
 

 

CHAPTER IV 

 
Molecular and cellular impact of 

PBM on bone regeneration 



4.1 INTRODUCTION 

The literature demonstrates that the absorption of the light by tissue triggers a variety 

of biochemical reactions that result in mitochondrial stimulation, DNA and RNA 

synthesis, increased alkaline phosphatase with increased intracellular calcium 

concentration, and this promotes osteoblast synthesis and cell viability [1-3]. In 

addition, there is an increase in local blood flow that favors both; cell migration, 

nutrition, and oxygenation of the tissue, which is directly related to the angiogenesis 

process [1,2]. Recent efforts have demonstrated the utility of using, 

Photobiomodulation (PBM) therapy to promote regeneration of bone and cementum, 

focus on extraction socket healing, fracture healing, and distraction osteogenesis [4].  

These direct effects of PBM on osteogenesis are the fundamental basis of recent 

clinical protocols to accelerate orthodontic tooth movement [5]. However, despite 

research showing the osteogenic potential of PBM therapy (PBMT), the parameters 

utilized in each treatment protocol (Wavelength, power, fluence, energy, number of 

points to be applied, frequency of treatment, and diameter of the lesion), it is prudent 

to point out that inappropriate utilization of laser device parameters for PBM or 

unsuitable methods of investigation, or inefficient beam profile, can essentially result 

in undesirable effects, perhaps accounting for many negative results and inconclusive 

results outcome observed [6]. It is fair to say that the current evidence based research 

lacks consensus on dose and contexts, the intracellular mechanistic effects of PBM 

electromagnetic light on bone regeneration, and robust clinical trails, which should be 

carefully optimized to achieve more reproducible and robust clinical outcomes. 

The mechanistic sequence of secondary events of the PBM mechanism of action 

(Hour-days) is to date contradictory and confused, as there is a lack of standardisation 



of the experimental studies and the focus was on the macroscopic phenomenological 

effects [6].  This has been demonstrated in the systematic review by Deana et al., 2018 

[7], which shown that the osteoblasts-like cells were responsive to the effects of the 

PBM. However, most of the laser parameters utilised in the studies of this literature 

review have varied by different authors. This has led to little to no influence on 

proliferation of the cells, whilst the high irradiance has demonstrated deleterious 

effects on the proliferation of the cells. This discrepancy in the effects of PBM on the 

osteoblast-like cells proliferation has highlighted the biphasic effect of PBM.   

However, Amaroli et al., 2017 and his co-workers have shown that reconsideration 

for a higher-fluence with a higher-energy should be addressed, due to the advances in 

the field of the biophotonic technologies in utilising the flattop profile delivery system 

(FT) instead of the Gaussian profile [Standard hand-piece (ST)] [8].  

In this context, for the first, this thesis cemented the consensus path to the above 

challenges via in vitro studies (Chapter V), by introducing novel and scientific 

approaches in optimizing bone regeneration, which lead towards vigorous translation 

research.  

In this chapter, a scope on the current proposed mechanism of action of PBM on bone 

regeneration and its effective molecular methods of investigations is presented.  

4.2 BONE HEALING PHASES 

Bone is a highly dynamic tissue comprising a mineralized extracellular matrix 

embedded with bone cells, blood vessels, and nerves. The osteoprogenitor cell is a 

primitive cell derived from the mesenchyme. It forms in the inner layer of the 

periosteum and lines the marrow cavity as well as Haversian and Volkmann‘s canals 

of compact bone. During periods of growth and remodeling, these cells are stimulated 



to differentiate into osteoblasts that lay down new bone.  The three main bone-

specific cell types are as follows: osteocyte, which is a mature cell that sits in bone 

lacunae, communicates with other osteocytes through long cellular processes, detects 

the mechanical stress in bone, and sends signals for bone remodeling, as a result of 

this. The responding cells are osteoblasts, which are cells specialized to secrete the 

unique collagen-rich extracellular matrix in bone, that enables mineralization; and 

lastly, osteoclasts, and macrophage-like cells that decay the bone structure through a 

combination of localized acidification (removes the minerals) and protease secretion 

