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Abstract 

 
Photobiomodulation (PBM) therapy contributes to pain relief, wound 

healing, and tissue regeneration. The pulsed wave (PW) mode has been 
reported to be more effective than the continuous wave (CW) mode when 
applying PBM to many biological systems. However, the reason for the higher 
effectiveness of PW-PBM is poorly understood. Herein, it suggest using delayed 
luminescence (DL) as a reporter of mitochondrial activity after PBM treatment. 
DL originates mainly from mitochondrial electron transport chain systems, 
which produce reactive oxygen species (ROS) and adenosine triphosphate 
(ATP). The decay time of DL depends on the pulse frequencies of applied light, 
which correlate with the biological responses of human dental pulp stem cells 
(hDPSCs). Using a low-power light whose wavelength is 810 nm and energy 
density is 38 mJ/cm2, it find that a 300-Hz pulse frequency prolonged the DL 
pattern and enhanced alkaline phosphatase activity. In addition, it analyze 
mitochondrial morphological changes and their volume density and find 
evidence supporting mitochondrial physiological changes from PBM treatment. 
Our data suggest a new methodology for determining the effectiveness of PBM 
and the specific pulse frequency dependency of PBM in the differentiation of 
hDPSCs.  

In addition, duty cycle and pulse frequency of PW were empirically verified 
based-on-expanded biology experiment. To do such this, it applied 810 nm LPL 
of 128 µW/cm2 energy density in vitro. Upon this value, CW irradiation did not 
induce any significant changes for differentiation of hDPSCs. However, the 
membrane hyperpolarization, alkaline phosphatase activity, and intracellular 
oxidative stress were largely enhanced in the PW with 30 % of duty cycle and 
300-3000 Hz frequencies-LPL in which LED driver work in the form of square 
wave. After 21 days of daily LPL treatment, Western blot revealed the 
dentinogenesis in this condition in vitro. This study demonstrates that the very 
low power light at 810 nm enhanced significant differentiation of hDPSCs in 
the PW mode and there were duty cycle dependency as well as pulsing 
frequency dependency in the efficiency.  

Meanwhile, together with NIR, blue light has been known to induce 
differentiation of stem cells. In order to enhance the effectiveness of PBM the 
blue light is incorporated into NIR-PBM. PBM has almost been used in the 
region of red or near infrared (NIR) whereas the blue light does not frequently 
due to inducing disrupt cellular processes. Photoacceptor for NIR is 
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cytochrome c oxidase and is Flavin for blue light in the mitochondrial electron 
transport chain system. The delayed luminescence (DL), in which radiate light 
after expose light to cells, originate from cytochrome c oxidase in the region of 
NIR and from flavins in the region of blue light. Correlation between PBM and 
NIR and blue light-induced DL for hDPSCs was employed to investigate an 
optimal excitation to differentiate the cells. The DL showed that the NIR with 
blue-light-pre-irradiation exerted better excitation than the others (only NIR or 
blue light) in pulsed wave mode that their energy density was 89 mJ/cm2. In 
blocking complex I with rotenone, the DL was all decreased in excitation for NIR, 
blue light and blue-then-NIR light, while Antimycin A-bloocked-complex III DL 
was preserved for only NIR. It suggests that photoacceptor of blue light may be 
in complex I and III simultaneously whereas in complex III for NIR. As for 
differentiation of hDPSCs, it showed that alkaline phosphatase (ALP) activity 
was highly expressed for blue-then-NIR light. ROS and RT-PCR data support the 
result of ALP activity. 

Based on the results in vitro, PBM was applied to Beagle’s teeth in order to 
verify formation of dentin in vivo. A dentin formation was produced to be up to 
20 % increment compared to the control that was not exposed to NIR and also 
induced dense periodontal ligament (PDL) after 8 weeks of exposure of NIR to 
teeth. It was observed that odontoblast subjected to NIR light exposure was 
active, generating new tubular dentin along with older dentin. Notably, such 
active odontoblast was not observed in controls, even though odontoblast-like 
layer whereby dentin structure was there in SEM analysis. It suggests that such 
a strategy might facilitate treatments relating to the diseases of dentin and PDL 
in mature permanent teeth. In summary, PW-PBM was more effective than CW-
PWM in differentiating hDPSCs into osteogenesis. Duty cycle 30% and pulse 
frequency 300 Hz was effective among PW-frequencies. Blue-light-incoporated 
NIR induced much more differentiation than when only NIR applied. Beagle test 
verified dentin formation by means of PW-PBM.  
 

Keyword : Photobiomodulation, Pulse frequency, Delayed luminescence,  
Osteogenic differentiation, Human dental pulp stem cell, Cytochrome c 
oxidase 
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Chapter 1  
 

Photobiomodulation 
 

1.1 Light 
1.1.1 Brief of light 

Light is an electromagnetic field consisting of oscillating electric and 
magnetic disturbances that can propagate as a wave through a vacuum as well 
as through a medium. In addition, in terms of the modern quantum theory light 
has a particle nature as energy packets called photons. This dual-character 
description of light is represented in Table 1.1. In this particle view of light, the 
brightness of the light is the number of photons, the color of the light is the 
energy contained in each photon, and four numbers (X, Y, Z and T) are the 
polarization, where X, Y, Z are the directions and T is the time.  

All electromagnetic waves travel with the same speed in a vacuum. In a 
medium such a biological material, the speed of an electromagnetic wave, often 
labeled as ν, is different. The ratio of the two speeds c and ν is called the 
refractive index, n, of the medium. In other words, c/ν = speed of light in a 
vacuum / speed of light in a medium = n or ν = c/n. Therefore, n can be viewed 
as the resistance offered by the medium toward the propagation of light. The 
higher the refractive index, the lower the speed.   

 
1.1.2. Light as photon particles 

The interaction of light with particles of matter involves the exchange of 
energy as well as momentum. These processes can only be described by 
assuming that the light also behaves like particles called photons. As described 
in Table 1.1, a photon for a light of a specific frequency ν has a discrete, fixed 
energy of value hν, where h is a constant (Planck’s constant) having a 
magnitude of 6.63 × 10-34 Js. Thus the energy of an electromagnetic wave is 
quantized (discrete) and is not continuously variable. The smallest energy of an 
electromagnetic wave is equal to that of a photon. The total energy E is equal to 
then Nhν, where N is the number of photons, resulting in the equation E = Nhν. 
The quantized energy aspect of a photon is used in the description of 
absorption, emission, or scattering of light by matter.  

Photons as particles also carry momentum (a physical quantity described 
by the product of the mass and the velocity of the particle). As described in 
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Table 1.1, the momentum, p, of a photon is given as p = h/λ = hν/c. The 
momentum aspect of a photon comes into play when a photon changes its 
direction of propagation while scattered by another particle or when it is 
refracted at the surface of a medium. This change of direction of photon 
propagation creates a change in momentum and can produce a force to trap a 
particle.  

 
1.1.3 Different light sources 

The different light sources available are described in Table 1.2.  
 

1.1.4 Nature of interactions 
Biological systems are molecular media. For such a medium the interaction 

with light can be described by the electronic polarization of a molecule 
subjected to an electric field. The linear field response, which is defined by 
linear dependence of the dipole moment on the electric field, gives the total 
molecular dipole as µT = -er = µ + αε (ν’). µT is the total electronic dipole moment 
vector given by the product of the electronic charge e and its position r. The 
term µ is the permanent dipole term in the absence of any field, and the term 
αε (ν’) is the electric-field-induced dipole moment, µm, describing the 
polarization of the electronic cloud of a molecule in the field. In the case of 
polarization of the oscillating electric field ε (ν’) of light, the induced 
polarization is characterized by the dynamic polarizability term α, which is a 
second rank tensor that relates the directions of two vectors, the electric field 
and, as in this case, the resulting dipole, µm.  

The dipolar interaction V between the molecule and a radiation field can be 
described as V = ε (ν’) µ + ε (ν)αε (ν’). Here, the first term describes interaction 
with a photon field of frequency ν leading to the phenonmem of absorption and 
emission of a photon by the molecule. The second term represents inelastic 
scattering, Raman scattering, where a photon of frequency is scattered 
inelastically by a molecule creating a photon of a different frequency ν’ and 
exchanging the energy difference with the molecule. The energy diagrams in 
Fig. 1.1 describe these processes. The absorption process describes the 
transition from a quantized lower energy initial level, i, to a higher energy level, 
f, with the energy gap between them matching the photon energy. For 
electronic absorption, generally the initial electronic level i is the ground state. 
If the initial level is an excited level, the resulting absorption is an excited state 
absorption. The spontaneous emission process describes the retrun of the 
molecule from the excited state, f, to its lower energy state, i, by  
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Table 1.1. Dual character of light 
 

 
 
 
 
Table 1.2. Different light source and their characteristics 
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Figure 1.1 Schematics of various light-molecule interaction processes. 
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emission of a photon of energy corresponding to the energy gap between the 
two levels. The stimulated emission is a process of emission triggered by an 
incident photon of an energy corresponding to the energy gap between i and f. 
In the absence of an incident photon of same energy, there can be no 
stimulated emission, but only spontaneous emission. In study, the stimulated 
emission is to be used in analyzing delayed luminescence (DL).  

 
1.1.5 Fate of excited state 

The processes that can take place following an excitation created by light 
absorption, which takes a molecule to an excited state can be radiative, where a 
photon is emitted to bring the molecule back to the ground state. They can be 
nonradiative, where the excited-state energy is dissipated as a heat or in 
producing a chemical reaction (photochemistry). The return to the ground 
state may also involve crossing from one electronic level to another of lower 
energy, with the excess energy converting to vibrational energy by an 
interaction. Subsequently, the excess vibrational energy is converted to heat by 
coupling to translation. These processes are schematically represented in Table 
1.3. In this table the star sign signifies that A is in the excited state. The 
processes of energy transfer and excited-state complex formation occur only 
when more than one molecule are interacting. Therefore, for such processes a 
minimum size molecular aggregate is a dimer (A2) or a biomolecular (AB) unit. 
An excimer [an excited-state dimer, (A-A)*] or an exciplex [an excited-state 
complex, (A-B)*] may return to the ground state radiatively (by emitting light) 
or nonradiatively.  

Exciplexes are excited-state complexes formed between two different 
molecules (or molecular units), A and B, when one of them is excited. Exciplexes 
can form between aromatic molecules. Just like in the case of an excimer, the 
resulting emission from the exciplex (A-B*) is red-shifted, compared to that 
from A*. Of biological interest has been the exciplex formation between a 
metalloporphyrin and a nucleic acid or an oligonucleotide, which can provide 
structural information on the microenvironment of the metalloporphyrin [1, 2]. 
Exciplex formation has been studied for double-stranded phoynucleotides and 
natural DNA having regular double-helix structures. In study, the DL that is to be 
utilized present the light fade of excited state. 

 
1.1.6 Light-dental tissue interaction 

Light can interact with a tissue in four key ways: transmission, reflection,  
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Table 1.3. Schematic representation of processes involved in electronic 
excitation 
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scattering, and absorption. Transmission refers to the passage of light through 
the tissue without having any effect on that tissue or on the properties of the 
light. Reflection refers to the repelling of light off the surface of the tissue 
without an entry into the tissue. Approximately 4 to 7 % of light is reflected off 
the tissue [3]. The amount of light reflected increases with increasing angle of 
incidence with the least reflection occurring when the light directed 
perpendicular to the tissue. Scattering of light occurs after light has entered the 
tissue. Scattering is due to the heterogenous structure of tissue, with variations 
in particle size and the index of refraction between different parts of the tissue 
determining the amount of scatter. Scattering spreads out the light within the 
tissue, resulting in radiation of larger area than anticipated. Scattering also 
limits the depth of penetration because it can occur backward as well as 
forward. Light absorption is the fundamental goal of clinical light. According to 
the Grothus-Draper law, light must be absorbed by tissue to produce an effect 
in that tissue. The absorption of the photons of light is responsible for its effects 
on the tissue. The components of the tissue that absorb the photons 
preferentially depend on wavelength.  

Dental hard tissues are inhomogeneous materials. Dental enamel is an 
ordered array of inorganic apatite-like crystals surrounded by a 
protein/lipid/water matrix. The crystals are approximately 30-40 nm in 
diameter and can be as long as 10 µm. The crystals are clustered together in 
~4-µm-diameter rods, which are roughly perpendicular to the tooth surface. 
Dentin is a complex structure, honeycombed with dentinal tubules 1~3 µm in 
diameter. Each of these tubules is surrounded by a matrix of needle-shaped, 
hydroxyapatite-like crystals in a protein matrix largely composed of collagen. 
Because of the complex nature of these materials, the scattering and absorbing 
distributions are generally anisotropic and depend on tissue orientation relative 
to the irradiating light source [4].  

Moreover, because of such dental optical properties of scattering and 
absorption, one of the fundamental challenges in applying light to dentistry is 
the high optical loss in dental tissue. In dental soft tissue, the 1/e optical 
penetration depth at which the light intensity drops to the 1/e level (37%) is 
less than 1 mm for visible and near-infrared radiation [5]. In dental hard tissue, 
there is not data on optical loss. About real measurement on dental hard tissue, 
the following chapter is to be dealt.  
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1.2 Photobiomodulation 
 
1.2.1 Brief of photobiomodulation 

Photobiomodulation (PBM), so-called low level light therapy (LLLT) is a 
form of light treatment that uses visible or near infrared (NIR) light with a 
power density (irradiance) between 1 mW ~ 5 W/cm2. Evidence supporting 
potential uses in a variety of medical, dental, physical therapy and acupuncture 
have shown efficacy in reducing pain and in treatment of traumatic injuries, 
among others [6-11]. PBM is currently used clinically in the application of light 
to a pathology to promote tissue regeneration, reduce inflammation, and 
relieve pain. However, there is still a lack of consensus over its effectiveness as 
a clinical treatment. These uncertainties are largely centered over two major 
domains- biological and device parameters. A lack of thorough understanding of 
PBM mechanisms has prevented optimization of the large number of device 
parameters. Some of the key device parameter include wavelength, treatment 
distance, fluence, time, irradiance, pulsing  and polarization [12]. Even though 
parameters in PBM is very important, it is not defined the effectiveness of PBM 
on biological systems.  

 
1.2.2 Mechanism of PBM 

 
1.2.2.1 Strategic mechanism of PBM 

Most of the effects of PBM can be explained by light absorption within the 
mitochondria [13, 14]. Cells can contain up to several thousand mitochondria, 
which generate cellular energy, which is adenosine triphosphate (ATP) from 
oxygen and pyruvate. In addition, in stressed or ischemic tissues, mitochondria 
synthesize nitric oxide (mtNO) [15, 16], which competes and can displace 
oxygen from binding to cytochrome c oxidase (CCO), which is the terminal 
enzyme in the electron transport chain necessary for energy generation [17]. 
Here, CCO absorbs red and near-infrared light, mediating the electron transfer 
from cytochrome c to molecular oxygen. It seems that PBM increase the 
availability of electrons for the reduction of molecular oxygen in the catalytic 
center of CCO, increasing the mitochondrial membrane potential (MMP) and 
the levels of ATP, cAMP and ROS as well [18]. 

PBM increases the activity of complexes I, II, III, IV and succinate 
dehydrogenase in the electron transfer chain. CCO is known as complex IV and, 
as mentioned before, appears to be the primary photoacceptor. This 
assumption is supported by the increased oxygen consumption during low-
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level light irradiation, and by the fact that sodium azide, a CCO inhibitor, 
prevents the beneficial effect of PBM. Besides ATP and cAMP, nitric oxide level is 
increased, either by release from metal complexes in CCO or by up-regulation of 
CCO activity as a nitrite reductase [19]. In fact, it was proposed that PBM might 
work through the photodissociation of NO from CCO, thereby reversing the 
mitochondrial inhibition of cellular respiration due to excessive NO binding 
[20]. NO is photodissociated from its binding sites on the heme iron and 
copper centers from Cox, where it competes with oxygen and reduces the 
necessary enzymatic activity. This allows an immediate influx of oxygen and, 
thus, the resumption of respiration and generation of reactive oxygen species. 
NO can also be photo-released from other intracellular sites, such as 
nitrosylated hemoglobin and myoglobin [21].  

In addition, the retrograde mitochondrial signaling occurs with light 
activation in the visible and infrared range (Fig. 1.2). This activation of light 
increases mitochondrial membrane potential causing an increase in the 
synthesis of ATP and changes in the concentrations of reactive oxygen species 
(ROS), Ca2+ and NO. Furthermore, there is a communication between 
mitochondria and the nucleus, driven by changes in the mitochondria 
ultrastructure, i.e. changes in the fission-fusion homeostasis in a dynamic 
mitochondrial network. The alteration in the mitochondrial ultrastructure 
induces changes in ATP synthesis, in the intracellular redox potential, in the pH 
and in cyclic adenosine monophosphate (cAMP) levels. Activator protein-1 
(AP1) and NF-kB have their activities altered by changes in membrane 
permeability and ion flux at the cell membrane. Some complementary routes 
were also suggested by Karu, such as the direct up-regulation of some genes 
[22]. 

There are secondary effect after PBM both in vitro and in vivo. An increase 
in intracellular ATP is one of the most frequent and significant findings after 
PBM. The stimulated synthesis of ATP is caused by an increased activity of CCO 
when activated by light. Extracellular ATP participates in a wide array of 
signaling pathways [23]. ATP purinergic signaling is mediated by P2Y G-
protein-coupled receptors, and P2X ligand-gated ion channels. ATP can be 
hydrolyzed to adenosine that carries out signals via the P1 G-protein-coupled 
receptor [24]. Up to the present date extracellular ATP or adenosine can be 
stimulated by PBM. Several workers have shown an increase in adenosine-3’,5’-
cyclic-monophosphate (cAMP) after PBM [25]. This increase in cAMP is a 
direct consequence of the rise in ATP caused by light. cAMP exerts its cellular 
effects via activation of three different kinds of sensors: cAMP-dependent  
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Figure 1.2 Scheme of mitochondrial retrograde signaling pathways.  
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protein kinase A (PKA) which phosphorylates and activates cAMP response 
element-binding protein (CREB), which then binds to CRE domain on DNA and 
in turn activates genes; cyclic nucleotide-gated channels (CNGC) and exchange 
proteins directly activated by cAMP. PBM can produce mitochondrial ROS 
leading to activation of the transcription factor nuclear factor kappa B (NF-κB), 
which can act as a redox-sensor. The fact that the addition of antioxidants 
inhibits the activation of NF-κB by 810 nm light reinforces this assumption [26]. 
There are many different cellular systems that are designed by evolution to 
detect excessive levels of ROS and activate transcription factors to produce extra 
levels of antioxidant defenses [27]. Hydrogen peroxide and lipid hydroperoxides 
[28] are thought to be the ROS most likely to carry out beneficial redox 
signaling by reversible oxidation of cysteine thiols in the sensor protein. Nitric 
oxide (NO) is often found to be produced after PBM [29] . 

These secondary effectors by PBM have their proliferation levels. 
Keratinocytes showed an enhanced proliferation after 660 nm light irradiation, 
accompanied by an increased expression of Cyclin D1 and a faster maturation 
of keratinocytes in migration to the wound sites, via the expression of proteins 
involved in the epithelial proliferation process, namely p63, CK10 and CK14. 
This is useful for the improvement of epithelial healing [8]. These effectors also 
promote migration of cells. Tsai and co-workers evaluated the effect of 660 nm 
light on rat Achilles tendon-derived tenocytes, and found that dynamin-2 
expression was enhanced and the migration was stimulated in vitro [30].  

