 
notable that non-irradiated controls in all the experimental 

designs studied were kept outside the incubator for the same 
amount of time it took their counterparts to be irradiated. 
This means that depending on the local temperature, the 
irradiated samples might experience a rise in temperature 
below their thermal tolerance, which may not be the case 
in a clinical setting. While PBM is generally accepted as a 
non-thermal response [9], the effect of hyperthermia can-
not be totally ruled out specially it is known to lead to an 
increase in mitochondrial ROS production [72]. Notably, 
hyperthermia is reported to enhance the osteogenic differ-
entiation of BMMSC’s via the up-regulation of ALP, OSX, 
RUNX2, BMP2, and osteopontin. These effects are medi-
ated by the heat shock protein (HSP70), and its knockout 
alleviated the positive effects of hyperthermia [73–75]. If the 
phototherapy mechanism involves hyperthermia, this would 
mean that total energy of all light photons absorbed in dif-
ferent molecules—aside/alongside the chromophore—will 
dictate the resulting effects. Therefore, generally, this means 
that blue light—with higher energy per photon [14]—exhib-
its a greater ability to cause hyperthermia compared with 
red light with similar number of photons. However, from 
a photo-chemical prospective, both the wavelength used 
and the absorption spectrum of the chromophore influence 
the outcomes [71]; and not the energy per photon. There-
fore, with the variations among experimental setups, light 
sources, cultures dishes, and the lack of any media absorp-
tion measurements, hyperthermia cannot be excluded. It also 
means that the inclusion of appropriate thermal controls 
should be included in all studies.

Interestingly, R/NIR and blue light enhanced osteogenic 
events in MSCs when cultured in mineralising-inductive 
media, containing dexamethasone, ascorbic acid, and beta-
glycerophosphate. No irradiation conditions were reportedly 
able to stimulate differentiation in cultures maintained in un-
supplemented media. Notably, R/NIR was able to stimulate 
MSC proliferation in mineralising-inductive media, while 
blue light could inhibit proliferation irrespective of the 
MSC culture media used. These findings highlight potential 
differences in the mode of action between R/NIR and blue 
light, and indicate the need for a conducive environment to 
enable PBM effects, i.e., the presence of supportive culture 
conditions.

Data summarised here support PBM of MSC mineralisa-
tion events as conforming with the Arndt–Schulz law, with 
relatively low radiant exposure enhancing cell fate deter-
mination, while much higher levels are inhibitory of both 
proliferation and differentiation. The inhibitory effects of 
higher radiant exposure of light potentially occur due to 
either the direct interference of photons on chromophore 
function, or indirectly due to excessive ROS production 
[76] or hyperthermia [71, 72]. R/NIR light stimulates the 
mineralisation potential of MSCs via stimulation of cAMP, 
respiratory chain signalling, and ROS production. Blue light 
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enhanced mineralisation primarily through relatively small 
increases in ROS levels; however, the precise involvement 
of the CRY protein in light absorption and subsequent redox 
signalling still remains to be entirely elucidated [77–79]. 
To ensure the safety of PBM, thorough characterisation of 
light irradiation parameters and the further investigations 
are required for the use of blue and NIR lasers at high radi-
ant exposure. The combined application of PBM and MSCs 
could offer a prospective modality for hard tissue regenera-
tive medicine in the future provided that the underlying path-
ways of light–cellular interactions are fully understood, and 
irradiation parameters are standardised. The light param-
eters applied should be optimised for delivery, taking into 
account the absorption of the light within the target tissue 
while maintaining the safety of host tissues.
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