(breaks down the matrix). Osteoclasts tunnel through bone and are usually followed 

close behind by osteoblasts. Bone is in a constant state of remodeling in healthy 

individuals; however, this regenerative process fails in patients with large bone 

defects or compromised metabolic disorders. The bone healing process of bony defect 

involves a complex molecular signaling and induces significant changes in the 

expression of several thousands of genes [9,10]. 

4.2.1 Inflammatory phase 

Bone injury stimulates an inflammatory response, which peaks 24 h following the 

injury and is completed by the first week [9,11]. A complex cascade of 

proinflammatory signals and growth factors are released in a temporally and spatially 

controlled manner throughout this phase [12]. Several inflammatory mediators, 

including interleukin-1 (IL-1), IL-6, IL-11, IL-18, and tumor necrosis factor-α (TNF-

α), are significantly elevated within the first few days [13,14]. These signals stimulate 

inflammatory cells and promote angiogenesis [14,15]. Platelets are activated by blood 

vessels injury at the fracture site, and release transforming growth factor-β1 (TGF-β1) 

and platelet-derived growth factor (PDGF). Osteoprogenitor cells at the injured site 

express bone morphogenetic proteins [11,16]. These factors, along with inflammatory 



mediators, recruit mesenchymal stem cells and then guide their differentiation and 

proliferation [17,18].  

 
4.2.2 Renewal phase 

At the periphery of the fracture site, stem cells differentiate into osteoblasts. As a 

result, bone forms via intramembranous ossification 7–10 days after injury [19]. 

Chondrogenesis occurs in the bulk of the injured tissue, which is mechanically less 

stable [11,18].  Inflammatory mediators are absent during this phase. TGF-β2 and β3, 

bone morphogenetic proteins, and other molecular signals induce endochondral bone 

formation in the cartilaginous callus [11]. The cartilage calcifies, and then is replaced 

with woven bone [17].  

 
4.2.3 Remodeling phase 

Osteoprogenitor cells differentiate into osteoblasts, which express IL-1, IL-6, and IL-

11, and other factors that promote osteoclast formation [17]. The renewing and 

restorative actions of these two cell types replace the initial woven bone with lamellar 

bone. This remodeling phase is regulated by several proinflammatory signals. In 

addition to IL-1, IL-6, and IL-11, elevated levels of TNF-α, IL-12, and interferon-g 

(IFN-g) are also detectable at the fracture site [13,14].  

 

 

 



 
 

Figure1: The Bone healing phases  

    (Source: https://www.medrego.com/tissue-healing-in-horses-and-stem-cells) 

 

4.3 PBM IN BONE REGENERATION 

Bone regeneration and repair has captured the interest of many scholars and 

investigators, in the field of medicine and dentistry.  Several therapeutic strategies 

have been proposed to optimize the conventional treatment of bone defects. However, 

there are many situations in which efficiency and speed of the healing process can 

have a great impact on the success of various medical or surgical conditions as well as 

in metabolic diseases. Photobiomodulation appears to be the therapeutic choice, as a 

non-invasive modality; in accelerating bone repair and regeneration without any 

adverse effects.  

The literature demonstrates that when a photon of light is absorbed by 6 

chromophores in the treated cells, then, an electron in these chromophores can 

become excited and jump from a low-energy orbit to a higher-energy orbit [18].  This 



stored energy can then be used by the system to perform various cellular tasks. The 

photonic energy decoupled the Nitric oxide (NO), resulting in an increase in the 

adenosine triphosphate (ATP) production, which is responsible for cell proliferation 

and differentiation, NADH Hydrogenase enzyme, and RNA expression [19]. 