It appears that stem cells are particularly sensitive to light. PBM induces 
stem cell activity shown by increased cell migration, differentiation, 
proliferation and viability, as well as by activating protein expression [31]. 
Mesenchymal stem cells, usually derived from bone marrow, dental pulp, 
periodontal ligament and from adipose tissue, proliferate more after light 
irradiation (usually with wavelengths ranging from 600 to 700 nm). Min and 
co-workers reported that the cell viability of adipose-derived stem cells was 
found to be increased after irradiation with 830 nm light. Their in vivo results 
also revealed elevated numbers of stem cells compared to the control group 
[32]. Epidermal stem cells can also be influenced by light, as demonstrated by 
Liao et al. The authors reveal that 632.8 nm light has photobiological effects on 
cultured human epidermal stem cells, such as an increase in proliferation and 
migration in vitro [33]. Soares observed a similar effect on human periodontal 
ligament stem cells irradiated with a 660 nm diode laser [34]. 
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1.2.2.2 Parameters of PBM 
The light parameters and the does applied are fundamental in PBM. The 

most important parameters regarding the light source and the light doses are 
described in Table 1.4 and Table 1.5. PBM refers to the use of light in the red or 
near-infrared region, with wavelengths usually in the range of 600 to 700 nm 
and 780 to 1100 nm, and the laser or LEDs typically having an irradiance or 
power density between 5 mW/cm2 to 5 W/cm2. This type of irradiation can be 
a continuous wave or a pulsed light consisting of a relatively low-density beam 
(0.04 to 50 J/cm2), but te output power can vary widely from 1 mW up to 500 
mW in order not to allow thermal effects [35]. The wavelength range between 
700 and 780 nm has been found to be rather ineffective as it coincides with a 
trough in the absorption spectrum of cytochrome c oxidase. Moreover red/NIR 
light is chosen because its penetration through tissue is maximal in this 
wavelength range, due to lower scattering and absorption by tissue 
chromophores.  
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Table 1.4 Description of the irradiation parameters. 
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Table 1.5 Description of the light dose parameters. 
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1.2.3 Application of PBM to dentistry 
 
1.2.3.1 Oral and maxillofacial indications of PBM 

Many trials of PBM relating to oral and maxillofacial indications were 
performed (Table 1.6). 

 
Table 1.6 Oral and maxillofacial indications of PBM [36]. 
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1.2.3.2 Human dental pulp-derived stem cells 
In 2000, dental pulp stem cells (DPSCs) were discovered stem cells in 

human dental pulp tissues of extracted impacted third molars for the first time 
in the world [37]. It was identified other types of human dental pulp-derived 
stem cells from dental pulp of human exfoliated deciduous teeth, root apical 
papilla of human teeth, and dental pulp of human supernumerary teeth, namely 
stem cells from human exfoliated deciduous teeth (SHED) [38], stem cells from 
apical papilla (SCAP) [39], and human supernumerary tooth-derived stem cells 
(SNTSCs) [40]. These all types of such cells commonly share characteristics as 
mesenchymal stem cells; self-renewal capacity, colony-forming unit-fibroblast 
(CFU-F) forming ability, high proliferation activity, expression of cell-surface 
markers-CD34, CD45, CD14, multipotency, in vivo tissue regeneration capacity, 
and immunomodulation.  

 
1.2.3.3 Multipotency of human dental pulp-derived stem cell 

Human dental pulp-derived stem cells are known to differentiate into 
mesenchymal lineage cells including onotoblasts, osteoblasts, chondrocytes, 
adipocytes, and myocytes [37-41]. Recent advantage of stem cell technology 
enables to induce human dental pulp-derived stem cells both into ectodermal 
lineage cells, such neural cells [37-40], and into endodermal lineage cells, such 
vascular endothelial cells [41], hepatocytes and pancreatic islet-insulin-
producing beta cells [42] in Fig. 1.3. 

 
1.2.3.4 Application of PBM to human dental pulp-derived stem cell 

A few studies on hDPSCs of PBM were performed to proliferate. hDPSCs 
that were irraddated with the 20 mW (6 sec and 3 J/cm2) setting presented 
significantly higher MTT activity at 72 hours, compared to control group [43]. 
Similarly, the dental pulp stem cells irradiated with an energy density of 1.0 
J/cm2 and power of 30 mW, exhibited an increase of cell proliferation, 
compared to the control group at 72 and 96 hours [44]. However, there was no 
significant difference in cell proliferation between 1.0 J/cm2 and 0.5 J/cm2 [44]. 
Contrary to the other experiments, Pereira et al., using different energy 
densities (0.05, 0.3, 7 and 42 J/cm2), did not observe an increase in 
proliferation or odonto-osteogenic differentiation of hDPSCs isolated from 
patients with normal and inflamed dental pulps [45]. In addition, hDPSCs were 
differentiated into osteogenesis, chondrocyte and adipogenesis. PBM 
irradiation influences the in vitro increases the expression of essential proteins 
for bone formation [46]. Dose response analysis at 20-second  
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Figure 1.3 Origin, multipotency, and immunomodulatory function of human 
dental pulp-derived stem cells 
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intervals up to 120 seconds demonstrated that PBM significantly increased 
levels of in vitro mineralization at 21 days post-irradiation with 40 (149 
mJ/cm2) and 60 (224 mJ/cm2) seconds of radiant exposure. This result was 
associated with significantly increased ATP, nitric oxide and mitochondrial 
metabolic activity [47]. The number of calcified nodules was increased by 1.0 
W/cm2 irradiation [48]. Characterization of PBM is listed up in Table 1.7. All 
together, these results pose challenges to define irradiation conditions to derive 
better effectiveness of PBM on biological systems.  

 
Table 1.7 Characterisation of PBM on the proliferation of the hDPSCs. 
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1.3 Delayed luminescence 
 
1.3.1 Delayed luminescence 

Delayed luminescence (DL), so-called the photo-induced ultra-weak 
luminescence emitted by biological systems for long time (up to minutes) after 
the illumination source has been switched off, seems to be an excellent means  
for monitoring an optical status of biological systems, while fluorescence refers 
to light emission that rapidly fades within an extremely short time in the order 
of nanoseconds or picoseconds. The DL has a spectral emission lying from the 
optical range to near infrared and its intensity is various orders of magnitude 
(103 ~ 105) lower than the usual fluorescence. The DL connects to the 
repopulation of the excited singlet state via back reaction from an undefined 
metastable state, where the energy, lower than the excited singlet state, is 
stabilized. This connection gives DL emission to the formation of soliton states 
inside the quasi unidimensional polymeric chains that constitute the 
cytoskeleton. Moreover, the DL from solid state systems have confirmed this 
close connection between DL and structure of the emitting systems [49]. This 
connection brought DL in application to biological systems. The DL showed the 
possibility to discriminate between normal and tumor conditions [50-52] and 
to perform in vivo measurements of the mitochondrial oxygen tension [53-55].  

The DL time trend generally follows a power law [56] and allows 
measuring this phenomenon until several seconds (or minutes in the case of 
biological systems provided with photosystem and/or longer illumination 
durations) after the stimulation end. Based on such trend, DL was modeled and 
explained DL data from experiment. The model is related to a large variety of 
biomolecules to be excited by incident light with diversity wavelength. Such 
biomolecules act as endogenous luminescence, demonstrating the 
mitochondrial origin of the DL signal [55, 57]. Mitochondria play a key role into 
controlling life and death, representing an essential component of many 
apoptotic pathways by releasing cytochrome c into the cytosol [58], in addition 
to their established role in generating energy for the cell. This support that DL 
is mainly produced within the mitochondrial electron transfer system (ETC). 
For theoretical approach of DL, it is dealt in chapter 2 for detail.   

 
1.3.2 PBM and DL 

PBM and DL share some interesting factors: visible and NIR photons, the 
mitochondrial electron transport chain, and the generation of ROS (oxygen 
tension). PBM can promote cellular metabolism via photostimulation of 
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elements of the mitochondrial electron transport chain [59]. PBM is thought to 
result in electron-excited states and the increased generation of ROS [60]. The 
mitochondrial ROS generation is likely one of the primary mechanisms 
involved in PBM. In human fibroblasts, PBM-induced proliferation was 
associated with real time transient increases in ROS production [60]. 
Antioxidant mechanisms have been shown to inhibit such PBM effects, further 
implicating the role of ROS in PBM signal transduction [61].  

Moreover, a major source of DL is in the ETC. In fact, the metabolic 
processes involved in producing electronically excited states in DL-producing 
molecules are generally derived from oxidative metabolism accompanied by the 
production of ROS. With increasing generation of ROS by the mitochondrial 
electron transport chain, DL intensity increases. PBM can be used to induce the 
well-described oxidative burst in neutrophils, which occurs in vivo during 
phagocytosis [62]. During neutrophil phagocytosis and oxidative burst, the 
generation of ROS, involving excited singlet oxygen and excited carbonyl 
groups, leads to luminescence [62]. This luminescence has been investigated 
for its potential role in optically mediated neutrophil interactions [63].  

 

1.4 Measurement of intensity into pulp chamber 
 

Dental hard tissues are consisted of dental enamel, dentin and cementum. 
The primary mineral of enamel is hydroxyapatite, which is a crystalline calcium 
phosphate. Dentin consists of the mineral hydroxyapatite, which weighting 
70% of one, while the rest is organic material. Cementum is slightly softer than 
enamel or dentin and consisted of nearly hydroxyapatite of half one. The 
hydroxyapatite as consisting mineral almost in dental hard tissues has higher 
refractive index among their composites: mineral, collagen, protein, and water 
[4]. An incident light toward such hard tissue undergoes severe scattering and 
absorbing including slightly transmitting. Despite there are a few theoretical 
approach for calculating these optical properties, such data does not reflect on 
in situ. For getting a measurement-based-optimal data of PBM toward in vitro, it 
is required to know the light intensity approaching at pulp chamber via enamel 
and dentin tissues. In order to measure the power density, second molars were 
got from out-patients after getting permission of Institutional Review Board 
Approval at the Seoul National University Hospital. These samples were 
measured with Vernier calipers for shortly width, length between shortly 
surface of the crown and site of pulp chamber.  (Fig. 1.4-1.5 Table 1.8). To 
measure of the power penetrating the bilateral side of crown of a tooth to pulp 
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chamber via enamel and dentin tissue, a tip of optical fiber was inserted into 
pulp chamber through a hole that was made by driller with about 2-mm in 
diameter at one of both bilateral sides and another end of the fiber was 
vertically linked onto a sensor of power meter (PM100USB, Thorlabs, USA). 
Using a light source of LED (package size, 2 mm in diameter) in wavelength of 
810 nm, measurements of the power was made in intensity of modulating the 
light source at one of bilateral sides of crown and pulp chamber in the ambient 
humidity at room temperature. Then, at end of both bilateral sides of top of the 
crown, the power was measured in intensity dependent manner. Then, the 
power loss at the pulp chamber in vivo was calculated from referencing a value 
whom the light was measured at bilateral side of the top of the crown in vivo. 

The power density at the pulp chamber was revealed to be an average of 
about 18.4 times to that of both bilateral sides of the top of crown using the 
LED given above (Table 1.8). Thus in vivo power density in the pulp chamber 
through enamel and dentin material was computatively 426 ± 35.2 µW/cm2 
after calculating based on the density at opposite site of the light source (Table 
1.9). This value is able to increase if utilizing brighter than that. This value gave 
us a determinant of light intensity for examining in vitro. Based on this 
measurement, the backlight produces emitting from diffuser to be power 
density of 426 ± 35.2 µW/cm2. Under this condition, all the cell examinations 
were conducted 
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Table 1.8. Samples utilized in this study and ratio of power density at pulp 
chamber to short surface 

 
 
 
Table 1.9. In situ samples utilized in this study and calculated power density at 
pulp chamber 
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Figure 1.4. Representative optical characterization of second molar. A. A hole 
(circled) for inserting an optical fiber. B. Inserted an optical fiber and its site 
(indicated with ⓐ) in the pulp chamber for measuring NIR signals passing 
through dentin and pulp tissue. The optical fiber was linked with an optical 
sensor to measure intensity. ① indicates a width between center of the pulp 
chamber and a shortly surface of the bilateral side of crown. C. short-axis-length 
of the sample examined. ⓑ and ② indicates the site of contacting NIR’s led for 
examination and a shortly width of the sample, respectively. D. NIR penetration 
into in situ the second molar (Left) and its inverse image (Right). LED site on 
the second molar (in box). E. The power density (intensity) of NIR is gradually 
weakened as passing through enamel and dentin layer. The final intensity of 
NIR traveling out to at the site of pulp chamber is one twenty-two. 
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Figure 1.5. Optical characterized data of second molar. Samples that were used 
to optically be characterized. 
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1.5 Scope of the dissertation 
 
In this thesis, first objective is to develop a mathematical model to assess 

the effectiveness of PBM on differentiation of human dental pulp stem cells. 
Second objective is to define photonic mode of PBM to drag out extremely 
effectiveness of differentiation. Third objective is to verify the PBM mode in 
vivo.  

To do such things, a mathematical model was introduced to derive 
photonic conditions to get high effectiveness of PBM on differentiation of 
human dental pulp stem cells. The model has been widely used to attain the 
photonic signals from biological systems. However, In regard with 
differentiation of stem cells, it was not connected. For such model, a 
measurement was performed to get tooth specimen based-on-optimal data of 
PBM toward in vitro in the above. To do this, a system that propagate light 
energy to cells was developed being capable of modulating continuous wave 
(CW) or pulsed wave (PW) and pulse frequency, duty cycle and treatment time. 

In chapter 2, we introduced delayed luminescence to investigate how pulse 
frequency PBM with a fixed duty cycle and energy density of 30 % and 38 
mJ/cm2, respectively, promote the induction of hDPSCs into osteogenic 
differentiation. In analyzing the effectiveness of PBM, mitochondrial mass was 
employed according to pulse frequencies.  

In chapter 3, we verified the effectiveness of PBM on hDPSCs into 
differentiation of dentinogenesis, varying duty cycle of 0.3 to 60 % with 
increment of 10 times and pulse frequency in vitro. While the applied energy 
density of 38 mJ/cm2 was used, here 77 mJ/cm2 was applied.  

In chapter 4, we describes the effects of combination of NIR with blue light 
on enhancing differentiation of hDPSCs. While blue light is shorter than NIR in 
wavelength, the photonic energy is a couple of NIR according to the equation of 
photonic energy (~1/λ). In this chapter, the blue light was used to  excite 
electrons in molecules higher energy levels and then NIR did to induce 
mitochondrial activation of promoting differentiation of hDPSCs.  

In chapter 5, we verified effects of PBM in vivo using a Beagle model. The 
newly formation of dentin in terms of PBM that showed higher effectiveness of 
differentiation in vitro was assessed after 8 weeks of PBM. This result reflected 
in vitro result on in vivo.  
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Chapter 2 
 

Pulse frequency dependency of 
photobiomodulation on the bioenergetic functions 

of human dental pulp stem cells 
 

2.1 Introduction 
PBM therapy generally uses light in the red or near-infrared (NIR) region, 

with wavelengths ranging from 600 to 700 nm and from 780 to 1,100 nm, 
respectively. The output power varies widely from 1 to 500 mW [35]. PBM has 
been shown to influence a wide variety of cellular functions, including gene 
expression, growth and proliferation, survival, and differentiation [64-68]. 
These functions are primarily mediated by raising the levels of adenosine 
triphosphate (ATP), which increases the mitochondrial membrane potential, 
cyclic adenosine monophosphate, calcium (Ca2+), and reactive oxygen species 
(ROS) and activates transcription factors [18, 19]. Cytochrome c oxidase 
appears to be the primary photoacceptor and transducer of photosignals in 
these regions of the light spectrum [69]. The accepted light energy activates 
the cytochrome c oxidase and triggers a series of biochemical cascades that 
improve cellular functions [59].  

PBM can be classified into two modes by its continuity: continuous wave 
(CW) and pulsed wave light (PW). Most previous studies have used CW-PBM to 
aggressively promote the proliferation and differentiation of stem cells[8, 66, 
68, 70-82], beginning with dental treatment[80]. CW-PBM typically uses low 
power density, from 5 mW/cm2 to 5 W/cm2 [83], to prevent thermal effects in 
intracellular molecules. However, PW-PBM is more effective in maintaining an a-
thermal environment due to the quenching periods, that is, OFF times. PW-
PBM also enables the light to penetrate more deeply into a biological system 
than CW-PBM because it uses higher peak power while keeping the total 
energy the same [84]. In addition, PW-PBM can promote light–biological 
system interactions. Some fundamental frequencies in biological systems, in the 
range of tens to hundreds Hz, are similar to the pulsing frequencies used in PW-
PBM[84]. 

On the other side, the responsiveness of biological systems to PBM can be 
identified using delayed luminescence (DL), which is measured in the form of 
optical photons emitted after the illumination source is switched off. Thus, DL 
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is a spectral emission from the optical range to NIR, and its intensity is various 
orders of magnitude [85]. DL demonstrates cellular reduction/oxidation (redox) 
states in relation to cytochrome c oxidase, which produces ROS in the 
mitochondrial respiratory chain [53, 55]. Because the cellular redox state 
appears to differ in the proliferation and differentiation phases of a cell, DL can 
be used to determine cellular phases [86-88]. The cellular phase is associated 
with further transient increases in cellular ROS production, which also affects 
DL [89].  

In this study, we used DL to monitor the responses of stem cells to an in-
house-fabricated laser device (Fig. 2.1) with a light wavelength of 810 nm and 
an energy density of 38 mJ/cm2. The physiological states of hDPSCs were 
assessed after PBM treatment and compared with DL signals. PW-PBM induced 
more significant changes in the differentiation of hDPSCs and created longer-
lasting DL from the cells than CW-PBM. In addition, specific pulse frequency 
dependencies appeared. These results suggest that the pattern of PBM, in 
addition to the light intensity, could be important for biological applications.  
 

2.2 Materials and methods 
 
2.2.1 Cell culture 

hDPSCs were isolated from a tooth obtained following Institutional Review 
Board approval at Seoul National University Hospital (Seoul, South Korea; IRB 
number 05004). All three patients consented to the use of their teeth for 
research purposes, and no information about those patients is included in this 
article. This article does not contain information or images that could lead to the 
identification of study participants. All methods performed here were in 
accordance with the relevant regulations. The tooth was dissected aseptically 
and incubated with 4 ml of 0.25% trypsin-EDTA (Life Technologies) at 37 °C 
for 30 min. After neutralization with 4 ml of complete medium, solutions were 
pipetted vigorously to release cells and then passed through a cell strainer (70 
mm, Corning). The resulting cells were cultured in complete medium 
supplemented with 100 mM ascorbic acid (Sigma). hDPSCs were cultured in a 
37 °C incubator with 5% CO2 in complete medium composed of 10% fetal 
bovine serum (FBS), Dulbecco’s modified Eagle’s medium, and penicillin (100 
U/ml)–streptomycin (100 μg/ml) (all from Gibco, Life Technologies) and 
supplemented with 100 mM ascorbic acid.  
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Figure 2.1 (A) Schematics of PBM device and DL detection system. The light 
from an LED traveled via a reflector, a light-guide, and a diffuser into cells in PBS. 
DL was measured on top of the cell culture plate during and after PBM. (B) A 
photograph of the PBM system with the homogenous center area marked with 
white dotted lines. 
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For differentiation of hDPSCs into an osteogenic linage, 10 mM β-
glycerophosphate, 0.05 mM L-ascorbic acid-2-phosphate, and 100 nM 
dexamethasone were added to the complete medium. 
 
2.2.2 PBM system and treatment 

Unlike other light systems, our custom device was fabricated so that light 
from the LED propagated directly onto cells without a medium, removing the 
loss of light. It was composed of a diffuser, a light guide, a reflector, and an array 
of LEDs, as shown in Fig. 2.1. Seventeen LEDs whose wavelength was centered 
at 810 nm (PV810-3C6W-EDISAA, KAOS, Korea) were positioned at 1-cm 
intervals at one side the device. Light traveled through a disperser and a 
reflector, and the light intensity became uniform with a variance of less than 
3.9% at the center area (marked with the white dotted square). The system 
was operated in a continuous wave (CW) mode or in a pulsed wave (PW) mode, 
with frequencies of 1, 3, 30, 300 Hz and 3 kHz. Constant DC voltage was 
supplied, and it was switched by an 8-bit micro controller device 
(UM_MC95FG308_V3.20_EN, Korea). The duty cycle was kept to 30% in all PW-
PBM treatment modes. About 18.0 mA was applied to each LED, and the power 
density was 268 μW/cm2. Power density (irradiance, W/cm2) was measured by 
a power meter (PM-USB-100, Thorlabs, USA). The exposure time was 
determined so that the total energy was 38 mJ/cm2 for all experiments. The 
light dose was checked before each experiment. For long term exposure for 
hDPSC differentiation, PBM was conducted every day.  
 