Moreover, the light absorption by photoacceptor of that specific tissue, triggers a 

variety of biochemical reactions, which result in mitochondrial stimulation, DNA and 

RNA synthesis, increased alkaline phosphatase with increased intracellular calcium 

concentration, and this promotes osteoblast synthesis and cell viability [1,20]. In 

addition, there is an increase in local blood flow that favors cell migration, nutrition, 

and oxygenation of the tissue, which is directly related to the angiogenesis process 

[1].  

4.3.1 PBM mechanism in bone regeneration 

The infrared laser radiation enhances bone regeneration/ formation by two 

consecutive phases of cellular, intra cellular and tissue modulating cascades of inter-

depended process [21]. The two proposed phases are (Figure 2) as follows:  

a- Directly by stimulation of the osteoblast formation, inhibition of the osteoclast 

activities, proliferation/differentiation of the fibroblast and augemnetation of 

the bone growth factors, modulation of cytokines, and osteogenesis factors. 

b- Indirectly by enhancing some specific bone formation modulation, and creating 

a friendly environment, which facilitates bone formation /regeneration. It acts 

as a scaffold. This involves promoting cellular/tissue ions exchange and 

enhancing bone mineralization, increasing NO, which increases vascularity, 

and improving lymphatic circulation in bone. Ultimately, this would optimize 

bone healing and regeneration.  



All the photobiological responses are determined by the absorption of energy by the 

photoacceptor molecules (chromophores) during light irradiation. It is important to 

clarify the molecular mechanism of light interaction with a tissue by identifying the 

photoacceptor molecules. Infrared (IR) induced physiological effects are thought to 

be, due to two main types of photoabsorbers (I.e., cytochrome c oxidase and 

intracellular water) [22]. Photon absorption converts the light into signals, which can 

stimulate the biological reactions [23].  The action of IR light on water dynamics in 

membranes, mitochondria and/or cells could modulate the signaling pathways, 

production of reactive oxygen species (ROS), ATP, Ca+2, NO, and inositol phosphates 

group [21,24-26]. The secondary effects are always preceded by the primary effects; 

including stress signaling, metabolic processes, cytoskeleton organization, cell 

proliferation /differentiation, and homeostasis, depending on the injury or the 

metabolic redox potentials [27,28]. Additionally, Shapiro et al., 2012 demonstrated 

that IR light could excite cells through water absorption, with a temperature increase 

affecting the plasma membrane and altering the electrical capacitance, thereby 

depolarizing the target cells [29]. 

It has been suggested that the mechanism responsible for the effect of laser therapy is 

involved in the possibility of altering the cellular metabolism, which results in an 

increase in the functions, especially in these injured tissues, leading to tissue recovery 

or repair.  This change occurs, due to the absorption of the photons by the n', situated 

in the inner membrane of the mitochondria, which stimulates the mitochondria, 

increases the adenosine triphosphate (ATP) production and, consequently, the cellular 

functionality [30-32].   

In bone regeneration, PBM can promote secretion of various growth factors, 

expression of osteogenic genes, and osteodifferentiation of stem cells, in addtition, to 



induce osteoblasts [33,34].  Several studies demonstrated that PBM induces 

mitochondrial respiration chain [35], promotes cell proliferation, and alters the 

cellular regulatory proteins [36,37].  Nevertheless, heterogeneity in the PBM 

parameters such as: dose (Fluence), irradiance, exposure time [38, 39], as well as 

wavelength [40] can influence the therapeutic outcome. 