2.2.3 Delayed luminescence spectroscopy 

For DL spectroscopy, hDPSCs were first washed twice with DPBS to 
eliminate any influence of FBS. The light sensor (power range: 500 pW – 0.5 
mW, S130VC, Thorlabs, USA), with a resolution of 37 ms per datum, was placed 
on the PBM system in a CO2 incubator (MC-20A, Science & Technology Inc., 
Korea) in darkness for 30 min to remove natural luminescence. The light 
sensor’s area for detection was similar to the diameter of a 24-well plate. 
To inhibit the mitochondrial respiratory chain components, it used 100 nM 
rotenone [90] and 4 µM antimycin-A (AMA) [91] to block the function of 
complex I and complex III, respectively, in the electron transport chain. hDPSCs 
were incubated with those solutions for 60 min, and then DL was measured. To 
test the role of ROS, the cells were treated with NAC for 30 min, and then DL 
was measured. All the measurements were conducted for 20 min, and all data 
were subtracted from the cell-free condition. The control (non-illuminated 
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cells) DL data are not presented because their intensity level (10-19 to 10-16 
W/cm2) was out of the range of the light sensor, representing spontaneous 
photon emissions [92] . 
 
2.2.4 Mathematical description of light-induced DL as a probability 
distribution 

The relaxation of a non-equilibrium state into the equilibrium of a complex 
system can be approximated by a power law [93]. The DL temporal trend for a 
biological system can be modeled by a hyperbolic function, as given [50]:  

 

   (2.1) 
 
where I(t) is the emitted intensity that can be obtained from the experimental 
data, I0 is the initial value of the emitted intensity, t is time, and t0 is an initial 
value.   

DL intensity, I(t), is associated through the decay probability, P(t), with 
the degree of excitation, n(t), that attenuates at any time t by the expression 
I(t) = - dn(t)/dt [93]. This can be evaluated for the value of a dimensionless 
function obtained from the experimental values of the intensity, I(t), at a time t, 
as follows [93]: 

 

   (2.2) 
 
where 
 

   (2.3) 
 
Using the data from Fig. 2.3, P(t) and n(t) are obtained. 
 
2.2.5 Cell viability assay 

hDPSCs were seeded in a 24-well plate with 2.5 × 104 cells/well or in a 96-
well plate with 1.0 × 104 cells/well. 24 h after seeding, the hDPSCs were 
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exposed to PW-PBM. Cell viability was assessed 10, 24, 48, and 72 hours after 
PBM treatment using the WST-1 assay (EZ-cytox, EZ-3000, Korea), as 
previously described [94]. For these experiments, a plate reader (Tecan, USA) 
measured the absorbance at 450 nm.  
 
2.2.6 Detection of intracellular ROS 

To detect intracellular ROS in hDPSCs after PBM treatment, it used 
H2DCFDA (Molecular Probes). hDPSCs were seeded in a 4-well plate with 5 × 
104 cells/well. 24 h after seeding, the hDPSCs were exposed to PW-PBM. 20 
minutes after starting the PBM treatment, the cells were incubated in media 
containing 10 µM H2DCFDA. After two washes with DPBS, the cells were 
incubated in complete medium for 30 minutes. Then the cells were trypsinized, 
and the fluorescence intensity was read via flow cytometry (BD Verse, 
Germany).  
 
2.2.7 Alkaline phosphatase assay  

hDPSCs were seeded in a 96-well plate with 5.0 × 104 cells/well in 
complete medium, and 24 h after seeding, they were treated with PW-PBM in 
osteogenic differentiation medium. 3, 7, and 14 days after PW-PBM treatment, 
ALP activity was assessed using the SensoLyte® pNPP Alkaline Phosphatase 
Assay Kit (AnaSpec, USA) following the manufacturer’s instructions.  
 
2.2.8 Electron transmission microscopy  

To optimize mitochondrial structural preservation and membrane contrast, 
cells were fixed with 2% paraformaldehyde and 2.5% glutaraldehyde (Ted Pella, 
Redding, CA, USA) in 0.15 M sodium cacodylate (pH 7.4) at 37 °C and placed in 
pre-cooled fixative on ice for 1 h. The cells were post-fixed with 1% osmium 
tetroxide, 0.8% potassium ferrocyanide, and 3 mM calcium chloride in 0.1 M 
sodium cacodylate (pH 7.4) for 1 h, washed with ice-cold distilled water, post-
stained with 2% uranyl acetate at 4 °C, dehydrated using graded ethanol, and 
embedded in Durcupan resin (Fluka, St. Louis, MO, USA). Ultrathin (70 nm) 
sections were post-stained with uranyl acetate and lead salts and observed 
using a JEOL 1200FX (JEOL, Japan) at 80 kV. Images were digitized at 1,800 dpi 
using a Nikon Cool scan system (Nikon Instruments Inc., USA), giving an image 
pixel array of 4,033 × 6,010 and a pixel resolution of 1.77 nm. Mitochondrial 
lengths were measured with ImageJ.  

 
2.2.9 Mitochondrial bioenergetics 
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The mitochondrial mass was measured with MitoTracker® Red CMXRos 
(ThermoFisher Scientific), which binds to cardiolipin in the mitochondrial 
inner membrane. hDPSCs were seeded onto coverslips in a 4-well plate with 
1.0 × 104 cells/well. 24 h after seeding, the hDPSCs were exposed to PW-PBM. 3 
days after PBM treatment, the cells were incubated in serum-free medium 
containing 50 nM MitoTracker for 30 minutes. After washing with Dulbecco’s 
phosphate-buffered saline (DPBS), cells were fixed with 4% PFA and observed 
with confocal microscopy (LSM-SP8X, Calzeiss, Germany).  

To confirm the fluorescence data, the TEM images were analyzed. The 
mitochondrial volume density, defined as the volume occupied by mitochondria 
divided by the volume occupied by the cytoplasm, was estimated using 
stereology as follows. A 112 × 112 square grid (chosen for ease of use) was 
overlaid on each image in Photoshop (Adobe Systems Inc., USA), and the 
mitochondria and cytoplasm lying under the intercepts were counted. The 
relative volume of the mitochondria was expressed as the ratio of intercepts 
coinciding with this organelle relative to the intercepts coinciding with the 
cytoplasm. 
 
2.2.10 Statistical analysis 

Data were analyzed using Microsoft Excel. Means and standard deviations 
were calculated. Because many measurement variables in biology fit the normal 
distribution, we performed an unpaired two-sided student’s t test for all data. 
All the experiments were repeated more than four times, and the standard 
deviations were plotted in the graph. It was considered results statistically 
significant when P < 0.01 and P < 0.05. 
 

2.3 Results 
 
2.3.1 PBM-mediated ROS production, proliferation, and alkaline 
phosphatase activity 

To associate the cellular redox state with PBM, PBM-mediated ROS 
production was assessed. Increased production of ROS was observed in hDPSCs 
after treatment with 300-Hz PW-PBM (P < 0.0095), whereas no changes were 
noted after CW-PBM (Fig. 2.2A). Incubation with a ROS scavenger, N-acetyl 
cysteine (NAC), reduced ROS detection after 300-Hz PW-PBM (Fig. 2.2A). 
hDPSCs were subjected to CW- and PW-PBM treatment for 3  
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Figure 2.2 Biological responses of hDPSCs to CW- and PW-PBM with different 
frequencies. (A) Intracellular ROS was measured with H2DCFDA. NAC was used 
to confirm the fluorescence signals. (B) Proliferation of hDPSCs was assessed 
with WST-1 at the elapsed times of 1, 2, and 3 days. (C) Alkaline phosphatase 
activity was measured at the elapsed times of 3, 7, and 14 days. Statistical 
significance is marked with *, **, and *** when P < 0.05, P < 0.01, and P < 0.001, 
respectively. 
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days to assess their proliferation. hDPSCs subjected to CW-PBM showed a 
slight increase in proliferation (P < 0.0009; Fig. 2.2B), whereas those that 
received PW-PBM showed either a slight increase or a decrease in the amount 
of proliferation (P < 0.0032 for 3-Hz PBM, P < 0.00012 for 300-Hz PBM; Fig. 
2.2B). The proliferation of hDPSCs did not reflect the level of PBM-mediated 
ROS.  

The early differentiation of hDPSCs by PBM treatment of 38 mJ/cm2 was 
assessed using alkaline phosphatase (ALP) activity after 14 days of treatment. 
Significantly enhanced ALP activity was observed in the hDPSCs subjected to 
PW-PBM treatment (P < 0.001 for 1 Hz, P < 0.012 for 3 Hz, P < 0.001 for 300 
Hz; Fig. 2.2C), whereas no alteration was observed from CW-PBM on 14 day 
after PBM treatment. Interestingly, the ALP activity of hDPSCs well reflected the 
result from 300-Hz PBM-mediated ROS production.  

 
2.3.2 Delayed luminescence 

To confirm to the effects of the 810-nm wavelength PBM treatment on the 
transfer of energy and related chemical responses, it measured DL from the 
end of light irradiation. Fig. 2.3A shows the patterns of DL in hDPSCs in 
Dulbecco’s phosphate-buffered saline (DPBS) for 5 seconds after CW-PBM or 
PW-PBM at frequencies of 1, 3, 30, 300, and 3000 Hz. Interestingly, all the 
frequencies of PW-PBM induced more lagged luminescence than CW-PBM, 
which showed that some chemical activations result from PW-PBM treatment. 
Though the total energy transferred to cells was the same, the energy per pulse 
decreased as the frequency increased. It was found pulse frequency 
dependencies in the DL patterns; however they were not related to the total 
energy or energy per pulse. 30- and 300-Hz PBM treatment induced highly 
lagged DL, and 3-Hz PBM treatment had the least effect on DL.  

Considering previous reports [50, 54, 85, 93, 95-97] that showed a 
relationship between mitochondrial activity and DL, it used rotenone, which 
inhibits the transfer of electrons from iron-sulfur centers in mitochondrial 
complex I to ubiquinone, or antimycin-A (AMA), which inhibits the oxidation of 
ubiquinone in mitochondrial complex III. In both cases, time delays after CW-
PBM treatment became slower, but those after PW-PBM treatments were faster 
than in cells untreated by chemicals (Fig. 2.3B and 2.3C). However, it is clear 
that the effect of AMA was more significant in reducing DL intensity than DL 
delays. The pulse frequency dependencies changed differently, indicating the 
presence of a response protein to PW-PBM. The order of the delay times was 
kept similar with the addition of rotenone but changed slightly with AMA.  
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Figure 2.3 DL data from hDPSCs in response to PBM according to pulse 
frequency. The measured DL in the period between 1s and 6s after PBM was 
plotted with theoretical fittings. DL was measured when hDPSCs were in PBS 
with no treatment (A), with pre-treatment in rotenone (B), with pre-treatment 
in AMA (C), and with pre-treatment in NAC (D). 
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Because many reports have shown that PBM-induced biological responses are 
mediated by intracellular ROS [54, 93, 96, 97], we examined the effects of NAC 
on DL. Fig. 2.3D shows that DL after CW-PBM treatment was almost the same 
with and without NAC, but delay times after PW-PBM became faster at all 
frequencies. Especially at 1, 3, and 3000 Hz, the delays dropped abruptly 
compared with the control levels.  

To clearly understand the effects of PBM treatment on DL, we transformed 
the measured DL intensity, I(t), into the degree of the excitation level, n(t), and 
the decay probability P(t). The n(t) represents how many excited molecules 
(expected to emit DL) remain, and P(t) indicates the decrease rate in n(t) over 
time. The n(t) plots show clearly separated values between different 
frequencies whose I(t) curves were difficult to distinguish. Fig. 2.4A shows 
that the n(t) value was highest after 300-Hz PW-PBM and lowest after CW-PBM. 
The P(t) results were the reverse of the n(t) results; the value was highest after 
CW-PBM and lowest after 300-Hz PW-PBM (Fig. 2.4B). When hDPSCs were 
subjected to rotenone, the n(t) became lower and P(t) became higher; however, 
the order among the frequencies remained the same (Fig. 2.4C and 2.4D). 
When hDPSCs were subjected to AMA, the high n(t) values with 30- and 300-
Hz PW-PBM became dramatically lower than those with other frequencies (Fig. 
2.4E and 2.4F). A similar decrease was observed with NAC (Fig. 2.4G and 2.4H). 
On the other hand, the probabilities of the control hDPSCs were almost equally 
distributed with the pulse frequency of PW-PBM.  
 
2.3.3 Morphological changes in mitochondria from PBM treatment  

To determine whether PBM treatment triggers an alteration of the 
intracellular mitochondrial network in hDPSCs, it was assessed the 
mitochondrial morphology of hDPSCs using MitoTracker® Red CMXRos 
(ThermoFisher Scientific, USA), which reflects mitochondrial shape. As shown 
in Fig. 2.5, our control sample contained small, rounded mitochondria. However, 
hDPSCs exposed to 3-Hz PBM contained elongated, tubular mitochondria. 
Interestingly, hDPSCs treated with 300-Hz PBM showed much more tubular 
mitochondrial morphology than hDPSCs exposed to 3-Hz PBM treatment. To 
confirm those results, it analyzed the alterations in mitochondrial shape using 
transmission electron microscopy (TEM). Fig. 2.6A shows representative TEM 
images that reveal that hDPSCs subjected to 3-Hz PBM produced fewer 
mitochondria. Quantitative analysis showed that the number of mitochondria, 
normalized to the total area of each image, decreased significantly in hDPSCs 
exposed to 3-Hz PBM treatment, by 63.69 ± 15.18 % (P  
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Figure 2.4 The temporal trend of the decay probability P(t) (A, C, E, G) and the 
degree of excitation n(t) (B, D, F, H) from the DL shown in Fig. 2.3. Data were 
analyzed from the DL measured when hDPSCs were in PBS with no treatment 
(A, B), with pre-treatment in rotenone (C, D), with pre-treatment in AMA (E, F), 
and with pre-treatment in NAC (G, H). The time scales of the P(t) were changed 
for clear discrimination. 
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Figure 2.5 Confocal microscopic images of mitochondria in hDPSCs 3 days 
after PBM treatments. Nuclei were stained with 4',6-diamidino-2-phenylindole 
(DAPI), and mitochondria were stained with MitoTracker Red. Control hDPSCs 
(A–C), hDPSCs exposed to 3-Hz PW (D–F), and hDPSCs exposed to 300-Hz PW 
(G–I) were visualized. The scale bar is 10 µm. 
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< 0.007; Fig. 2.6B). In contrast, PBM treatment of 300 Hz promoted 
mitochondrial numbers, by 110.6 ± 17.28 % (P < 0.039; Fig. 2.6B), compared 
to the control. In addition, mitochondrial volume density, defined as the volume 
occupied by mitochondria divided by the volume of the cytoplasm in 
percentage terms, decreased in hDPSCs subjected to 3-Hz PBM treatment, by 
67.43 ± 6.53 % (P < 0.00027; Fig. 2.6B). In contrast, the hDPSCs that received 
300-Hz PBM treatment significantly promoted mitochondrial volume density, 
by 139.67 ± 9.09 % (P < 0.0024; Fig. 2.6B), compared to the control. In addition, 
it was found differences in the mitochondrial length of hDPSCs treated with 3- 
and 300-Hz PBM compared to controls. hDPSCs subjected to 300-Hz PBM 
treatment showed a mitochondrial length of 109.78 ± 3.17 % (P < 0.05; Fig. 
2.6B), compared to controls. Unlike the mitochondrial number and volume 
density, mitochondrial length increased, compared to controls, in the hDPSCs 
subjected to 3-Hz PBM treatment. However, it was found no difference in the 
mitochondrial cristae structure between the controls and hDPSCs subjected to 
300-Hz PBM treatment (Fig. 2.6C).  
 

2.4 Discussion 
 
In PBM, pulsed wave light (PW) has been reported to be more effective in 

some biological systems than continuous wave light (CW) [84]. In particular, 
PW-PBM more effectively accelerated wound healing, reduced pain, and 
reduced ischemic stroke, apparently by enhancing ATP synthesis in the 
mitochondria [84, 98]. It is reported that the effective pulse frequency range 
for PW-PBM is between 10 and 8,000 Hz [71, 99], with specific effective values 
for particular cell types. In the case of hDPSCs, no report had considered PW-
PBM, even though CW-PBM showed great enhancement in hDPSC 
differentiation [80]. Therefore, our finding of effective pulse frequencies for 
hDPSC differentiation, especially in relation to mitochondrial activities, is the 
first such result. In this study, we considered the relationship between the 
effectiveness of PBM and mitochondrial activity using DL, the luminescence 
emitted from living organisms exposed to external light. This lasts from a few 
seconds to minutes, and the initial intensity exceeds the spontaneous 
luminescence emitted without exposure to external light. The spontaneous 
luminescence of living organisms is called biophoton emission and occurs in 
the ultraviolet (UV) and NIR ranges [89] with a low intensity of 10-19 to 10-16 
W/cm2 [92]. The endogenous production of excited molecules during oxidative 
metabolic reactions is known to be a source of biophoton emission [100]. 
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Figure 2.6 (A) Representative TEM images of mitochondria in hDPSCs after 7 
days of incubation under osteogenic medium, 7 days after PBM treatment. 
hDPSCs (control, treated with 3-Hz PW-PBM, and treated with 300-Hz PW-
PBM) were compared. The areas marked with white rectangles (a, c, e) were 
magnified (b, d, f). (B) Quantitative analyses of the number of mitochondria per 
area, mitochondrial volume density per cell, and mitochondrial length. (C) 
Magnified TEM image of mitochondria in control cells (a) and cells subjected to 
300-Hz PW-PBM. 
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Though bothbiophoton emission and DL exist concurrently, we cannot 
distinguish between the two signals because of the detection limit of  our 
equipment. The detection limit is about 10-10 W/cm2, which is not good enough 
to detect ultraweak biophoton emissions without light exposure. Therefore, we 
analyzed our data as representing only DL. 

Because of the strong correlation between the properties of DL and the 
states of biological systems, DL has been regarded as a powerful tool for 
medical investigations [50, 53-55, 85, 93, 95-97]. However information on the 
mechanisms for DL in animals is rather scarce, compared to that for plants 
[101]. Some hypotheses have been suggested. DL could be generated directly 
from autofluorescence emitters such as flavins [53], from the solitons in 
hierarchically organized structures such as the cytoskeleton [102], or from 
collective molecular interactions such as occur in mitochondrial membrane 
protein complexes [95]. Several papers have reported a close relationship 
between DL and mitochondria. Baran et al. showed that DL originates mainly 
from mitochondrial complex I, which they probed using complex I targeting 
agents [96]. They showed that complex I appeared to exhibit cooperative 
interactions among nicotinamide adenine dinucleotide, flavin mononucleotide, 
and their binding sites, emitting long-lasting DL with multiscale kinetics, as in 
plant chloroplasts. In our study, we analyzed DL signals one second after 
external light exposure, which should eliminate direct autofluorescence, whose 
lifetime is within a millisecond. Therefore, our DL signals are probably 
primarily from sequential photochemical reactions in some metastable-state 
species in mitochondria. 

Our experimental data have some different points from those in previous 
studies. First, a complex III blocking agent (AMA) affected DL signals more than 
a complex I blocking agent (rotenone). It assume that this difference originated 
from the different wavelengths of light. Many studies used UV-VIS light, and 
their target molecules were flavins or nicotinamide adenine dinucleotide 
(NADH). Because we used NIR light in this study, the target molecules should be 
different. Cytochrome c and cytochrome c oxidase are known to absorb longer 
wavelength light, including NIR, which supports the role of complex III in NIR-
induced DL [83]. Excited or metastable-state-cytochrome c could bind with 
complex III forwards or backwards depending on the environmental conditions, 
as observed in other DL systems. Second, the effects of antioxidants were much 
bigger than those observed in previous studies. In a previous study, the 
correlation between DL and ROS/lipofuscin was not particularly significant in 
UV-induced DL [96]. It is well known that PBM increases ROS production and 
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that ROS have primary roles in the process of PBM [103]. The ROS might 
change the chemical environments of mitochondrial complex I or III or be 
directly bound to them, resulting in longer lasting DL signals following exposure 
to NIR light. The big reduction in DL seen with the addition of a ROS scavenger 
supports the relationship between ROS and PBM. Third, the DL we measured 
followed a single power law, which was confirmed by well fitted linear plots for 
P(t). In previous studies, DL generally presented multiscale kinetics that should 
be fitted using combinations of exponential components. Because it was 
analyzed late period DL, it might have lost information about many quick, 
complex events. Nevertheless, our late period DL showed that the signal is from 
a few or a single event, which is meaningful information about PBM-induced 
changes in cell physiology. 

One of the most important findings in this study is that pulsing PBM brings 
differential biological consequences according to the pulsing frequency. The DL 
lifetime was longer after PW-PBM irradiation, and the effects of rotenone, AMA, 
and NAC depended on the pulse frequency. Whereas cells treated with 30–300-
Hz PW-PBM had higher and longer-lasting DL in all cases, cells treated with 
lower or higher frequency PW-PBM showed big changes when AMA and NAC 
were added. Though the exact molecular reactions to PW-PBM have not been 
clarified, it have found that certain ranges of pulse frequency have specific 
biological effects. 30–300-Hz PW-PBM seems to induce highly correlated 
photochemical reactions that are not easily affected by environmental redox 
changes. These periodic light stimuli might accelerate or retard some biological 
processes whose time scales are similar. Three biological processes can be 
suggested. One is a redox-linked proton pump of cytochrome c oxidase that is 
triggered by cytochrome c. Electrons from cytochrome c are transferred to the 
binuclear heme/copper (a3/CuB) oxygen reduction site via a bimetallic CuA 
center at the membrane surface, which takes about a millisecond [104]. 
Another is the kinetics of ion channels, whose time scale is a few to a hundred 
milliseconds [105]. Ion concentrations in the mitochondrial membrane are a 
key factor controlling its functions. The third process is a synchronized whole-
cell oscillation through the mitochondrial metabolism triggered by a local 
release of ROS [106]. It was reported that ROS efflux and antioxidant capacity 
determined the oscillation. 

It should be noted that, among the tested frequencies of PW-PBM, 300-Hz 
PW had significant effects on hDPSC differentiation, as well as in chemical 
activations. The intracellular ROS analyzed via H2DCFDA was highest at 300-Hz 
PW-PBM. A similarly significant enhancement was observed in ALP activity, 
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which is related to the early and middle stages of hDPSC differentiation into 
osteogenic lineages. The enhanced ALP activity and DL decreased when NAC 
was added, which implies that ROS played some role in 300-Hz PW-PBM-
induced cellular responses. Our viability test showed that metabolic activities 
were not triggered by 300-Hz PW-PBM. Thus, this PBM stimulus might trigger 
cellular differentiation-related pathways rather than proliferation-related ones, 
which should be further studied.  

Meanwhile, some studies report that activated complex I or III in 
mitochondrial electron transport chain (ETC) stimulates stem cells to 
differentiate [107, 108]. Complex I or III in the electron transport chain is 
known to representatively produce superoxide anions. ROS resulting from 
those superoxide anions contribute to stem cell differentiation, which is 
different from stem cell type. Myoblasts increased more in complex I than in 
other complexes when progressing differentiation into muscle, and mouse 
embryonic stem cells enhanced the activity of complex III to cause other stem 
cells to differentiate. According to a previous study [83], NIR light changes the 
mitochondrial metabolism for stem cell differentiation between complex III and 
complex IV via cytochrome c, resulting in the production of ROS and thereby 
activating transforming growth factor beta 1 to trigger stem cells to 
differentiate [80]. In the present study, complex III was activated more than 
complex I by 300-Hz PW-PBM, as shown by the results of the rotenone- and 
AMA-blocked decay probability, P(t), in Fig. 2.4. In addition, robust production 
of ROS was observed following 300-Hz PBM (Fig. 2.2B). This robust activation 
of complex III by 300-Hz PBM might be associated with the enhanced 
mitochondrial networks shown in Fig. 2.5 and the increased mitochondrial 
mass shown in Fig. 2.6. Taken together, we assume that 300-Hz PW-PBM 
activates ETC in complex III and produces more mitochondrial networks, which 
influence the differentiation of hDPSCs. 

The mitochondrial activation caused by 300-Hz PW-PBM is supported by 
the changes in mitochondrial morphology and mass. TEM microscopy (Figs. 
2.6a-b) demonstrated that 300-Hz PW-PBM induced a significant richness of 
mitochondrial mass by increasing the number and volume density of 
mitochondria in the hDPSCs. Though the underlying mechanisms for those 
changes have not been elucidated, relationships between some physiological 
observations and mitochondrial morphology and mass have been reported. For 
example, stem cells increased the production of fusion regulators (Mfn2 and 
Opa 1) and fission regulators (Fis 1 and Drp1) as differentiation progressed 
into osteogenesis, which resulted in an increase in mitochondrial mass and 
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elongation [109]. This observation is consistent with our results that 300-Hz 
PW-PBM enhanced ALP activity, which accompanied increased mitochondrial 
mass and length. Another paper reported a negative relationship between 
mitochondrial elongation and mitochondrial ROS (mtROS) [110]. We 
demonstrated that the entire cytosolic ROS level was higher after 300-Hz PW-
PBM (Fig. 2.2A). Though we did not include this result in this paper, it was 
found that the level of mtROS was lower under the same conditions. This 
implies the differential activation of mitochondrial ETCs or the involvement of 
other mitochondrial redox regulators as a result of PW-PBM. Additionally, it was 
reported that PBM induced mitochondrial fission and fusion by regulating Ca2+ 
signaling, which has a close relationship with ROS [111]. Future, rigorously 
designed experiments should determine these cooperating phenomena. 
Because our microscopic observations were carried out 3 days after PW-PBM, 
it is difficult to state the exact relationships between our DL measurements and 
mitochondrial morphological changes. However, our DL screening data predict 
that 300-Hz PW would have the strongest effect on mitochondrial activation. In 
addition, we expect that 300-Hz PW-PBM produces some initiating signals that 
activate mitochondria and hDPSC differentiation. The activation of 
mitochondrial complex IV could play that initiating role by interacting with 
cytoplasmic ROS.   

 
2.5 Conclusion 

 
In conclusion, it was found that 300-Hz PW-PBM dominantly prolonged 

the DL pattern and enhanced ALP activity, which consequently resulted in 
dentinogenic differentiation of hDPSCs. On the contrary, 3-Hz PW-PBM 
produced inverse effects on hDPSCs: it decreased the mitochondrial number 
and volume density, lowered the production of ROS, and produced little effect on 
DL. In PW-PBM therapy, pulsed waves were originally used only to reduce the 
thermal damage. However, our results reveal that the repetition frequency is an 
important factor in biological responses, as are wave frequency and power. 
These results can be used to enhance the efficiency of PBM treatment in many 
biological fields, including stem cell engineering.  
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Chapter 3 
 

Effects of pulsing of light on the dentinogenesis of 
human dental pulp stem cells in vitro 

 

3.1 Introduction 
PBM therapy is a therapeutic modality that is increasingly being utilized by 

clinicians as a treatment paradigm for acute and chronic musculoskeletal 
injuries, osteoarthritis, inflammation, soft tissue injuries, etc.[112-115]. The 
red or near-infrared (NIR) light is known to be effective, but UV is known to 
induce apoptosis when the power density ranges between 5 to 5000 
(mW/cm2) [116]. In addition to the light property itself, it has been reported 
that the biological effects of PBM depend on how it is applied.  

Though many previous studies have used continuous wave (CW) mode due 
to its easiness to drive, some studies have shown benefits of pulsed wave (PW) 
[70, 71, 84, 99, 117-122]. First of all, PW reduces the temperature increase in 
tissues. The quench periods (Off times) permit higher intensity light that 
deepen the penetration of light into tissue with the same average power[84]. If 
the target tissue has high scattering properties, PW mode is necessary to 
deliver sufficient light energy into deep inside the tissue. Since bone-like tissue 
is one of the highest light scattering tissues, whose center is filled with 
multipotent stem cells, PW mode should be used to activate internal area of 
bone-like tissue by PBM. Secondly, PW-PBM has been reported to be more 
effective in some biological events [122]. These periodic light stimuli may 
accelerate or retard some biological processes such as the kinetics of ion 
channels or redox-linked proton pumps whose time scales are in a few to a 
hundred milliseconds [104]. It is reported that the effective pulse frequency 
range of PW-PBM is between 10 and 8,000 Hz, and there are specific effective 
values for different cell types [71, 99].  

PBM is specially considered as a prospective tool due to its regulating 
effects on the proliferation and differentiation of stem cells [7, 43, 77, 123-127]. 
Human dental pulp derived stem cells (hDPSCs) have attracted attentions in 
tissue engineering due to their multipotency in differentiation and easy 
acquisition from wasting teeth [38, 128]. Since PBM does not remain any 
byproducts, the controllability of hDPSCs by PBM would make them more 
valuable stem cell sources [36, 80]. Furthermore the functional modulation of 
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hDPSCs in situ by PBM could provide solutions for reducing osteoporosis or 
bone regeneration. However, there have been few studies on the effects of 
pulsing or pulsed light on hDPSCs[122, 124]. Herein, we report the effects of 
pulsing of PBM treatment on the differentiation of hDPSCs. To improve the 
clinical relevance, we used patient-derived stem cells. The duty cycle and the 
frequency of PBM treatment were screened based on the hDPSC differentiation. 
Considering the high scattering of dental tissues, sub-mW order weak PBM was 
examined. Additionally, the relations of intracellular ROS and mitochondrial 
activity in PBM induced hDPSC differentiation were examined following 
previous reports. Many reports showed that cytochrome c oxidase primarily 
absorbs light in mitochondrial transport chain (ETC), triggering reactive 
oxygen species (ROS) production, which have been known to be secondary 
signaling messengers in regulating proliferation and differentiation of stem cell 
[13, 14, 129, 130]. This basic research provides information that will pave a 
way for efficient application of PBM for dental stem cell engineering. 

 

3.2 Materials and methods 
 
3.2.1 Fabrication of PBM system and application to cell culture plates 

To make a uniform PBM emitting device, we assembled LEDs, a reflector, a 
light guide, and a diffuser as shown in Fig. 3.1. We used a reflector with diffuser 
that was used for TV manufacturing. The light intensity was measured using a 
photodiode (Model: S1227-66BQ) and the intensity variance was calculated by 
the intensities of three points marked with crosses (x) in Fig. 3.1C. We used 
LEDs as a light source whose wavelength is centered at 810 nm. The near 
infrared (NIR) light was confirmed using a spectrometer (Model: PMA-12, 
Japan). An operating device was designed and fabricated based on an 8-bit-
microcontroller (UM_MC95FG308_V3.20_EN, Korea) and coded with C-
language for adjusting the waveform, the duty cycle, and treatment time.  

Light dose was checked before every experiment with a power meter (PM-
USB-100, Thorlabs, USA). The assessed power density (irradiance, W/cm2) on a 
site of placing a plate in a continuous wave form was 268 μW/cm2 and it was 
reduced with the duty cycle. For example the power density became 30 % when 
the duty cycle became 30 %. The pulsed wave was in a square wave form as 
shown in Fig. 3.1E. For example, 1-Hz-square wave with 30 % duty cycle means 
that LEDs were ‘on’ for 300 ms and ‘off ’ for 700 ms, and 1-Hz-60-%-square 
wave is that LEDs were ‘on’ for 600 ms and ‘off ’ for  
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Figure 3.1 An optical device that carries light energy to objects. A. A schematic 
of the device which is composed of LEDs as a light source, and a reflector, a 
light-guider and a diffuser to make the exposure light uniform. B. A photo of 
the LED source part, from where light travels through a light-guide and 
becomes uniform at some distance. C. Photos of the device with increasing 
driving voltage. Samples were put within the marked area with dotted rectangle. 
The variance of light intensity within this area was under 3.9 %. D. LEDs 
irradiated only near infrared 810 nm light. E. Applied voltage was modulated in 
the form of 1 Hz square waves with different duty cycles. 
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400 ms. Duty cycles and frequencies could be easily controlled with keeping the 
same peak irradiance. Duty cycles of 0, 0.3, 3, 30, and 60 % and the frequencies 
of 1, 3, 30, 300, 3000 Hz were used in this experiment. To make the irradiated 
light energy same (energy fluence 77 mJ/cm2) in both a continuous wave and 
pulsed waves, the irradiation time was controlled. For example, the irradiation 
time was 287 s for a continuous wave and 958s for a pulsed wave. In an 
experiment to compare the effect of total applied energy, the application time 
was changed (Fig. 3.2B). In an experiment to determine the most effective duty 
cycle, we used the same irradiation time though the total energy was different 
(Fig. 3.2A). All the experimental conditions are summarized in a Table 3.1.  
 
3.2.2 Cell culture 
Human molars were obtained from patients. Relevant informed consent was 
obtained from all participants.  Patients consented the use of teeth for 
research purposes, and no information about patients was included in this 
article. This article does not contain information or images that could lead to 
identification of a study participant. The protocol was approved by the 
Institutional Review Board of Seoul National University Dental Hospital (Seoul, 
South Korea; IRB number 05004). All experiments were performed in 
accordance with relevant guidelines and regulations following previously 
confirmed protocols [131]. Briefly, the tooth specimens were dissected 
aseptically to disclose a pulp chamber and performed scraping tissues that 
contain pulp stem cells with a metal scraper. The separated tissues were 
incubated with 4 ml of 0.25 % trypsin-EDTA (Life Technologies) at 37°C for 30 
min, and neutralized with 4 ml of a complete medium which contains α-MEM, 
10 % FBS and 1 % penicillin (100 U/ml)-streptomycin (100 μg/ml) 
supplemented with 100 μM ascorbic acid (all from Gibco, Life Technologies). 
Then, solutions were pipetted vigorously and passed through a 40-µm cell 
strainer (Corning) to remove tissue debris. The obtained cells were cultured in 
a complete medium in a 37 °C incubator with 5 % CO2, and the colonies were 
subcultured and expanded to obtain hDPSCs. The hDPSCs in the passage 3-5 
were used in this experiment following previous studies. For dentinogenic 
differentiation of hDPSCs, 10 mM β-glycerophosphate, 0.05 mM L-ascorbic 
acid-2-phosphate and 100 nM dexamethasone were added. All the chemicals 
were purchased from Sigma-Aldrich. For PBM treatment, cells were seeded in a 
4-well plate with a density of 2.0 × 104 cells/well a day before treatment. For 
differentiation test (alkaline phosphatase assay and differentiation-related  
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Table. 3.1 The experimental conditions for this study. 

Mode 
PW 1Hz PW30% 

CW 
PW 30% 

0.3% 3% 30% 60% 1Hz 1 Hz 3 Hz 30 Hz 300 Hz 3000 Hz 

Irradiance 
(µW/cm2) 0.8 8.0 80.4 160.8 80.4 268 80.4 

Time (s) 958 958 958 958 28731 287 958 

Fluence 
(mJ/cm2) 0.8 7.7 77 154 2310 77 
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molecular assays) the differentiation medium was daily replaced before PBM 
treatment, and for the other tests the complete medium was daily replaced 
before PBM treatment. The morphology of cells was observed under inverted 
microscope (Eclipse Ti, Nikon, Japan). 

 
3.2.3 Measurement of cytoplasmic membrane potential  

The cytoplasmic membrane potential (CMP) was assessed soon after PBM 
treatment by FLIPR (Molecular Devices, CA) according to the manufacturer’s 
protocol. Simply, cells were washed with DPBS one time and FLIPR working 
solution (FLIPR solution mixed with culture medium by halves) was added. 
After 30-minute of incubation at room temperature, cells were washed with 
DPBS, harvested with typsin-EDTA and resuspended in DPBS. The fluorescence 
of each cell was measured by flow cytometry (BDVerse, BD, Germany) and the 
mean value of each group was analyzed by the BD FACSuiteTM software. The 
relative intensity of each group to control was expressed as a percent value. 
The original flow cytometry data is applied in supporting information.  

 
3.2.4 Alkaline phosphatase (ALP) assay  

hDPSCs were cultured to be confluence of over about 80 % in culture wells. 
Then the culture media was replaced with differentiation media, and at the 
same time, PBM treatment was conducted every day for 3 days or 7 days before 
alkaline phosphatase (ALP) assay. In order to observe ALP expression in cells, 
we stained cells with SensoLyte® pNPP Alkaline Phosphatase Assay kit. Briefly, 
the prepared cells were gently washed twice with 1-X assay buffer. Then, lysis 
buffer (50 mM Tris HCL and 0.1 % Triton X 100, pH 9.5, Sigma) was added in 
the cells and the cells were incubated for 10 min at 4 °C. After vibrating the 
cells for 60 sec, the cell supernatant was transferred into 96-well plate in an 
amount of 50 µl per well. pNPP substrate of 50 µl was added into each well and 
mixed the supernatant by gently shaking the plate for 30 sec. The cells were 
incubated for reaction at 37 °C for 60 min. The absorbance was assessed with 
a microplate reader (Synergy HT, Biotek) and expressed as a relative value to 
the control.  

 
3.2.5 WST- 1 assay  

For WST-1 assay (CytoSelect™), cells were incubated in complete media 
with 10 % WST-1 for 1 hr at 37 °C after 24, 48 and 72 hours of PBM treatment. 
The media was transferred to a new 96-well plate in amount of 100 μl per well 
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and the absorbance was monitored at 450 nm through a plate reader (Tecan, 
USA).  

 
3.2.6 Adenine tri-phosphatase (ATP) assay  

For ATP evaluation, the cells of 1.0 × 103 cells/well were seeded in a 96-
well white plate (3610, Corning). After 6 hours of seeding, the cells were 
treated by PBM and the media was washed with DPBS before adding CellTiter-
Glo® Luminescent Cell Viability Assay (G7572, Promega). The plate was 
shaken for 5 minutes in medium strength, and the luminescence was measured 
by a plate reader (Synergy HT, Biotek). The luminescence of each group was 
expressed relatively to control as a percent value. 

 
3.2.7 Intracellular reactive oxygen species (ROS) and mitochondrial 
membrane potential (MMP, ∆ψm) 

After 5-minute of PBM treatment, cells were washed and the ROS probes 
were added. MitoSOX Red dye (M36008, ThermoFisher Scientific) for 
superoxide in mitochondria and H2DCFDA (D399, ThermoFisher Scientific) for 
intracellular ROS were used. MitoSOX was diluted to 5-µM in HBSS buffer, and 
cells were incubated in the solution for 10 min at 37°C. After washing with 
DPBS and trypsinization, the fluorescence per a cell was measured by flow 
cytometry (BDVerse, BD, Germany). H2DCFDA was diluted to 10 µM in DPBS, 
and cells were incubated in the solution for 30-min at 37°C. After washing 
three times with DPBS, cells were incubated for next 30 min, and the 
fluorescence per a cell was measured by flow cytometry. The relative intensity 
of each group to the control was expressed as a percent value.  

Mitochondrial membrane potential (MMP) was detected by using 
MitoProbeTM JC-1 assay kit (Thermo fisher Scientific). Cells were incubated in a 
complete media containing of JC-1 dye (2 μM) for 30 minutes and washed three 
times with DPBS. After trypsinization, the fluorescence per a cell was 
measured by flow cytometry. The relative intensity of each group to control was 
expressed as a percent value. 