The PBM irradiation is not believed to affect osteosynthesis, but it is likely that it 

creates environmental conditions, which accelerate bone healing. PBM stimulates 

proliferation and differentiation of osteoblast in vivo and in vitro, leading to an 

increased bone formation, accompanied by an increase in the activity of alkaline 

phosphates (ALP) and osteocalcin (OC) expression. This indicates that laser 

irradiation can directly stimulate bone formation.  According to Fujimoto et al., 2010 

[41], this effect can be attributed to an increased expression of insulin-like growth 

factor (IGF), although other differentiation factors might be involved as well as 

BMPs, BMPs-2, 6 and 7, which are members of TGF-β superfamily and potent 

promoters of osteoblastic differentiation and bone formation (Promoting the change 

of mesenchymal cells into chondroblasts and osteoblasts) [41].  Amid et al., 2014 

published a review about the influence of PBM on the proliferation of osteoblasts 

[42]. According to the studies reviewed by the authors, wavelengths, ranging 

between 600nm-1000 nm have been utilized and resulted in positive effects on the 

anti-inflammatory processes and on the osteoblastic proliferation [42]. In bone 

tissue, the application of the photonic energy of specific wavelength leads to 

activation of osteoblasts for proliferation and differentiation and, consequently, 

neoformation of bone matrix [37]. 

 



 
 

Figure 2: Schematic diagram showing the proposed mechanism of action 

of near infrared light (NIR) PBM in bone regeneration. (The absorption of 

red or near infrared (NIR) light by specific cellular chromophores or 

photoacceptors localized in the mitochondrial. During this process in 

mitochondria respiration chain ATP production will increase, and reactive 

oxygen species (ROS) are generated; nitric oxide is released or generated. 

These cytosolic responses may in turn induce transcriptional changes via 

activation of transcription factors).  

Abbreviation:↑: increase; ATP: adenosine triphosphate; ROS: reactive 

oxygen species; NO: nitric oxide; RNS: reactive nitrogen species; Cyt C 

oxidase (Cytochrome c oxidase). 

 

4.3.2 PBM impact on molecular processes 

Bone formation is a highly regulated process, involving the differentiation of 

mesenchymal stem cells to osteoblasts. Osteoblasts produce a characteristic 

extracellular collagenous matrix that subsequently becomes mineralized after 

hydroxyapatite crystals deposition. Much progress has been made in understanding 

the factors that control the gene expression program through osteoblast induction, 



proliferation, differentiation, and maturation. Osteoblast differentiation occurs 

through a multistep molecular pathway regulated by different transcription factors and 

signaling proteins.  

Most of the studies, in Deena et al., 2016 systematic review [7], were conducted in the 

radiant exposure range of 1–3 J/cm2. The radiant power itself only has a small 

influence on the outcome, but the irradiance plays a major role. The radiant exposure 

was related to the overall amount of radiant energy deposited on the surface of the 

culture. While the irradiance was related to how fast this energy was delivered.  

Irradiance in the range of a few tens of mW/cm2, increased proliferation in most 

cultures, while lower or much higher levels of irradiance resulted in a lack of 

statistical differences or even deleterious effects [43].  In addition, the precise 

mechanism of PBM has not been completely explained, while several in vitro studies 

have shown that PBM has stimulating effects on osteoblast-like cells and accelerates 

the repair process of the bone [44,45].   Other study reported delayed fracture healing 

or no effects after low-level laser irradiation [46].  It is prudent to say that choosing 

the correct irradiation parameters of PBM to optimize bone regeneration such as; the 

threshold power ouput, fluence, wavelength, exposure time, irradiance, frequency of 

treatment, and emission mode, are crucial to ensure increased proliferation, but most 

authors did not describe or document the key parameters to ensure the reproducibility 

and reliability of the findings.   

The in vitro studies (Chapter V, Phase I and II) of this thesis, for the first time, we 

established therapeutic protocols for 980nm PBM irradiation delivered with a novel 

device to optimize bone regeneration. In addition, these studies evaluated the 

intracellular and molecular mechanism of 980nm PBM. Ultimately, they have 

articulated some consensus in biophotonics therapy in bone regeneration. 