 
3.2.8 Real time polymerase chain reaction 

After 3 days of daily PBM irradiations in differentiation media, cells were 
harvested, lysed, and total RNAs were extracted using RNeasy Mini Kit 
(Qiagen). The total RNAs were converted to cDNAs using reverse transcriptase 
and random primers (cDNA synthesis kit, Toyobo) according to manufacturer’s 
protocol. The same amount of extracted total RNA taken from each sample was 
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used in cDNA synthesis. The synthesized cDNAs were used in real time PCR 
using a CFX96TM Real-Time System (BioRad). The relative gene expression was 
evaluated by the comparative cycle-threshold method. The relative amount of 
mRNA expression was normalized by that of RPL13α and expressed as a fold 
change to control. Primer sequences are as follows: RPL13α (F: 5’ 
CTATGACCAATAGGAAGAGCAACC, R: 5’ GCAGAGTATATGACCAGGTGGAA), SOD1 (F: 
5’ GGCAAAGGTGGAAATGAAGA, R: 5’ GGGCCTCAGACTACATCCAA), SOD2 (F: 5’ 
GTTGGCCAAGGGAGATGTTA, R: 5’ TAGGGCTGAGGTTTGTCCAG), BAX (F: 5' 
AACATGGAGCTGCAGAGGAT, R: 5' CAGTTGAAGTTGCCGTCAGA), TGF-β1 (F: 5’ 
ACCTTGGGCACTGTTGAAGT, R: 5’ CTCTGGGCTTGTTTCCTCAC). 
 
3.2.9 Western blotting 

After 21 days of daily PBM irradiations in differentiation media, the total 
proteins were isolated using a RIPA lysis buffer (Santa Cruz Biotechnology, Inc., 
Santa Cruz, CA, USA) supplemented with protease inhibitor mixture according 
to the manufacturer’s instruction. Cell lysates were centrifuged with 13,000 
rpm at 4°C, and the sediments were removed. The protein concentrations were 
determined using a BCA protein assay (Thermo Fisher Scientific, Inc, Rockford, 
IL, USA). Protein from the cell lysates was mixed with 5× SDS-PAGE loading 
buffer and boiled for 10 min, prior to electrophoresis by 10 % SDS-PAGE. 
Following transfer onto methanol-activated polyvinylidene difluoride 
membranes and blocking, the membranes were incubated overnight at 4°C 
with polyclonal antibodies for alkaline phosphatase (ALP; Abcam, Cambridge, 
MA, USA), osteopontin (OPN; Merkmillipore, Billerica, MA, USA), dentin matrix 
protein 1 (DMP1; Arigo Biolaboratories Corp., Taiwan), osteocalcin (OCN), 
bone sialoprotein (BSP; Santa Cruz Biotechnology), monoclonal antibodies for 
beta actin (1:500, Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA). All 
antibodies were diluted with phosphate-buffered saline (PBS) solution 
containing 1 % non-fat dry milk. Following three times washes in TBST (Tris-
buffered saline, 0.1 % Tween 20), the membranes were subsequently 
incubated for 1 hr with horseradish peroxidase-conjugated goat anti-rabbit 
antibody (Bio-Rad Laboratories, California, USA) or goat anti-mouse antibody 
(Bio-Rad Laboratories) diluted 1:5,000 in blocking buffer. The membranes 
were then washed three times with TBST, and signals were detected by pierce 
ECL system (Thermo Fisher Scientific, Inc.) and exposed to X-ray film. The 
quantitative densitometric value of each protein was normalized to ß-actin and 
displayed in histograms.  
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3.2.10 Statistical analysis 
All the experiments were repeated at least 3 times, and the data were 

expressed as the mean and standard deviation (SD). Statistical significance was 
evaluated using unpaired Student’s t-tests (two-tail, equal SD) with Microsoft 
Excel. Here, * indicates the p-value is under 0.05, ** under 0.01 and *** under 
0.001. We denoted these stars when the value was significantly different from 
the control value, and p values were marked on the graph when the value was 
compared with other group.  

 

3.3 Results and Discussion 
 
3.3.1 PBM conditions for effective modulation of hDPSCs activity 

Our PBM system was designed to expose cells to light through the bottom 
of culture dish as shown in Fig. 3.1A. Light from LEDs traveled through the light 
guide, was reflected by a reflector, diffused through a diffuser, and then reached 
the cell culture plates. Fig. 3.1B shows that the light traveled through a 
disperser and a reflector became uniform with the variance under 3.9 %. 
Samples were put on the area marked with dotted rectangles in Fig. 3.1C. We 
used a light emitting diode (LED) whose light was centered at 810 nm 
wavelength (Fig. 3.1D), which was known to activate cells to differentiate [80]. 
The applied voltage is square waveforms, so the 60 % duty cycle means that 
LEDs were ‘on’ for 600 ms and ‘off ’ for 400 ms for 1 Hz waves as shown in Fig. 
3.1E.  

In order to choose PBM conditions for effective modulation of hDPSC 
activity on osteogenic differentiation, we firstly screened the change of 
cytoplasmic membrane potential (CMP). hDPSCs were subjected to 1 Hz 
square wave PBM with different duty cycles including 0, 0.3, 3, 30, and 60 % for 
10 minutes. The total energies were 0.77, 7.7, 77, and 154 mJ/cm2, respectively. 
FLIPR fluorescence reduced simultaneously with PBM treatment in all the duty 
cycles (Fig. 3.2A). When cells become hyper-polarized, the fluorescence of 
FLIPR dye becomes weaker. The cells were most hyperpolarized at a 30 % duty 
cycle, even though the energy density was half comparing to 60 %. In order to 
confirm the effects of power itself, we compared the fluorescence of four 
groups including control, 77 mJ/cm2 CW, 77 mJ/cm2 PW with duty cycle of 30 %, 
and 2,310 mJ/cm2 PW with duty cycle of 30 % (Fig. 3.2B). Cells underwent 
hyperpolarization with both PW-PBMs, however CW-PBM did not induce any 
changes. In addition, three times higher intensity did not induce higher 
polarization with same duty cycle. These results imply that the quick responses 
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of hDPSCs to PBM do not depend on the amount of energy density, but on the 
discontinuity itself.  

Based on the simultaneous changes in CMP, the proliferation and 
differentiation were also examined in long term. The cell metabolic activity was 
assessed at elapsed time of 1, 2, and 3 days from PBM treatments. Fig. 3.2C 
shows the WST-1 assay result from the cells treated with CW-PBM and 1-Hz-
30-% duty-cycle-PW-PBM with same 77 mJ/cm2 energy density. The metabolic 
activity was significantly enhanced when PW-PBM was applied in comparison 
with CW-PBM application. Alkaline phosphatase (ALP) activity was examined 
as an early marker for the osteogenic differentiation at elapsed time of 3 and 7 
days from PBM treatments. Fig. 3.2D shows that 1-Hz-30-% duty-cycle-PW-PBM 
increased the ALP activity significantly at elapsed time of 7 days from PBM 
treatment with energy density of both 77 mJ/cm2 and 2,310 mJ/cm2. The 
hDPSCs were similarly differentiated, even though the energy density was 3 
times different. Together, cellular responses to PW-PBM did not depend upon 
the applied energy density but on duty cycle. 

In addition to the intensity and duty cycle, the frequency of pulse can be 
influential for biological consequences. To assess the effect of frequency of 
pulse on hDPSCs, we fixed the duty cycle 30 % and the energy density 77 
mJ/cm2 over all frequencies (0, 1, 3, 30, 300, 3000 Hz). CMP, cellular metabolic 
activity and ALP activity were assessed. Fig. 3.3A shows that cells have 
hyperpolarized fashion in all frequencies right after PBM treatment. Fig. 3.3B 
shows the WST-1 assay result at elapsed time of 24, 48, and 72 hours from PW-
PBM treatment. Cellular metabolic activity was increased in most frequencies 
tested here. Fig. 3.3C shows the analysis of ALP activity at elapsed time of 3 and 
7 days from PW-PBM treatment with different frequencies. All cells that were 
subjected to the PBM revealed high ALP activity, which supports upregulated-
osteogenic differentiation. With varying frequency of modulating PBM in a 
same dose, the metabolic activity of hDPSCs was enhanced most with 300 Hz 
PW-PBM.  

Previous studies showed the relationship between the CMP and the 
progress of stem cell differentiation [132-135]. Authors found that the 
hyperpolarized CMP is related to quiescence of cells and the depolarized CMP is 
generally corresponding to proliferation and cell cycle progression. Cells in S-
phase of mitosis have lower CMP difference (depolarized) and cells in cell  
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Figure 3.2 Effects of power and duty cycle of PBM on hDPSC cytoplasmic 
membrane potential, metabolic activity and ALP activity. A. FLIPR fluorescence 
intensities of hDPSCs relative to control after 1 Hz PW-PBM treatment with 
different duty cycles 0.3 to 60 % (n = 3 in each experiment and 3 replicates). B. 
FLIPR fluorescence intensities of hDPSCs relative to control after 77 mJ/cm2 
CW-, 77 mJ/cm2 PW-, or 2,310 mJ/cm2 PW-PBM with 30 % duty cycle. The 
statistical analysis between CW and PW with 77 mJ/cm2 indicated P expressed 
0.033 (n = 3 in each experiment and 3 replicates). C. WST-1 assay absorbance 
relative to control after CW and 1 Hz PBM treatment with 30 % duty cycle. P 
values between CW and PW (1 Hz) was all under 0.001 (n = 10 in each 
experiment and 3 replicates). D. ALP activity absorbance relative to control 
after 77 mJ/cm2 and 2,310 mJ/cm2 1Hz PW-PBM applied energy density with 
30 % duty cycle. P values between 77 mJ/cm2 and 2.3 J/cm2 in PW mode was 
significant (n = 10 in each experiment and 3 replicates). 
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cycle arrest have higher CMP difference (hyper-polarized). In case of 
differentiation, CMP increases as differentiation proceeds, since cells must 
coordinate their exit from the cell cycle with the initiation of their 
differentiation programs [134]. The relationship between CMP and 
differentiation was confirmed with chemical reagents which modulated CMP 
[133]. Our observation of spontaneous increase of CMP and the following 
increase of ALP activity indicates that molecules related to ion currents through 
membrane can be targets of PBM inducing cellular physiological responses 
including stem cell differentiation.  

These experiments provide the optimal PW-PBM conditions for efficient 
hDPSC differentiation. hDPSC differentiation occurred more efficiently in PW 
stimuli than CW as previously reported with other cells [71, 121]. 30-%-duty 
cycle was most efficient, and the frequencies between 1 and 3000 Hz with 
same energy density drove similar responses except 3 Hz. Exceptionally, 3 Hz 
showed little effects on all the measurements. The peculiar response to 3 Hz 
PW-PBM should be studied separately. The power up to 2.3 J/cm2 induced 
similar hDPSC responses. Therefore, for following experiments, we used PW-
PBM with 30 % duty cycle and 77 mJ/cm2 energy density in the range of 1-3000 
Hz frequencies.  
 
3.3.2 Intracellular reactive oxygen species (ROS) and mitochondrial 
responses  
One of the purposes in this study was to search for cellular factors to induce 
osteogenic differentiation. We estimated the qualitative changes of intracellular 
ROS after PW-PBM with addition of N-acetyl cysteine (NAC). Fig. 3.3C showed 
that the addition of NAC during PW-PBM treatment reduced the increase of ALP 
activity. Since NAC is a well-known ROS scavenger, the enhanced ALP activity 
might be mediated by intracellular ROS [80]. Among various ROS, 
mitochondrial O2∙- and cytoplasmic ROS levels were evaluated. Mitochondrial 
O2∙- is generated as a byproduct of oxidative phosphorylation, and generally 
accepted as the major intracellular source of ROS. The cytoplasmic ROS includes 
OH∙, NO∙, or ROO∙, which can be produced from enzymes as well as from 
mitochondria.  

The mitochondrial membrane potential (MMP) is an electrochemical 
gradient through the mitochondrial inner membrane which is controlled by 
respiratory complexes I, III, IV and anion channels and drives the synthesis of 
ATP. The instant increase of MMP and ATP was observed in various cells right 
after PBM irradiation via enhanced cytochrome c oxidase activity  
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Figure. 3.3 Effects of frequency of PW-PBM on hDPSC cytoplasmic membrane 
potential, metabolic activity, and ALP activity. A. FLIPR fluorescence intensities 
of hDPSCs relative to control just after 77 mJ/cm2 PW-PBM in 1, 3, 30, 300, or 
3000 Hz with same 30 % duty cycle (n = 3 in each experiment and 3 replicates). 
B. Metabolic activities of hDPSCs relative to control for 3 days after 77 mJ/cm2 
PW-PBM in 1, 30, 300, or 3000 Hz with same 30 % duty cycle (n = 10 in each 
experiment and 3 replicates). C. ALP activity absorbance relative to control for 
7 days after 77 mJ/cm2 PW-PBM in 1, 30, 300, or 3000 Hz with same 30 % duty 
cycle. NAC was added for the case of 300 Hz PW-PBM (n = 10 in each 
experiment and 3 replicates). 
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[13, 18, 129, 135]. Cytochrom C oxidase is well known to absorb specifically 
NIR light in the range of 810-830 nm [136, 137]. Karu et. al. showed 
cytochrome C oxidase, the terminal enzyme of the mammalian respiratory 
chain, may play the main role in the initiation of PBM induced signal cascades 
[13]. MMP is delicately balanced by the concentration of ATP, ROS and Ca2+ ions 
[138]. In normal conditions, increase of MMP is strongly correlated with 
mitochondrial ATP and ROS generation, which are consistent with our 
observations.  

Fig. 3.4A shows that the formation of cytoplasmic ROS was promoted over 
all frequencies except for that of 3 Hz. On the contrary, Fig. 3.4B shows that the 
production of O2∙- in mitochondria was considerably decreased compared with 
the control over all the frequencies. In order to verify whether the reduction in 
mitoSox was mediated by the reduction of mitochondrial activity, MMP was 
evaluated. Fig. 3.4C shows the enhancement of MMP which is generally related 
to active mitochondrial states. Fig. 3.4D shows the increased amount of the 
intracellular ATP, which is also related to high activity of mitochondria.  

These results showed that PW-PBM enhanced the mitochondrial 
bioenergetics, reduced mitochondrial superoxide, but at the same time 
enhanced cytosolic ROS. The ROS are made either in the matrix or in the inter-
membrane space of mitochondria and then diffused into cytosol through the 
mitochondrial membrane. It is known that blocking of respiratory components 
decreases MMP and increases ROS. The increase of both MMP and ROS, in our 
experiments, implies that PW-PBM irradiation regulates some other 
components which initiate a cascade of redox changes and modulation of 
biochemical reactions. PW-PBM treatment may affect the efflux of O2∙- from 
mitochondrial inner membrane to cytoplasm. In previous reports, Aon et. al. 
showed that a flash light could induce mitochondrial oscillation accompanying 
oscillating ROS formation, implicating the balance between ROS generation and 
their scavenging underlying the mitochondrial network [129]. Otherwise, PW-
PBM may specifically activate mitochondrial complex III which enhanced ROS 
in cytosol easier than complex I which increases the MMP with generating ROS 
inside inner membrane of mitochondria [139].   

 
3.3.3 Nucleus transcription factors 

The increased cytoplasmic ROS has known to regulate nucleus 
transcription factors which determines cellular fates into proliferation, 
differentiation, or apoptosis, etc.[140]. The transcription factor nuclear factor 
kappa B (NF-kB) is one of the main transcription factors in redox signaling, 
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which induce antioxidant enzymes. Superoxide dismutase (SOD) 1 and 2, 
superoxide scavengers, are both regulated mainly by NF-kB [141]. SOD1 is 
located in cytoplasm and SOD2 is located in mitochondria. Both are essential 
for the survival of aerobic organisms, and their mutations are related to 
various kinds of diseases. Figs. 3.4E show that both SOD1 and SOD2 are 
upregulated over all the frequencies, which implies that cellular oxidative stress 
was increased and defense systems were initiated.  

If the amount of ROS is too high, other transcription factors are activated 
to turn cell fate into cell cycle arrest or apoptosis. Tumor protein P53 is one of 
the important transcription factors inducing growth arrest in respond to 
oxidative stresses. Bcl-2-associated X protein (Bax) is one of the proteins 
transcribed by p53, which induces apoptosis. Fig. 3.4E shows the transcription 
of Bax genes was reduced following three days of PW-PBM treatment, but 
transforming growth factor β1 (TGF- β1) was up-regulated. TGF- β1 is a 
multifunctional peptide whose dysregulation is known to result in apoptosis. In 
addition, Fig. 3.4F shows the population in each cell cycle after three days of 
PBM treatment. The populations in G0/G1, S and G2/M were not significantly 
changed, which indicates that our PW-PBM treatment did not cause excessive 
levels of ROS to induce cell cycle arrest or apoptosis in hDPSCs [142]. Cells 
became 100 % confluent after three days of culture regardless PBM treatment. 
Based on this result, the enhancement of WST-1 measurement may be ascribed 
to the enhanced metabolic activity of mitochondrial enzyme rather than cell 
proliferation. 
Arany et al. showed that non-ionizing PBM treatment activate endogenous TGF-
β1 through the increase of ROS[80]. TGF-β1 is known to be a master regulator 
of hDPSCs into dentinogenic differentiation. In their research, TGF- β1 signals 
were enhanced with the increase of PBM-treatment time, and the tendency was 
similar in ALP activities. Interestingly, our real time polymerase chain reaction 
data showed that the changes in TGF-β1 level according to the PW-PBM 
frequencies were similar to those in ALP activities. The transcription level was 
enhanced in most cases except when the frequency was 3 Hz. Though we could 
not reveal the underlying mechanisms for this frequency dependency, this 
correlation implies the strong relationship between TGF- β1 signaling and 
dentinogenic differentiation of hDPSCs.  
 
3.3.4 Dentinogenic differentiation 

Our measurements of changes in CMP, ALP activity, and metabolic enzyme 
activity support the possibility of commitment of hDPSCs into a dentinogenic  
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Figure. 3.4 Effects of frequency of PW-PBM on intracellular ROS, mitochondrial 
activity, intracellular ATP of hDPSCs, changes in the nuclear transcriptional 
levels, and cell cycle cycles. PBM conditions were 1, 3, 30, 300, or 3000 Hz PW-
PBM with same 30 % duty cycle and 77 mJ/cm2 total energy density, and NAC 
was for the case of 300 Hz PW-PBM. Cells were stained by the following dyes; A. 
H2DCFDA, B. MitoSOX, C. JC1, and D. ATP-luciferase. All the values were 
expressed as relative intensities to control. Intracellular ROS, mitochondrial 
membrane potential, and intracellular ATP increased, while mitochondrial 
superoxide decreased. hDPSCs were treated by PW-PBM of 1, 3, 30, and 300 Hz 
PW-PBM with 30 % duty cycle daily for 3 days (n = 3 in all each experiment and 
3 replicates). E. mRNA transcriptional levels for SOD1, SOD2, BAX, and TGF-β1. 
There was no statistics (n = 3 in each experiment and 3 replicates). F. The 
population ratio in each cell cycle was not changed significantly. Increase of 
intracellular ROS affects the transcription of redox contolling genes, however it 
did not induce apoptosis or cell cycle arrest. There was no statistics (n = 3 in 
each experiment and 3 replicates). 
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lineage. To verify the induction of dentinogenic differentiation, morphological 
changes, ALP activity, and protein levels of ALP, dental matrix protein 1 (DMP1), 
osteopontin (OPN), osteocalcin (OCN), and bone sialoprotein (BSP) were 
estimated after 21 days of PW-PBM treatment with the frequency of 300 Hz. 
300 Hz was chosen because cell’s spontaneous responses were significant at 
that frequency. Figs. 3.5A show bright field images of hDPSCs stained with ALP 
activity assay kit after 21 days of daily PW-PBM irradiation. The stronger blue 
color implies the higher activity of ALP. This was confirmed quantitatively by 
using colorimetric analysis. Fig. 3.5B shows that ALP activity became 
significantly higher at 21 days of 300-Hz-PW-PBM. Fig. 3.5C shows the protein 
expression levels of dentinogenic related proteins [80, 143]. The original gel 
images were added in supporting information. All proteins were upregulated, 
and the quantification showed statistical significance in Fig. 3.5D. These data 
confirm that PBM treatment promoted differentiation as well as commitment 
of hDPSC into a dentinogenic lineage. 