4.3.2.1 Osteogenic factors 

Osteoblasts cells are responsible for the production of organic bone matrix. These 

cells synthesize and secrete small vesicles into the existing bone [47].   Osteoblasts 

are derived from mesenchymal stem cells (MSC). The commitment of MSC towards 

the osteoprogenitor lineage requires the expression of specific genes, following timely 

programmed steps, including the synthesis of bone morphogenetic proteins (BMPs) 

and members of the Wingless (Wnt) pathways [48]. 

Several signaling pathways participate in bone formation as a complicated process     

[49,50].  The expressions of Runt-related transcription factors 2 (Runtx2), Distal-less 

homeobox 5 (Dlx5), and osterix (Osx) are crucial for osteoblast differentiation 

[47,51]. Additionally, Runx2 is a master gene of osteoblast differentiation, as 

demonstrated by the fact that Runx2-null mice are devoid of osteoblasts [47,51].  

Osterix (Osx) is indispensable for preosteoblasts to differentiate into mature 

osteoblasts and form bone [52].  While the expression of Osx in Rux-2 expressing 

precursors stimulates the osteoprogenitor cells to differentiate into functional 

osteoblasts and osteocytes during bone formation [53,54].  Runx2 has demonstrated to 

upregulate the osteoblast-related genes such as; collagen type 1-alpha1 (ColIA1), 

ALA, bone sialoprotein (BSP), bone gamma-carboxyglutamate protein (BGLAP), and 

osteocalcin (OCN) [55]. Furthermore, the Runx2 and OSX can upregulate the 

transcription osteopontin (OPN) by binding to the promoter of its osteoblast specific 

genes [56,57]. The OCN is a pro-osteoblastic regulatory factor in bone formation 

[58].   

The Runx2 is required for the differentiation of mesenchymal cells into 

preosteoblasts. As a downstream gene of Runx2, Osx is required for the 



differentiation of preosteoblasts into mature osteoblasts. Osx is specifically expressed 

in all osteoblasts. While Runx2 determines the osteoblast lineage from multipotent 

mesenchymal cells, induces osteoblastic differentiation at the early stage, and inhibits 

it at the late stage [59,60].   Furthermore, Runx2 has been shown to induce ALP 

activity, expression of bone matrix protein genes, and mineralization in immature 

mesenchymal cells and osteoblastic cells in vitro [56,61,62].  Multiple signaling 

pathways regulate expression and activity of transcription factors such as Runx2. 

Bone morphogenic protein (BMP), Wnt, and Notch signaling pathways, all play 

important roles in osteoblast differentiation. 

Once a pool of osteoblast progenitors expressing Runx2 and ColIA1 has been 

established during osteoblast differentiation, there is a proliferation phase. In this 

phase, osteoblast progenitors show ALP activity, and are considered preosteoblasts 

[63]. The transition of pre-osteoblasts to mature osteoblasts is characterized by an 

increase in the expression of Osx and in the secretion of bone matrix proteins such as 

OCN, BSP I/II, and ColIA1. Moreover, the osteoblasts undergo morphological 

changes, becoming large and cuboidal cells [64,65]. The synthesis of bone matrix by 

osteoblasts occurs in two main steps: deposition of organic matrix and its subsequent 

mineralization. In the first step, the osteoblasts secrete collagen proteins, mainly type 

I collagen, non-collagen proteins (OCN, osteonectin, BSP II, and osteopontin), and 

proteoglycan including decorin and biglycan, which form the organic matrix.  

Wnt signaling is the second major molecular pathway involved in osteoblastogenesis  

(Figure 3). Wnts are historically categorized by whether they signal in a canonical or 

non-canonical manner. Canonical Wnts signal through β-catenin, whereas non-

canonical Wnt signaling does not require β-catenin [66].  Wnt/β-catenin signaling, in 



addition to the transcription factors Runx2 and Osx, is essential to osteoblast 

differentiation during embryonic development. The conditional inactivation of β-

catenin in either skeletal progenitor cells or at a later stage of osteoblast development 

in mouse embryos blocks osteoblast differentiation [65, 67-69].   