In this study, we investigated several cellular responses to PW-PBM which 
are related to dentinogenic differentiation. Immediately after PBM treatment, 
CMP increased, MMP decreased, intracellular ROS increased, intracellular ATP 
increased, and mitochondrial ROS decreased. Three days after PBM treatment, 
transcription of SOD1, SOD2, TGF-β1 and ALP increased and that of BAX 
decreased. The long-term cellular differentiation should be ascribed to those 
initial cellular responses, and their relationships have been studied by many 
researchers. Sunderlacruz et.al. showed that the inhibition of the inhibition of 
CMP reduced the osteogenic differentiation, and inversely increase of CMP 
enhanced the differentiation [133]. Pietila, et al. showed the strong correlations 
of MMP with ALP activity and together with Ca deposition [144]. Arany et al. 
showed that the level of ROS is strongly related to dentinogenic differentiation 
[80]. It is generally known that the low level of ROS contributes to maintain 
stem and progenitor cell’s stemness, while mild level of ROS promotes 
differentiation, proliferation, migration and survival of the stem cells and 
progenitor cells [138, 145].  

Though our results have similar tendency to those previous works, we 
found that CMP and intracellular ROS have much higher correlation with ALP 
activity, a marker for dentinogenic differentiation, than the values related to 
mitochondrial activity. Mitochondria has been suggested as a main absorber of 
NIR light which responds immediately [13]. To induce whole cell responses 
such as proliferation and differentiation, the changes in mitochondria should 
be transferred to a cell nucleus. In case of PW-PBM with 3 Hz frequency, it  
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Figure. 3.5 Dentinogenic differentiation of hDPSCs after 21 days of PBM daily 
treatment. 300 Hz PW-PBM with duty cycles 30 % and 77 mJ/cm2 total energy 
density were applied. A. Bright field images of hDPSCs stained with ALP 
staining kit at 21 after 30 %-3Hz-PBM daily irradiation. B. ALP activity 
absorbance relative to control (n = 3 in each experiment and 3 replicates). C. 
Western blots (W.B.) for ALP, DMP1, OPN, OCN, and BSP. D. Bar graph showing 
mean density relative to beta-actin by analyzing Fig.3.5C. The significance 
between controls and the PBM was all much lower than 0.05 (n = 3 in each 
experiment and 3 replicates). 
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induced similar mitochondrial responses but differential whole cell responses 
in comparison to other frequencies. For example, while most PW-PBM 
decreased mitochondrial superoxide and increased intracellular ROS, both 
mitochondrial and intracellular ROS were reduced with only 3Hz-PBM. 

3Hz-PBM may activate the decomposition of ROS, inhibit the transfer of 
ROS through mitochondrial membrane, or modulate the lifetime of ROS itself. 
Considering the immediate change of CMP and MMP, the ion transfer seems 
definitively affected by PW-PBM. As suggested in previous studies, NIR light 
therapy may increases the intracellular ROS through transient mitochondrial 
activation, which may ultimately alter nuclear gene expression such as TGF-β1 
[80]. The pulsing of light may activate or disturb these processes, especially in 
the mitochondrial signaling to cytoplasm. 

 

3.4 Conclusions 
In conclusion, we clearly showed that pulsing of PBM was more efficient in 

hDPSC differentiation than continuous wave irradiation. In our experiment, 
CW mode light did not induce significant changes in hDPSC states, which may 
be ascribed to the weak sub-mW level power of light we used. However, PW 
mode irradiation of the same power light induced significant changes in CMP 
and ALP activity. 30 % duty cycle and 300-3000 Hz pulse frequencies showed 
the highest effects on hDPSC function. Though the mechanism is not clearly 
known, high production of intracellular ROS and the activation of TGF-β1 
signaling pathway should be related to this pulsing mode enhanced hDPSC-
dentinogenic differentiation in vitro. Those results let us put another step 
further to understand and utilize PBM therapy in dental medicine. 
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Chapter 4 
 

Near-infrared irradiation enhance  
differentiation of human dental pulp stem cells via 

blue-light-pre-irradiation 
 

4.1 Introduction 
Since discovering laser biostimulation of a low-powered ruby laser on 

growing hair in the mice, PBM has received increasing attention in clinical 
trials. This PBM has been applied to improve the healing of skin wounds, 
relieve pain, stiffness, fatigue of rheumatoid arthritis, and neurological 
disorders, and stimulate the proliferation of mesenchymal and cardiac stem 
cells[7, 115, 127, 146, 147]. The PBM consists of the application of a low-
powered light source; laser or LED[116]. Laser or LED uses of the light in the 
red or near-infrared (NIR) region, with wavelengths usually in the range of 600 
to 700 nm and 780 to 1100 nm. Power density of laser or LED ranges between 
5 mW/cm2 to 5 W/cm2 [83]. Their output energy density is of a relatively low-
density ranging between 0.04 to 50 J/cm2 not to allow thermal effects[35]. In 
addition, a blue light also has been used as PBM to promote various kinds of 
stem cells into proliferation and differentiation[148-150]. The wavelength of 
blue light usually ranges from 400 to 500 nm with power density of ranging 
between 0.1 and 126 mW/cm2. The output power density is ranging from 0.1 to 
500 J/cm2. 

Meanwhile, responses of cell or tissue to PBM are performed through the 
absorption of energy by photoacceptor molecule (chromophores) during light 
irradiation. In a red- and NIR-ranged PBM, the photoacceptor molecule is 
thought to be cytochrome c oxidase (CCO)[111]. The CCO play a key role to 
convert absorbed photon to signals and then stimulate biological 
processes[151]. The excited cytochrome c oxidase increases the availability of 
electrons for the reduction of molecular oxygen in its catalytic center, enhancing 
the mitochondrial membrane potential (MMP) and the levels of adenosine 
triphosphate (ATP), cyclic adenosine monophosphate (cAMP) and ROS as 
well[18]. In contrast, porphyrin-containing enzymes and flavoproteins are 
thought to be photoacceptors linking the mitochondrial respiratory chain in a 
blue-ranged PBM[152, 153]. The accepted blue light is capable of releasing 
bioactive nitric oxide (NO) from nitrite and nitrosated proteins. NO plays a key 
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role in regulating the signals. 
Nevertheless, despite such a few information, several studies have 

reported that blue light disrupts cellular processes: mitosis, mitochondrial 
function and DNA integrity[154-156]. In addition, it is reported that blue light 
reduced proliferation in a dose-dependent manner by up to 50%. They may be 
due to excessive light-induced reactive oxygen species (ROS). In contrast, blue 
light have been utilized to regulate stem cells (human skin cells or human 
adipose-derived stem cells) to differentiate[148, 149]. It suggests that mild-
intensity blue light is able to help cells to activate metabolism function.  

In spite of such advantages of red and NIR-PBM and blue light-PBM to cells, 
their PBM has not been alternatively utilized to activate more metabolism till 
now, especially to actively differentiate stem cells into osteogenesis. In the 
present study, we introduced blue-then-NIR light to maximize osteogenic-
differentiation of hDPSCs. There are two kinds of modes in PBM as a way of 
applying PBM; continuous wave (CW) and pulsed wave (PW). CW has been 
almost used to PBM for cells or tissues much more than PW. Their effectiveness 
is controversial among them with targeted pathologies: wound healing, pain, 
and ischemic stroke[157]. In addition, it is similar in regeneration of nerve and 
bone. In our previous studies, the PW-effectiveness was much excellent than 
that of CW when the same energy density was applied. In here, we introduced 
PW mode than CW. We combined NIR with blue light alternatively in PW mode 
to enhance effectiveness of differentiate hDPSCs into osteogenesis.   

In addition, to screen the pre-effectiveness of PW with blue-then-NIR light, 
we introduced a delayed luminescence (DL), in which radiate light after 
exposing light to cells. The DL has been investigated to distinguish between 
tumor and normal fibroblast or to assess the apoptotic capacity of cells[51, 
158]. The origin of the DL is known to be mitochondria and lysosomes that 
present the chemical-physical properties of cells. Intracellular biomolecules that 
have been identified to contribute to the DL are nicontinamide adenine 
dinucleotide (NADH), flavins, protoporphyrin, and cytochrome c oxidase in an 
electron transport chain system of mitochondria. Among them, NADH emits in 
the blue light region and cytochrome c oxidase emits in the near infrared (NIR) 
region in relation to our study. We employed the DL in the present study to 
whether blue light or NIR or blue-then-NIR light contributes the hDPSCs to 
differentiate more to pre-investigate.  
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4.2 Materials and Methods 
 
4.2.1 Cell culture 

Human dental pulp stem cells (hDPSCs) were isolated from a tooth 
obtained following Institutional Review Board approval at Seoul National 
University Hospital (Seoul, South Korea; IRB number 05004). Patients 
consented the use of their teeth for research purposes, and no information 
about patients was included in this article. This article does not contain any 
information or images that could lead to identification of a study participant. All 
methods performed here were in accordance with the regulations. The tooth 
was dissected aseptically, and incubated with 4 ml of 0.25% trypsin-EDTA (Life 
Technologies) at 37 °C for 30 min. After neutralization with 4 ml of complete 
medium, solutions were pipetted vigorously to release cells, and then passed 
through a cell strainer (70 mm, Corning), and the resulting cells were cultured 
in complete medium supplemented with ascorbic acid (100 mM)(Sigma). 
hDPSCs were cultured in complete medium composed of 10% FBS, Dulbecco’s 
modified Eagle’s medium, penicillin (100 U/ml)–streptomycin (100 μg/ml) (all 
from Gibco, Life Technologies) supplemented with 100 mM ascorbic acid in a 
37 °C incubator with 5% CO2. For differentiation into osteogenic linage of 
hDPSCs, the complete medium was added with 10 mM β-glycerophosphate, 
0.05 mM L-ascorbic acid-2-phosphate and 100 nM dexamethasone. 

 
4.2.2 Fabrication of PBM system and Light dose 

To make a system that serve stimulating hDPSCs with PBM, LED of NIR 
(810 nm) and blue (405 nm) were employed. A number of NIR and blue LEDs 
were 40 and 20, respectively. The LEDs of NIR were placed 5 mm in diameter 
and blue light-LEDs 10 mm. To make lights consistence, a diffuser was put on 
the top of LEDs. The placement on which was put by a plate with cell kept 
distance of 200 mm straightly to make incident light to uniform more. A driver 
of LED device was controlled based on an 8-bit-microcontroller 
(UM_MC95FG308_V3.20_EN, Korea), which was coded with C-language. The 
device have the ability to adjust frequency (LED On and Off time; 1 ~ 300 kHz), 
duty cycle (1 ~ 90%) and treatment time (1 ~ 59 sec, 1 ~ 59 min, 1 ~ 24 h) in 
the form of square wave. The output power was expressed as energy density 
(fluence, J/cm2) The output was taken to 300 Hz-frequency fixing a total energy 
density at 89 mJ/cm2. The dosages were planned following: 89 for NIR; 1.2 and 
87.8 (BN1); 3.6 and 85.4 (BN2); 12 and 77 (BN3) mJ/cm2 for blue light and NIR, 
respectively. Light dose was checked before every experiment with a power 
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meter (PM-USB-100, Thorlabs, USA). The cells were irradiated daily at the 
same environment of culturing cells (Fig. 4.1).  
 
4.2.3 Mathematical description of the light-induced DL as a probability 
distribution 

The relaxation of a non-equilibrium state into the equilibrium of a complex 
system can be approximated by a power law [93]. The DL temporal trend for a 
biological system can be modeled by a hyperbolic function, as given [50]:  

 

   (4.1) 
 
where I(t) is the emitted intensity that can be obtained from the experimental 
data, I0 is the initial value of the emitted intensity, t is time, and t0 is an initial 
value.   

DL intensity, I(t), is associated through the decay probability, P(t), with 
the degree of excitation, n(t), that attenuates at any time t by the expression 
I(t) = - dn(t)/dt [93]. This can be evaluated for the value of a dimensionless 
function obtained from the experimental values of the intensity, I(t), at a time t, 
as follows [93]: 

 

   (4.2) 
 
where 
 

   (4.3) 
 
Using the data from Fig. 3.3, P(t) and n(t) are obtained. 
 
4.2.4 WST-1 measurement 

To estimate the proliferation of hDPSCs, 4 * 103 cells were seeded into 96-
well culture plates. At 24, 48 and 72 hours of LPL treatment, cell culture media 
was removed from the plate and 110 µL of fresh media with 10% WST-1 (WST 
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based Cell Viability/Cytotoxicity Assay Kit, EZ-Cytox, Korea) according to the 
standard protocol of manufacturer was loaded to each well. The plate was then 
incubated at 37°C for 1 hour. Subsequently, 100 µL of the media was 
transferred to a new 96-well plate and the plate was measured using a plate 
reader (Tecan, USA) at 450 nm of wavelength. 

 
4.2.5 Detection of intracellular ROS 

For assessment of ROS, H2DCFDA (100mg, D399, ThermoFisher 
Scientific) was utilized. To avoid the probe acting as photosensitizers 
themselves, ROS probe was added immediately after the 5-min of LPL 
treatment, cells were washed with PBS and the ROS probe was added. Then the 
cells were incubated for 30-min at room temperature. After washed three 
times with PBS, fresh culture media was added and the cells were incubated for 
30 min at room temperature supporting CO2. The cells were measured by flow 
cytometry (BDVerse, BD, Germany) for ROS fluorescence and the mean value of 
each group was analyzed by the BD FACSuite™ software. The relative intensity 
of each group to control was expressed as a percent value. 

 
4.2.6 Alkaline phosphatase (ALP) assay 

For the alkaline phosphatase (ALP) activity assay, hDPSCs were seeded at 
1.0*104 cells per well in 96-well plates. The LPL was irradiated daily for 5, 7 
and 14 days. On that time, according to the manufacturer’s manual (Alkaline 
Phosphatase Assay Kit, Anaspec, USA), cells were washed twice with 1X assay 
buffer and lysed in lysis buffer (0.1% Triton X 100, pH 9.5) at 4 ℃ for 10 min 
under agitation. After vibration in weak, the supernatant of 50 µL per well was 
collected for alkaline phosphatase assay and transferred into new 96-well plate. 
pNPP substrate solution of 50 µL was added into each well of the plate and the 
plate was incubated for 60 min. Then fluorescence of the plate was measured 
using a plate reader (Tecan, USA) at 405 nm of wavelength. 
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Figure 4.1. PBM system. (A) (B) PBM system in incubator. PBM system 
irradiate NIR light (810 nm) and blue light (405 nm) in separate. LED for NIR 
light is separated to be 12.5 mm in distance and LED for blue light 25 mm. To 
aim uniform of lights on the plate, the LED assembly is distant to the plate to be 
210 mm. Light from LEDs exposes to cell plate. (C) Design for exposing is that 
NIR is 89, blue and NIR light (BN1) is alternately 1.2 and then 87.8, BN2 is 3.6 
and then 84.4, and BN3 is 12 and then 77 mJ/cm2. 
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4.2.7 Alizarin Red S staining 
For assessing calcium deposition during matrix mineralization, Alizarin 

Red S staining was used. The cells were seeded at 1.0 * 104 cells per well in the 
96-well plate. At 14 and 21 days after PBM treatment, the cells were washed 
twice with PBS and fixed in 4% paraformaldehyde for 10 min. The cells were 
then washed with deionized water and stained with Alizarin Red S (Sigma-
Aldrich, St Louis, Mo, USA) for 10 min at room temperature. And then the dye 
was removed by deionized water and the stained was taken by stereo type 
microscopy. For quantification of calcium deposits, dye was extracted using 200 
µL of 10% glacial acetic acid at room temperature for 60 min. The amount of 
calcium deposits was determined using an ELISA plate reader (Tecan, USA) at 
490 nm.  
 
4.2.8 Real-time polymerase chain reaction 

For real-time polymerase chain reaction (PCR) analysis, hDPSCs were 
seeded at 5 * 104 cells per well in 24-well plate. The hDPSCs were daily 
irradiated to activate. After 14 days of irradiation, the hDPSCs were harvested 
and lysed. total RNAs were extracted using RNeasy Mini Kit (Qiagen) and 
converted to cDNAs using reverse transcriptase and random primers (cDNA 
synthesis kit, Toyobo) according to manufacturer’s protocol. The same amount 
of extracted total RNA that was taken from each sample was used in cDNA 
synthesis. The synthesized cDNAs were used in real time PCR using a 
CFX96TM Real-Time System (BioRad). The relative amount of mRNA 
expression was normalized by that of RPL13α and expressed as a fold change. 
The relative gene expression was evaluated by the comparative cycle-threshold 
method. The expression level of the mRNAs of plasma-treated-cells was 
normalized by that of control cells. Primer pairs for the following human genes 
were used: RPL13α (F: 5’ CTATGACCAATAGGAAGAGCAACC, R: 5’ 
GCAGAGTATATGACCAGGTGGAA), SOD1 (F: 5’ GGCAAAGGTGGAAATGAAGA, R: 
5’ GGGCCTCAGACTACATCCAA), SOD2 (F: 5’ GTTGGCCAAGGGAGATGTTA, R: 5’ 
TAGGGCTGAGGTTTGTCCAG), COL1A (F: 5’ GCCGGCAAAGGTAGATGTGA, R: 5’ 
TAGCGGTGGGGTTCGTCGAG), OCN (F: 5’ CCCGTCCGAGTTAGATCTCA, R: 5’ 
CAGTGTTGCGCTGTGTGCGG), RUNX2 (F: 5’ GATAACCAAGTTAGATTTTA, R: 5’ 
AAGGTTTGACCTTCCGTCAG), ALP (F: 5’ TTCGGCTTAGTTAGATCTCA, R: 5’ 
GAGTTCTGCCGAATGTGGAT), TGF-b1(F: 5’ GAAGGTTAAGCCAGGGGTCC, R: 5’ 
CAGTTCTGGGGTCCGTCGGG), OPN (F: 5’ CTTGGTTAAGCCAGATGTCC, R: 5’ 
AAGGTTTGACCTTTGGCCCT), DSPP (F: 5’ GGGGTTCAAGGCCGATCCTA, R: 5’ 
TAGAAATGACCTTCCTCCGG). 
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4.2.9 Electron transmission microscopy 
To optimize mitochondrial structural preservation and membrane contrast, 

cells were fixed with 2% paraformaldehyde and 2.5% glutaraldehyde (Ted Pella, 
Redding, CA, USA) in 0.15 M sodium cacodylate (pH 7.4) at 37 °C and placed in 
pre-cooled fixative on ice for 1 h. The cells were post-fixed with 1% osmium 
tetroxide, 0.8% potassium ferrocyanide, and 3 mM calcium chloride in 0.1 M 
sodium cacodylate (pH 7.4) for 1 h, washed with ice-cold distilled water, post-
stained with 2% uranyl acetate at 4 °C, dehydrated using graded ethanol, and 
embedded in Durcupan resin (Fluka, St. Louis, MO, USA). Ultrathin (70 nm) 
sections were post-stained with uranyl acetate and lead salts and observed 
using a JEOL 1200FX (JEOL, Japan) at 80 kV. Images were digitized at 1,800 dpi 
using a Nikon Cool scan system (Nikon Instruments Inc., USA), giving an image 
pixel array of 4,033 × 6,010 and a pixel resolution of 1.77 nm.  
 
4.2.10 Statistical analysis 

All variance values in the text and figure legends are represented as the 
mean values. Data were analyzed using the two-way ANOVA. Statistical analyses 
were performed using R console version 3.4.2. Statistically significant 
differences were defined as P < 0.05.  
 