 

 

Figure 3: Wnt/β-catenin signaling (Wikipedia) 
  
	

BMP/Smad signaling (Figures 4 and 5) is a pathway regulates mesenchymal stem cell 

differentiation during development; newly bone formation, healing, and homeostasis 

[70,71]. The BMP signalling system regulates growth and differentiation of 

osteoblasts. The Smad signalling pathway, one mediator of BMP signalling, 

influences cell growth, differentiation, adhesion, and migration of cells. The signaling 

pathway is another rout where it was evaluated in PBM [72]. 

 



 

Figure 4: Bone morphogenetic protein (BMP) signaling  

(Wikepedia). 

 

Figure 5: Smad Signaling Pathway (Wikepedia). 

 

The receptor activator of nuclear factor kappa-B ligand (RANKL) is a transmembrane 

member of the tumor necrosis factor superfamily, involved in bone tissue remodeling 

via acting on activation and differentiation of osteoclasts [73]. Osteoprotegerin (OPG) 

is a cytokine, which can inhibit the osteoclast differentiation. It is a member of the 

tumor necrosis factor (TNF) receptor superfamily. The RANKL is a transmembrane 

protein member of the TNF superfamily, involved in bone regeneration and 

remodeling (Acting on osteoclast differentiation and activation). It is also a ligand for 



OPG. The RANKL/OPG ratio determines whether bone is removed or formed during 

the remodeling process. The remodeling cycle consists in the increase in the 

expression of RANKL by osteoblasts, and subsequent binding to RANK receptor, 

which is highly expressed on osteoclastic membrane. This causes an expansion of the 

osteoclast progenitor pool, differentiation into mononucleated progenitor cells, 

increased survival, fusion into multinucleated osteoclasts and, finally, their activation. 

Osteoblasts can modulate this process by expressing OPG, which is a secretory 

soluble receptor and inhibitor of RANK receptor [73]. 

The RANKL/RANK/OPG system is one of the most important discoveries in bone 

biology. The role of the RANKL/RANK system is important in bone and other tissues 

regeneration. RANKL is produced by a variety of cell types and its expression is 

regulated by many physiologic and pathologic factors.  OPG can bind to RANKL and 

prevent its interaction with RANK to inhibit osteoclast formation, but its effects on 

other cellular functions of RANKL have yet to be determined. The switch to 

osteoclast differentiation requires expression in osteoclast precursors (OCPs) of c-Fos 

and RANKL activated transcription factor [74] 

 
4.3.2.2 Angiogentic factors 

Vascularization is a key component of bone regeneration. In fact, it can limit bone 

repair approaches [75]. Therefore, finding alternative therapies that can ameliorate 

angiogenesis is an attractive approach for researchers. In this regard, PBM can non-

invasively increase neovascularization in various tissues [76,77]. Several studies 

investigated the effect of PBM on vascular-endothelial growth factor (VEGF) [78, 79] 

and Tim et al., 2015 assessed the ANGPT-2, as signaling molecules for angiogenesis 

[76].  



 

4.3.2.3 Inflammatory mediator 

Cyclooxygenase (COX) is a terminal molecule in an electron transferring chain from 

cytochrome c to O2. PBM intensifies ATP, cyclic adenosine monophosphate, and 

reactive oxygen species [80].  It has been shown that PBM increases the electrons' 

availability in catalytic center of COX. While other studies examined the effect of 

PBM on the inflammatory mediators such as; Interleukin-1ra (IL-1ra), IL-1b, IL-4, 

IL-6, IL8, IL-10, IL-13, IL-17a, TNF, IFN-c, HSP90, PTGIR, PTGS-2, MMD, and 

IL-18 [76,79].  Nevertheless, none of them found any significant relation between the 

PBM and their expressions. In clinical trials, the IL-1β secretion was prevented by 

PBM application, which may explain PBM's impact on reducing the inflammation 

[81]. Nonetheless, the included clinical trials showed controversial findings regarding 

the IL-6 and IL-10. These Iterleukins act as anti-inflammatory cytokines and are 

beneficial for bone healing [82,83]. 

4.3.2.4 Other growth factors 

The transforming growth factor β (TGF-β) is produced by osteoblasts and is 

incorporated in the bone matrix. During the resorption phase of remodeling, the TGF-

β is released in an active form and plays an important role in the regulation of 

osteoblast proliferation, differentiation and apoptosis with subsequent important 

effects on bone formation and remodeling. The TGF-β/BMP signaling is regulated by 

various mechanisms at extra-cellular, membrane, cytoplasmic and nuclear levels [84].  

TGF-β1 promotes matrix production and osteoblast differentiation while it reduces 

the ability of osteoblasts to secrete osteoclast differentiation factor RANKL, thereby 

the TGF-β1 indirectly limits further osteoclast formation and may affect bone mass 

[85]. Moreover, the TGF-β signaling promotes osteoprogenitor proliferation, early 



differentiation, and commitment to the osteoblastic lineage through the selective 

MAPKs and Smad2/3 pathways, and the cooperation between the TGF-β and the 

Wnt, BMP, as well as the FGF signaling. The TGF-β is a strong stimulator of 

collagen production, inducing the expression of extracellular matrix components and 

inhibiting its degradation by inhibiting matrix metalloproteinases (MMPs). The TGF-

β expression is elevated during the initial phase of inflammation after an injury, and 

stimulates cellular migration, proliferation and interactions within the repair zone.  

PBM showed significant effects on various growth factors [21]. The TGF-β is a strong 

stimulator of collagen production, inducing the expression of extracellular matrix 

components and inhibiting its degradation, by inhibiting the matrix metalloproteinases 

(MMPs). Many studies indicated a significant upregulation of TGF-β [79,86], While 

Tim et al., 2015 reported no significant for laser irradiation [87]. This controversy can 

be explained by the different utilized laser wavelengths (Nd:YAG versus GaeAlAs 

laser). In fact, the GaAlAs laser represented statistically significant upregulation of 

TGF-β in comparison to the untreated group in the above studies. 

Fibroblast growth factor (FGF) is known to be a potent mitogen and chemo-attractant 

for endothelial cells and fibroblasts, as well as accelerating the formation of 

granulation tissue and inducing re-epithelization. This factor is not related to bone 

regeneration as much as other factors. However, Tim et al., 2016 study investigated 

the FGF, as related factor, in bone healing process [87] and its findings represented 

the positive effect of PBM on expression of these factors. 

4.3.2.5 Regulation of apoptosis 

Apoptosis initiated at mitochondria involves a family of Bcl-related proteins, 

including both anti-apoptotic (Bcl-2, BclxL) and pro-apoptotic (Bax, Bak, BAD, 



BIM, BclXS) members. Pro-apoptotic Bcl-related proteins modulate the release of 

cytochrome c from mitochondria. The cAMP signaling pathway can promote pro-

apoptotic pathways in response to different stressors [88]. 
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5.1.1 INTRODUCTION 

Many studies have utilized mesenchymal stromal cells (MSCs) for bone regeneration, 

which is one of the most vital applications in oro-maxillofacial reconstruction [1,2], 

periodontology and implantology [1,3]. Despite the positive results that were 

achieved in bone regeneration through utilizing MSCs, the destiny of the transplanted 

cells and their effect on the clinical outcome remains uncertain. This could be because 

transplanted cells die very quickly or migrate out of the transplantation site according 

to several animal studies [1,4,5]. Therefore, the challenge of stem cell research is 

related to the identification of supporting therapies, which can improve and enhance 

the effectiveness of various tissues repair and regeneration. 