4.3 Results    
 
4.3.1 DL analysis  

The DL analysis was conducted for hDPSCs to measure light-induced 
ultraweak photon emission relaxation dynamics, which links to the functional 
state of the hDPSCs. The time trends of the experimental data exhibited decay 
behaviors in Fig. 4.2A, 2D, 2G, and 2J. To make the decay distinct discrimination, 
we employed the number of excited level (n(t)), which means showing the 
excited state of biological system by PBM. It exhibited that the number of 
excited level n(t) of hDPSCs subjected to blue of 300 Hz (B1) was higher than 
that of the NIR of 300 Hz (NIR) and less than that of the NIR with blue light of 
300 Hz (BN1) in Fig. 4.2B. The other data here were not shown due to their 
divergence with time. We performed the DL on these convergence data (B1, 
NIR and BN1) for the various kinds of blockers. The numbers of hDPSCs that 
were blocked with Antimycin-A were all lowered down almost near zero for 
blue and NIR including blue-then-NIR light (Fig. 4.2E). The number of 
Rotenone-blocked hDPSCs subjected to NIR was similar to that of the control 
but the others were lowered (Fig. 4.2H). The numbers of NAC-treated hDPSCs 
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all showed low level for the NIR and blue-then-NIR light (Fig. 4.2K). Accordingly, 
the decay probability P(t) of control hDPSCs showed same temporal trend with 
the number of excited level of control hDPSCs in Fig. 4.2C. Decay probability of 
the others was followed after their number of excited levels (Fig. 4.2F, 2I and 
2L). 

 
4.3.2 Proliferation of hDPSCs 
The proliferation of hDPSCs after PBM treatment was measured with WST-1 
assay. After irradiation with totally 89 mJ/cm2, the WST-1 activity was 
significantly increased in NIR-treated cells (approximately 25 %) and blue-
then-NIR-treated cells (BN1-100.5 %; P < 0.05, BN2-106.5 %; P < 0.05, BN3-
114.5 %; P < 0.05) compared with the control at 3 days (Fig. 4.3A). Moreover, 
the proliferation was significantly decreased in the blue-treated cells (B1-
98.5 %; ns, B2-92.1 %; P < 0.05, B3-94.4%; P < 0.05) compared with the 
control at 3 days of irradiation but might not be sufficient to cause a significant 
oxidative stress (Fig. 4.3A). 
 
4.3.3 Osteogenic differentiation of hDPSCs 

For evaluation of the osteogenic differentiation of hDPSCs, ALP activity and 
Alizarin Red S staining were utilized. At 7 day after irradiation, hDPSCs that was 
exposed to the BN1 manner showed a higher ALP activity (702 %; P < 0.001) 
when compared with control and the others. Interestingly, the ALP activities of 
hDPSCs that was exposed to NIR, blue light and blue-then-NIR light were 
significantly enhanced (NIR-542 %; P < 0.001, BN1-702 %; P < 0.001, BN2-
548 %; P < 0.001, BN3-535 %; P < 0.001) on 7 days through on 5 days and then 
significantly lowered (NIR-188 %; P < 0.001, BN1-213 %; P < 0.001, BN2-
243 %; P < 0.001, BN3-192 %; P < 0.001) on 14 days after irradiation (Fig. 
4.3B). However, all data of ALP activity for hDPSCs that was irradiated caused 
an increase than the control. Moreover, the PBM promoted the calcium 
deposition in a dose-rate dependent manner at 14 and 21 day after irradiation 
(Fig. 4.3C). In order to quantify the calcium deposition, destaining of hDPSCs on 
ARS staining with destaining solution was performed. The quantification of 
hDPSCs showed exposure of the NIR manner caused a 28.2 % (ns) increase in 
deposit calcium at 21 days after irradiation as in Fig. 4.3D, although the others 
were less than the control (BN1-66.7 %; P <0.001, BN2-86.8 %; P < 0.001, BN3-
69.2 %; ns) at the same day.  
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Figure 4.2. DL data from hDPSCs in responses to PBM treatment. The 
measured DL in the period between 1 s and 18 s after PBM treatment were 
plotted. DL was measured when hDPSCs were in PBS with no treatment (A), 
with pre-treatment in antimycin-a (D), with pre-treatment in rotenone (G), 
and with pre-treatment in NAC (J). The degree of excited level n(t) (B, E, H, K) 
and the temporal trend of the decay probability P(t) (C, F, I, L) from DL. The 
time scales of the n(t) and P(t) were changed for clear discrimination. 
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4.3.4 ROS production and PCR analysis  
The ROS production was analyzed for hDPSCs in the NIR-dependent manner. 
hDPSCs subjected to irradiation showed all significant increase in ROS 
production (NIR-1.0%, BN1-52 %, BN2-97 %, BN3-101 %) compared to the 
control. Interestingly, hDPSCs subjected to blue-then-NIR light caused higher 
production of ROS significantly (Fig. 4.4A). The tendency of ROS production 
with irradiation manner was similar to the results of ALP activity with its 
manner (Fig. 4.3B). The RT-PCR analysis was performed for genes of COL1A, 
OCN, RUNX2, ALP, GTF-b1, SOD2, OPN, and DSPP on 14 days after irradiation. 
COL1A was activated for NIR, BN1 and BN2 (2.13-fold; P < 0.05), OCN for BN3 
and BN3, RUNX2 for NIR (1.72-fold; P < 0.05), BN2 and BN3, ALP for BN1 (3.1-
fold; P < 0.05) and BN2, TGF-b1 for NIR (18.7-fold; P < 0.05) and BN1, SOD2 for 
overall, OPN for all manners (NIR-2.7 folds; P < 0.05 , BN2-1.8 folds; P < 0.05 , 
BN3-7.5 folds; P < 0.01), DSPP for BN1, BN2 and BN3 (8.7-fold; P < 0.01) 
compared with the control (Fig. 4.4B). ALP expression decreased in the hDPSCs 
subjected to NIR on 14 days but was not statistically significant, while hDPSCs 
subjected to blue-then-NIR light produced a few folds of ALP compared to the 
control. Interestingly, TGF-b1 expression of hDPSCs subjected to NIR and blue-
then-NIR light showed over approximately 10-fold, respectively. SOD2 
expression of hDPSCs subjected to all manners of PBM showed the little 
increase compared with the control. OPN and DSPP expression of hDPSCs 
subjected to BN3 was both higher than these of other manners (Fig. 4.4B).  
 
4.3.5 Morphological changes in mitochondria from PBM treatment  

To analyze the alterations in mitochondrial shape by means of PBM 
treatment, transmission electron microscopy (TEM) was performed (Fig. 4.5). 
The TEM images revealed that hDPSCs subjected to all experiment conditions 
were similar to shapes in mitochondria as well as cristae that was developed. 

 

4.4 Discussion 
Blue light has a shorter wavelength than NIR. By photon energy equation, 

, which h is Planck constant, c the speed of light in vacuum and  the 
photon’s wavelength, blue light have a photon energy about twice than the NIR. 
Thus if blue light expose to hDPScs, blue can cause electrons in the 
mitochondrial transport chain to easily jump higher levels than the NIR.  Blue-
then-NIR light may exert cells twice in transporting electrons than using only 
the NIR and thus make the cells to produce ATP twice, even though using  
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Figure 4.3 Proliferation and differentiation of hDPSCs by means of PBM 
treatment. (A) Proliferation of hDPSCs was assessed by WST-1 for 3 days.  
(n=6 per group, two-way ANOVA) (B) Alkaline phosphatase activity was 
measured at 3, 7, and 14 days after PBM treatment. (n=6 per group, two-way 
ANOVA) (C) Calcium deposition during matrix mineralization was assessed by 
Alizarin Red S (ARS) staining at 14 and 21 days after PBM treatment. (D) 
Quantitative analysis of (C) ARS staining was performed with destaining 
solution for ARS (n=6 per group, two-way ANOVA). *** P < 0.001 in one group, 
#P < 0.05, ###P < 0.001 vs. other group. Data are presented as the mean value.  
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same power density.  
As for blue light it has been made known to disrupt cellular processes such as 
mitosis, mitochondrial function, or DNA integrity, and that light-induced 
reactive oxygen species[152, 154-156]. In contrast, a few recent studies on 
stem cells reported that blue light contribute to modulate stem cells to 
differentiate specific lineage[148-150]. They suggested that the photoacceptor 
as a blue light signal transducer might be nitrosated proteins[148] or 
Flavin[159-163], which is in the beginning of the respiratory chain of 
mitochondria, to have various kinds of stem cells initiate differentiation into. In 
addition, NIR has been used to promote proliferation due to more production of 
ATP and differentiation of stem cells. In proliferation of stem cells, the NIR 
activates the cytochrome c oxidase and then enhances mitochondrial 
membrane potential to produce more ATP. In differentiation of stem cells, the 
NIR causes metabolic switch to shift glycolysis to oxidative phosphorylation 
and then activates more differentiation[164]. Therefore, blue-then-NIR light 
can more promote hDPSCs to proliferate and differentiate.  

In data of DL, it revealed possible mechanisms of effect of blue-then-NIR 
light. The ultraweaker delayed luminescence is closely associated with 
functional state of biological systems[165, 166]. Based on that, some studies 
showed the possibility to discriminate between normal and tumor conditions 
[50] and to perform in vivo measurements of the mitochondrial oxygen 
tension[54]. A few studies also showed the ability of the DL to be sensible 
indicator of alterations induced on functionality of the mitochondrial 
respiratory chain complex I[93]. In here, the DL dynamics of hDPSCs showed 
that DL of blue light in cells that was blocked with rotenone produced the 
significant decrease in, thus meaning the photoacceptor of blue light is Flavin 
protein. On the other hands, cells that was blocked with Antimycine-A 
simultaneously showed the significant decrease in, meaning an unknown 
protein as photoacceptor may be there, even though a photoacceptor in 
mitrochondrial complex III was cytochrome c oxidase, which is sensitive to 
range of Red or near infrared (Fig. 4.2). Thus this means blue light is able to 
excite electrons in a mitochondrial complex I and III to higher levels, 
simultaneously. NIR exposure after blue light lighting to cells can more make 
their proteins activate production of ROS and thereafter all ATP.  

In the present study, we utilized low level of blue light (rate of blue light to 
NIR-approximately 1/6.6; power density: NIR 986 and blue light of 149 
µW/cm2 respectively) to exert the hDPSCs moderately to greatly diminish 
induction of arrest in cell cycle due to blue light. The proliferation of hDPSCs 
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Figure 4.4. Biological responses of hDPSCs to PBM treatment. (A) Intracellular 
ROS was measured with H2DCFDA. NAC was used to confirm the fluorescence 
signals. (B) mRNA transcriptional levels for COL1A, OCN, RUNX2, ALP, TGF-β1, 
SOD2, OPN, and DSPP (n = 3 in each experiment and 3 replicates). 
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Figure 4.5. Representative TEM images of mitochondria in hDPSCs after 14 
days of incubation under osteogenic medium with PBM. A. hDPSCs control, B. 
hDPSCs were treated with only NIR, C. hDPSCs were subjected with BN1, D. 
hDPSCs were treated with only Blue light. Scale bar is all 0.2 µm. 
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subjected to blue light showed much less decrease compared to the control in 
dose dependent manner, suggesting that blue light utilized here was not toxic to 
cell metabolism.  

In blue-then-NIR light, the proliferation was better level compared to the 
non-irradiated hDPSCs, suggesting that the effects of blue-then-NIR light on 
hDPSCs might come to appear. But their contribution to the proliferation of 
hDPSCs was not large. However, blue light gave the effect of exciting NIR more 
in the ALP activity. hDPSCs exposed to blue-then-NIR light (BN1; blue light-1.2 
mJ/cm2, NIR-87.8 mJ/cm2) were significantly enhanced than those to only NIR 
in the ALP activity. This result was in accordance with the ALP expression of 
PCR that was statistically significant (Fig. 4.4B). In case of applying blue light to 
be 3.6 and 12 mJ/cm2, the corresponding ALP activity was similar to that of 
only NIR. It might be originated from overexpression of ROS to be toxic during 
lighting blue light longer (Fig. 4.4A). Interestingly, the expression of SOD2, 
which catalyzes the dismutation of the superoxide radical into either ordinary 
molecular oxygen or hydrogen peroxide in the mitochondria, was not 
statistically significant but alike with the control or more than. The difference 
in two results may be reasoned by which ROS evaluation was from just 
exposure of light to hDPSCs and PCR analysis was conducted at 14 day after 
irradiation. In contrast, quantification of forming calcium deposit that was 
evaluated by ARS staining demonstrated elevation in calcium content in mode of 
only NIR by nearly 1.2-fold compared to non-irradiated hDPSCs at 21 days but 
decrease in mode of blue-then-NIR light at the same day. It demonstrates that 
blue light did not contributed hDPSCs to form calcium deposit.  

Interestingly, PCR data demonstrates that only NIR significantly elevated 
the expression of RUNX2, TGFb1 and OPN gene, while blue-then-NIR light 
enhanced the expression of COL1A (BN2), ALP (BN1), OPN (BN2 and BN3), 
and DSPP (BN3) gene. But not all of them were statistically significant. 
Osteoblast differentiation in vitro may be characterized in three stages: (1) cell 
proliferation, early osteogenic differentiation, (2) matrix maturation, and (3) 
matrix mineralization[167]. During proliferation, several extracellular matrix 
proteins may be detected (collagen I, TGF-b, and fibronectin). The matrix 
maturation may be characterized by maximal expression of ALP. At the 
beginning of matrix mineralization, genes for proteins (OCN, OPN, and DSPP) 
are expressed and once mineralization is completed, calcium deposition may be 
visualized using ARS staining[167]. Here, we discovered that as hDPSCs 
progress in differentiation, effects of light kinds come to appear. hDPSCs 
exposed to only NIR and blue-then-NIR light significantly expressed TGFb1 
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(PCR data) and ALP (ALP activity data) and OPN and DSPP (PCR data), 
respectively. Given that TGFb1 and ALP are early indicator of differentiation 
and OPN and DSPP late indicator, it may be pondered that NIR may strongly 
promote early factors in differentiation and blue light late factors, in spite that 
NIR was combined with blue light more intensively. According to previous 
study[80], TGFb1 gene which is activated by NIR triggers hDPSCs to 
differentiate into osteoblast to form dentin structure.  

In present study, blue-then-NIR light less contributed to activate TGFb1 
gene. DSPP is the most abundant ECM in dentin and is processed into three 
major forms: dentin sialoprotein (DSP), dentin glycoprotein (DGP) and dentin 
phosphoprotein (DPP). Among them, DSP and DPP are chiefly expressed in 
odontoblasts and dentin[168]. In PCR data, overexpression of DSPP than the 
control suggests that shorter NIR with longer blue light (BN3) may promote 
formation of dentin with which it activates hDPSCs to differentiate into 
odontoblasts. RUNX-2 is now recognized as one of the most important 
osteogenic differentiation transcription factor. In the present study, hDPSCs 
was similarly responsed to both only NIR and blue-then-NIR light in the 
expression of RUNX-2. SOD2 is pivotal in reactive oxygen species (ROS) release 
during oxidative stress in mitochondria. In present study, the expression of 
SOD2 in the hDPSCs was mild over NIR and blue-then-NIR light. It suggests that 
NIR and blue-then-NIR light does not produce a burst of ROS to be harmful to 
metabolism in mitochondria. In addition, the mitochondrial shapes in analysis 
of TEM reflects on such things, that is, blue light did not exert on hDPSCs 
harmfully.  
 

4.5 Conclusion 
In conclusion, the DL yields turned out that blue-then-NIR light make the 
functional state of hDPSCs excite to higher level than that of only NIR. In 
addition, the yields revealed that a photoreceptor of blue light may be in 
complex III in mitochondrial electron transport chain system. The effect of blue-
then-NIR on differentiation of hDPSCs into osteogenesis showed that the ALP 
activity of blue-then-NIR light was higher than that of only NIR, as shown in DL 
yields. However, ARS results exhibited blue-then-NIR light was decreased in 
calcium deposition than that of only NIR after 21 days of irradiation. Results of 
PCR showed that TGF-b1 was highly activated by NIR and DSPP as an 
important factor for forming dentin was highly promoted by blue-then-NIR 
light. Those results can be utilized to enhance effectiveness of hDPSCs to 
differentiate clinically.  
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Chapter 5 
 

Generation of dentin upon beagle’s tooth  
by means of photobiomodulation 

 

5.1 Introduction 
Teeth are complex organs containing two separate specialized hard tissues, 

dentin and enamel, which form an integrated attachment complex with bone 
via a specialized ligament. Embryologically, teeth are ectodermal organs that 
form from sequential reciprocal interactions between oral epithelial cells 
(ectoderm) and cranial neural crest derived mesenchymal cells. The epithelial 
cells give rise to enamel forming ameloblasts, and the mesenchymal cells form 
all other differentiated cells. Teeth continue developing postnatally; the outer 
covering of enamel gradually becomes harder, and root formation, which is 
essential for tooth function, only starts to occur as part of tooth eruption in 
children.  

After grown-up, the teeth is maintained by tooth’s proper function and 
metabolism and repeatedly repaired and restored. Some stem cells can be used 
for tooth repair, restoration and regeneration and, significantly, non-dental uses, 
such a developing stem cell-based therapies for major life-threatening diseases. 
For dentin formation, dental pulp stem cells is used and for cementum 
formation, periodontal ligament stem cells used. In particular, dentin is a 
relatively inert tissue. During primary dintinogenesis growth factors and 
bioactive molecules are secreted by odontoblasts and are incorporated within 
the dentin extracellular matrix[169]. These molecules are bound to protein 
precursors or binding proteins and sequestered in a protected state within 
dentin[170-172]. In here, an important but often overlooked advantage of teeth 
as a source of stem cells is that postnatal root formation (a rich source of dental 
stem cells) is a developmental process, and thus cells involved in root formation 
are more embryonic-like than other sources of dental stem cells. The humble 
tooth clearly has a very important role to play in future developments in 
regenerative medicine.  

In spite of such this, the studies in dental regeneration has been faced a 
number of obstacles in clinical trials. Although many animal models have been 
developed, it can not still overcome in practicing dentists. We noticed dentin as 
an alternative materials. Following tissue injury, a complex series of events, 
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involving various intra- and extracellular signaling, are initiated with the aim of 
promoting tissue repair. Bioactive molecules released from dentin have the 
potential to initiate the cellular events, which may lead to regeneration of pulp 
and dentine[173]. Hence, this study aimed to assess dentin formation following 
exposure of near infrared (NIR) to a whole tooth. NIR light has been employed 
to stimulate or induce biological event; proliferation and differentiation[72, 73, 
84, 123-125, 174]. As known to be lower scattering and absorbing by water 
molecules, NIR light from either light emission diode (LED) or laser propagates 
into whole tooth and is able to stimulate periodontal ligament (PDL) and dental 
pulp stem cells (hDPSCs) as most important cells in regeneration. In addition, 
we also identify the regeneration of PDL with NIR light to determine whether 
NIR light promote chemotaxis and growth of odontoblasts. 
 

5.2 Materials and Methods 
 
5.2.1 Animal 

The research was conducted as an in vivo experimental study. The research 
protocol was approved by the Animal Research Ethics Committee with permit 
number of SNU-120427-2-2. Male beagle (n = 1), weighing 12 kg was used in 
this study. The animal were housed in collective cage under standard conditions 
of temperature (22 ± 2 °C), relative humidity (55 ± 10%), and light/dark cycle 
(12 / 12 h). The animal was fed with crushed commercial dog food and water. 
For this study, the targeted tissue was divided into two groups. One group was 
both right upper and lower jaw for controls including premolars (P1-4). 
Another group was both left upper and lower jaw for PBM including premolars 
(P1-4).  
 
5.2.2 Photobiomodulation  

In this study, an 9-LED array that was composed of 810 nm LEDs 
(MTE2081-OH5, Marktech Optoelectronics, USA) with half intensity beam angle 
of ± 7 degree was used to irradiate the teeth of beagle. The array was operated 
in a pulsed wave (PW) mode with frequency of 300 Hz of duty cycle 30 % and 
was switched by 8-bit micro controller device (UM_MC95FG308_V3.20_EN, 
Korea). Power density of 1.91 mW/cm2 which was measured by a power meter 
(PM-SUB-100, Thorlabs, USA), was applied for 42 sec to be energy density of 80 
mJ/cm2. The light intensity was checked before every experiment and the LED-
array was held perpendicular to the  
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Figure 5.1 The LED system of PBM and exposure to teeth of beagle 
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mucosa, directly contacting the tissue surface to irradiate daily for induction of 
formation of neo-dentin throughout the 8-week (Fig. 5.1).  
 
5.2.3 Histological procedure 

After 8-week of irradiation, the animal was euthanized with a lethal dose 
of sodium-penthotal. Mandibular blocks were retrieved and stored in a 5 % 
formaldehyde solution (pH 7). The upper jaw and lower jaw were separately 
dissected from them and immediately immersed in a solution of 4 % 
formaldehyde to be fixed for 2-week. The fixed specimens were decalcified with 
rapid decalifier (Shandon TBD-1TM, Thermo Scientific, USA) for 8 days by means 
of shaker with 10 RMP. The samples were dehydrated in ethyl alcohol of 
gradually increasing concentrations from 70 to 100 %. After paraffin 
embedding, the samples were serially sectioned to be a thickness of 6 µm and 
stained with hematoxylin-eosin (H&E). The sections were counterstained with 
primary polyclonal antibody to DMP1 (Takara Bio Inc., Otsu, Shiga, Japan) to 
identify vascularity in odontoblast layer in pulp chamber. 
 
5.2.4 Micro-CT tomography 

The dissected mandibular blocks were scanned using a SkyScan micro CT 
scanner (SkyScan 1172 X-ray Microtomograph, Antwerp, Belgium). The 
scanner was composed with a X-ray tube (80-kV/125 μA) and a precision 
object manipulator for moving the sample. The scanner was equipped with a 
twelve-bit digital cooled CCD camera with fiber optics (pixel size 11.2–11.6 μm, 
object to source 105.95 mm, camera to source 217.9 mm). An aluminium filter 
with 0.5- mm-thickness was utilized. As previous study[175], the mandibular 
blocks was mounted in a 7-mm-diameter plastic container on the scanning 
platform and the transmission X-ray image was set for 180 degrees of rotation 
with 0.4° rotational steps. The work of scanning was required 60 min to be 
completed for one specimen. Each raw data set was then reconstructed into 
images using SkyScan’s cluster reconstruction software (NRecon/NRecon 
Server). One preliminary image was scanned in the automatic setting and 
another with histogram adjustment as appropriate for complete processing; 
this process optimizes the contrast over the density range of the interest, i.e. 
root and the root canal. Cross-sections were then reconstructed using a 
modified Feldkamp cone-beam algorithm (NRecon, Version 1.5.1.4; 11.6 μm 
average pixel size, image size: 900 × 900 pixel).   
 
5.2.5 Scanning electron microscopy (SEM) 
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For taking an analysis of SEM, the decalcified samples were dehydrated 
sequentially with increasing concentrations of ethanol 930, 50, 80, and 100 %), 
coated with gold, and visualized at an accelerating voltage using a scanning 
electron microscope (Zeiss, Munich, Germany).  
 
5.2.6 Statistical analysis 

The means and standard deviations of each parameter were calculated for 
two groups. Differences between the groups were analyzed using student’s t 
test that was performed using Microsoft Excel.  
 

5.3 Results    
 
5.3.1 Development of dentin tissue was verified by Micro-CT tomography 

We investigated whether PBM could develop a resident dentin into more 
additional one. In this animal model, the premolars (P1, P2, P3, P4) were 
centrally observed by micro-CT analysis in the lower and upper jaw (right side 
as controls and left side as PBM) at 8 weeks after PBM. The PBM-resulting tooth 
successfully promoted more production of dentin to be averagely increase of 
15.5 and 4.2 % for the upper and the lower jaw compared with the controls 
(right side jaw), respectively (Fig. 5.2). Each tooth revealed 13.3, 17.1, 11.3, and 
20.0 % increase for P1, P2, P3, and P4 of upper jaw, respectively, while 3.6, 6.0, 
0.0, and 7.0 % increase for lower jaw, respectively. The increment of dentin of 
upper jaw by means of PBM was more greatly than that of lower jaw (Fig. 5.2).   
 
5.3.2 Histological analysis of teeth 

We next performed the H&E staining for tooth to identify the promotion of 
dentin by PBM. To do this, we representatively sectioned P1 of both lower and 
upper jaw as A, B and C cut in Fig. 5.2A. The resulting analysis revealed that 
both the controls and the PBMs throughout all cuts were histologically similar, 
that is, they have all composites of consisting pulp chamber: dentin, predentin, 
odontoblast, and pulp stem cells. Nevertheless, as the result of analysis of 
micro-CT, we was not able to find out a difference in production of dentin for 
the control and the PBMs (Fig. 5.3).  
 
5.3.3 Structural analysis by SEM 

In order to identify whether the dentin resulting from mineralization of  
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Figure 5.2 Micro-CT images. (A) Upper and lower jaw of beagle’s teeth. Right 
sides were used as control and left side for PBM. NIR daily exposed the teeth to 
be energy density of 80 mJ/cm2 for 8-week. Changes of the volume of pulp 
cavity indicating as dentin formation were measured through analysis of micro-
CT images to be 13.3 (P1), 17.1 (P2) , 11.3 (P3), and 20.0 % (P4) for upper jaw 
and 3.6, 6.0, 0.0, and 7.0 % for lower jaw. Average of dentin formation for upper 
jaw was 15.5 %, while 4.5 % for lower jaw (C). (B) It shows a representative 
analyzing volume of dentin formation for premolar number 2 (P2). 
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odontoblast that was differentiated from pulp stem cells by means of PBM was 
produced more compared with the controls, we performed the analysis of SEM 
for C-cut of first premolar (Fig. 5.2A). The SEM images revealed that both the 
control and the tooth by PBM had distinctive layers of dentin, odontoblast, cell-
free zone, and cell-rich zone. Higher magnification observations revealed that a 
layer of odontoblast cells subjected to PBM were lined against the predentin-
like tissue, while the control did not, even though that had odontoblast layer 
(Fig. 5.4). The odontoblasts by PBM were most likely to be seen coming out 
from dentin’s tubules, while the control did not see any cells although there was 
a layer of odontoblast (Fig. 5.4d,e).   
 
5.3.4 Developed periodontal ligament by PBM 

To investigate the development of periodontal ligament with PBM, we 
examined histological analysis by H&E for D-cuts of the control and the tooth 
by PBM (Fig. 5.2A). We was able to observe more the dense ligament of the 
tooth by PBM than the control over three parts region (Fig. 5.5).  

 
5.3.5 Vasculature by PBM 

Vasculature is important in promoting dentinogenesis of odontoblast. To 
identify, immunohistochemistry was performed with DMP1, in which was made 
known to stain the tubular epithelium of the distal tubule [176]. The tubular 
epitheilium was stained moderately other than peripheral tissue. Compared to 
the control, it was observed that vasculature was developed for PBM-irradiated 
sample in the site of layer of odontoblast (Fig. 5.6). 
 

5.4 Discussion 
There are two modes for PBM: continuous wave (CW) and pulsed wave 

(PW). PW mode is a modality that alternatively turns on LED or laser in time, 
while CW mode constantly turns on ones. In view of effectiveness, PW has been 
known to be more effective on biological systems than CW[84, 177]. It is 
generation of less heating that PW has quench time following the pulsed on 
times, thus PW is able to use high power of light instantly. The biological 
systems may also have some fundamental frequency that exists in the range of 
tens to hundreds of Hz[84]. We investigated previously the effects of PBM on 
proliferation and differentiation of dental pulp stem cells (hDPSCs) in vitro 
[177]. We examined PW over 1, 3, 30, 300 and 3000 Hz for hDPSCs in  
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Figure 5.3 H & E images for A-, B- and C-cut of teeth in Fig. 5.2A. The layer of 
dentin, predentin and odontoblast was observed over all samples. Scale bar is 50 
µm in all images. 
 
 
 
 
 
 
 
 



 

 １０９ 

 
 
Figure 5.4 SEM images. These images got from C-cut as shown in Fig. 5.2A. (a) 
and (b) control. (c) ~ (f) were teeth subjected to PBM. Activated odontoblasts 
capable of generating new tubular dentin were observed (f) while even though 
odontoblast-like layer was there (b). Scale size is 10, 1, 100, 10, 10, and 2 µm 
for (a) to (f). 
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Figure 5.5. H & E images for PDL layer from D-cut in Fig. 5.2A. Their 
magnificent was performed to be 40 X. 
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Figure 5.6. Vasculature images that were assessed by immunohistochemistry 
of DMP1 from A-cut in Fig. 5.2A. Arrows indicate the tubular epithelium of the 
distal tubule. Scale bar for c and d of control and PBM samples is 500 µm.  
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proliferating and differentiating, including CW experiment, keeping energy 
density constant.  

PW has been more effective on proliferation and differentiation than CW. 
Among PWs, it was, in particular, 300 Hz-PW that produced highest induction 
of osteogenesis in vitro from hDPSCs supplemented with ascorbic acid and 
dexamethasone. The effectiveness of 300 Hz-PW was in accordance with results 
of production of cytosolic reactive oxygen species (ROS) by PBM. The ROS has 
been known to trigger the transforming growth factor beta 1 (TGF-b1) in dental 
tissue and following stimulation of TGF-b1 to hDPSCs make hDPSCs toward 
dentinogenic dfiferentaition[80]. Origin of the ROS is reported to be produced 
in complex I and complex III in the mitochondrial electron transport chain 
system which produce adenosine triphosphate (ATP). Both complex I and III 
produce same kind of superoxide (O2-) anion from electrons leaked at those 
complexes. Various kinds of ROSs result from this superoxide anion. Even 
though we exactly do not know about the mechanisms of higher harvest of 300 
Hz-PW on differentiation, migration rate of electrons in the mitochondrial 
transport chain to react with oxides may be considered to synchronize with 
period time of 300 Hz. This result was identified from the delayed luminescence 
(DL), which is the prolonged ultra-weaker emission of optical photons from a 
biological sample and present mitochondrial behaviors to incident light. The DL 
has been utilized to investigate apoptotic progress and distinguish between 
normal and cancer cells. The DL is dependent on light wavelength to be applied 
to cells. We found out the DL was also dependent on  period of turning on and 
off light source (so-called pulse frequency), appearing higher level of exciting 
for 300 Hz-PW herein. 

Hence, we applied 300-Hz-PW-PBM to beagle’s teeth to verify whether 
production of dentin tissue is promoted by PBM in vivo. In general, PBM is 
examined with damaged spot of a tooth including separated control. Before 
starting examination, samples are tomographed by a micro-CT to compare 
after completion. We applied PBM for normal dental tissue without any 
damages and took the control that was in the absence of PBM. Not knowing an 
initial volume of pulp chamber, we got started the examination, taking the 
controls on right side of beagle’s jaw (upper and lower jaw) and the PBMs on 
the opposite side. After completing the examination, the results revealed that 
the volume of pulp chamber for the samples of premolar subjected to 300-Hz-
PW was increased to be about 15 % and 4.2 % among upper jaws and lower 
ones, respectively, compared to the controls (right sides). Without initial data, 
because we set samples without PBM as controls after 8 weeks of examination, 
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it is able to be controversial that compares among upper jaws and lower jaws. 
Nevertheless, it is important for the results of PBM. First, it is only this result 
for the development of dentin tissue by means of PBM, in particular, 300-Hz-
PW. Maintenance of dental pulp function is critical for the homeostasis of 
teeth; loss of dental pulp is often followed by tooth fracture and/or periapical 
disease and, finally, loss of teeth. When dental pulp is infected, it is difficult for 
the immune system to eradicate the infection, due to lack of blood supply to 
the pulp. Partially removing the infected pulp, termed partial pulpectomy, has 
proved to be ineffective, as infecting organisms may be left behind[178, 179]. 
Thus infection of adult pulp by trauma or caries often necessitates root canal 
therapy, in which the entire pulp is removed and the pulp cavity disinfected 
and filled with an artificial material. In the present study, it presented a 
possible alternative for overcoming lack of blood supply to the pulp. It is due to 
that the dentin formation may reflect on active blood supply to the pulp 
differentiating toward odontoblast and then the following active odontoblast 
forming dentin tissue. Increase in vascularity with PBM also provide an 
evidence of such thing. On the other hands, dentin is regared as a bioactive 
extracellular matrix, which contain dentin sialophosphoprotein (DSPP) and 
TGF-beta as an important signaling molecules[180, 181]. The tissue may be 
activated by NIR light and release such materials to trigger or promote pulp 
stem cells to differentiate into odontoblast.  

Second, 300-Hz-PBM can make other tissues including periodontal 
ligament (PDL) active to be healthy. NIR light that was used in our study 
travels into pulp cavity through enamel and dentin tissue and simultaneously 
PDL. Such an integrated complex all get influence on irradiated light. In 
particular, PDL tissue that is put outer complex get stronger light than the 
others. There is many of vascularity in the PDL and pulp cavity. Thus the light 
can make them active to form new vasculature. In our study, we observed that 
the 300-Hz-PBM promoted PDL to be much more compared to the control. 
PDL plays key roles of absorbing external mechanical force and brace the 
tooth to be set. Thus the more PDL forms, the healthier the tooth become. 
Taken together, our findings show that odontoblast activation/dentin 
formation/increase vascularity can be accomplished with a 300-Hz-PBM 
mediated approach[182]. This study is the first step toward reaching the goal 
of regenerating functional pulp/dentin that is very similar to its natural 
conterparts. To achieve this goal, future investigations must include the use of 
a damaged dentin model, being with data as control from micro-CT to be 
captured before starting examination. Besides gaining vascularity, the analysis 
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of the regenerated pulp/dentin tissue requires extensive 
immunohistochemistry.  

 
5.5 Conclusion 

In conclusion, the PBM promoted increase of 15.5 % in formation of dentin 
in a Beagle’s tooth by analysis of micro-CT, compared to the controls. The 
Results of PBM in vitro might be reflected on in vivo. It may be by PBM that 
odontoblast was activated, in which shown in analysis of SEM. H&E verifies that 
periodontal ligament (PDL) was made dense by PBM. PBM may be utilized to 
make dentin or PDL healthy. 
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Chapter 6  
 

Summary 
 

Delayed luminescence (DL) is a spectral emission from the optical range to 
NIR radiated after the illumination source is switched off. DL can demonstrate 
cellular reduction/oxidation states in relation to cytochrome c oxidase, which 
produces reactive oxygen species (ROS) in the mitochondrial respiratory chain. 
DL can determine cellular phase in the proliferation and differentiation due to 
that the cellular redox state differ in their phases. In this study, DL showed that 
300-Hz pulsed wave photobiomodulation (PW-PBM) dominantly had a 
prolonged DL pattern among PW-PBMs and a higher degree of the excitation 
level and a lower temporal trend of the decay probability as well. The resulting 
mitochondrial activity showed increases in the mitochondrial number, volume 
density and length, accompanying the production of ROS and the enhanced 
alkaline phosphatase (ALP) activity.  

Moreover, in order to verify the 300-Hz-PW-PBM in another ways, a 
diverse assess was performed. In analysis of cytoplasmic membrane potential 
(CMP), ALP activity and ROS production, 30 % duty cycle and 300-3000 Hz 
pulse frequencies showed the significant effects on osteogenic differentiation 
of hDPSC. The PW-PBM elevated the activation of TGF-β1 signaling pathway 
enhancing hDPSC-dentinogenic differentiation in vitro as well. In the fashion of 
blue-then-NIR light, it make more hDPSCs into osteogenesis than that of only 
NIR in assaying the ALP activity. Results of polymerase chain reaction (PCR) 
showed that transforming growth factor-beta-1 (TGF-b1) was highly activated 
by NIR and dentin sialophosphoprotein (DSPP) as an important factor for 
forming dentin was highly promoted by blue-then-NIR light.  

In a beagle test for formation of dentin in vivo, PBM promoted increase of 
15.5 % in analysis of micro-CT, compared to the controls. Odontoblast was 
identified to be activated, accompanying periodontal ligament (PDL) that was 
made dense by PBM, in which showed in assess of SEM and H&E. Those results 
may be utilized to enhance effectiveness of hDPSCs to differentiate into 
osteogenesis.   
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Abstract in Korean 
 

포토바이오모듈레이션은 가시광선 혹은 근적외선을 사용하여 

생물체에 광반응을 유도하는 방법으로서, 근육통 완화 및 상처 치유, 

조직 재생에 효과가 있는 것으로 알려져 있다. 이 광반응의 핵심은 

광수용체로 알려진 세포내 소기관인 미토콘드리아 내에 있는 

cytochrome c oxidase 이다. cytochrome c oxidase 가 빛을 흡수하면, 

미토콘드리아 막전압 및 칼슘 및 산화질소 이온 농도가 상승하여 

에너지원인 ATP 생성을 높이고, gene transcription 을 촉진하여 다양한 

단백질을 합성하여 세포증식 및 세포분화를 촉진한다. 이 단백질 합성의 

촉진은 빛을 연속 혹은 펄스방식으로 조사하는 것에 따라 다르며, 

펄스방식이 효과적인 것으로 알려져 있다. 그러나 그 기전에 대해 

불분명하고 펄스에 대해 특성화 되어 있지 않다. 따라서 본 연구에서는 

치수줄기세포의 골분화에 대해 포토바이오모듈레이션의 기전과 펄스를 

특성화 하였다. 먼저, 이를 위해서 delyed luminescence (DL)을 도입하여 

근적외선을 이용하는 포토바이모듈레이션을 관찰한 결과, 연속방식보다 

펄스방식에서 들뜬 상태가 높았고, 펄스방식의 300 Hz 가 높게 나타났다. 

이에 따라 치수줄기세포의 분화를 살펴본 결과 펄스방식에서, 

펄스방식에서는 300 Hz 에서 높은 골분화를 보였다. 이것은 줄기세포의 

미토콘드리아의 수와 면적 및 길이의 증가와 미토콘드리아 내에서 

생성된 유산소의 second messenger 역할에 기언한 것으로 밝혀졌다. 

나아가, 펄스의 duty cycle 에 따른 줄기세포의 골분화를 살펴본 결과, 

30%에서 치수줄기세포의 분화가 높게 나타났다. 이것은 줄기세포가 

골분화를 진행함에 따라 세포막 전위가 낮아지는 

과분극(hyperpolarization) 양상을 보이는 것과 일치하는 것으로, 1 ~ 3000 

Hz 까지 10 단위로 증가하면서 살펴본 바에서도 이전과 같은 결과인 
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300 Hz 에서 이 양상을 보여 포토바이모듈레이션의 펄스방식이 분화에 

적합함을 보였다.  

한편, 치수 줄기세포의 골분화 효율을 높이기 위해서 UV 영역에 

가까운 blue light 을 도입하였다. 기존 근적외선을 조사하기 전에 

근적외선보다 파장은 짧지만 양자역학적인 관점에서 에너지가 두 배인 

blue light 을 조사하면, 빛을 흡수하는 단백질을 더 높은 들뜬 상태로 

만들 수 있어 줄기세포의 골분화를 근적외선의 단독 조사 때보다 높일 

수 있다. Delayed luminescence 로 분석한 결과, 근적외선 단독 조사보다 

blue light 을 먼저 조사하고 후에 근적외선을 조사한 것에서 들뜬 상태가 

높게 나타났다. 초기 골분화 지표에서도 크게 나와 기존의 같은 

에너지를 인가한 단독 근적외선 조사 결과에 비해 7 배 이상 증가한 

것이 관찰되었다. 이 결과는 추후 논의 및 추가 실험이 필요한 상황이다.  

세포실험에서 얻은 duty cycle 30%, 주파수 300 Hz 를 치아 관련 

동물모델인 beagle 에 8 주 동안 매일 근적외선을 약 80 mJ/cm2 를 

조사한 결과, dentin 의 생성율이 실험군에서 대조군에 비해 평균 15% 

이상 증가한 것으로 나타났다. 이것은 치수줄기세포가 odontoblast 로 

분화하고 이 odontoblast 가 dentin 을 생성한 것으로 보여진다. 따라서 본 

연구에서는 포토바이모듈레이션을 치수줄기세포의 골분화에 적용하여 

펄스방식에 대해 특성화하였고, 이 결과는 차후 포토바이모듈레이션을 

임상에 적용하는데 있어 기초 데이터를 제공할 것으로 기대된다.      

주요어 : 포토바이오모듈레이션, 펄스변조, delayed luminescence,                  

골분화, 치수줄기세포, cytochrome c oxidase 
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