Many cellular responses have been observed in vitro models after irradiation with 

light sources of different wavelengths at specific energy density, which induced PBM 

effects. These cellular responses resulted in: an increase of mitochondrial respiration 

and ATP production [6-10], the synthesis of proteins [11,12] and in cells migration 

and proliferation [7,11]. Furthermore, a reduction in inflammation, acceleration in 

wound healing [11,13] and bone formation [14] observed. A few studies have 

investigated the effectiveness of PBM on MSCs' stimulation (12,15], which has been 

shown to enhance the angiogenic effects of adipose-derived stromal cells [16] and to 

modulate the gene expression, proliferation, intracellular cAMP levels, and 

osteogenic differentiation [15]. However, despite the in vivo studies (Animal models 

and randomized controlled clinical trials) with positive PBM outcomes, it remains a 

controversial issue, as a consequence of conflicting effects produced by various 

operating parameters such as; wavelength, fluence, power output, exposure time, 

number of applications [17] and the beam profile [18]. 

Recently, the AB2799 flattop hand-piece has been developed and marketed. It can 



generate a more homogenous irradiation at ~1 cm2 (Surface area) from contact to 105 

cm distance from the target tissue [18,19]. This probe allows the use of relatively 

higher power densities and fluences with lower risk of causing collateral thermal 

damage to the adjacent tissues, in comparison to the standard (Gaussian beam profile) 

hand-pieces [18,19]. Previous studies by Amaroli et al., 2016b,c and co-workers have 

shown that, the use of the 808 nm diode laser with the flattop hand-piece at a higher 

fluence of 64 J/cm2 and power output of 1Watt (W) in continuous-wave (CW) 

emission, resulted in increased mitochondrial activity [18] in stimulation of oxygen 

consumption [8] and in ATP production [9,20] in the unicellular organism 

Paramecium primaurelia. In the same unicellular model, modulation of calcium 

fluxes and intracellular calcium concentration [9,18] was also observed, as well as an 

increment of fission rate rhythm [7].  In addition, it was evidenced that this higher 

fluence did not generate genotoxic damage or adverse effects [21] while it was able to 

induce anti-inflammatory effects that promoted the wound healing in an animal model 

[22]. 

The aim of  the in vitro pilot study was to evaluate the effectiveness of 808nm PBM 

delivered with flattop beam profile device at high fluence irradiation on bone marrow 

stromal cells (BMSCs). While our objectives were as follows:	 to evaluate the 

molecular impact of high fluence on MSCs differentiation to osteoblast, to understand 

the high fluence behavior on MSCs, and to provide platform to utilize the high 

fluence concept of PBM on osteoblast maturation our in vitro study (Phase I). 

 

 

 



5.1.2 METERIALS AND METHODS 

5.1.2.1 Laser unit and laser parameter protocol 

In this study, the 808 nm (Doctor Smile–LAMBDA Spa–Vicenza, Italy) was 

employed and the flattop (AB2799) beam profile hand-piece was utilized to irradiate 

the BMSCs. The AB2799 hand-piece with a flat-top profile delivers more 

homogenous irradiation over ~1cm2 surface area and has the same irradiation spot 

area and energy from contact to 105 cm of distance from the target tissue in 

comparison to the standard hand-piece, which delivers Gaussian profile irradiation 

[18,19]. 

 
5.1.2.2 Bone marrow stromal cells (BMSCs) derivation 

All the described animal-related procedures were conducted according to Directive 

2010/63/EU of the European Parliament and of the Council of 22nd September 2010 

on the protection of animals used for scientific purposes (Article 3, Paragraph 1), the 

Italian Legislation (D. Lgs. n. 26/2014, Article 3, Paragraph 1, Letter a), which does 

not require any approval by the competent authorities. Three-month-old female Balb-

c mice (Harlan Italy SrL, Correzzana, Milano, Italy) were used. The mice were kept 

in a laminar-flow cage in a standardized environmental condition. Food (Harlan, 

Italy) and water were supplied ad libitum. The mice were sacrificed by cervical 

dislocation. 

Long bones (femurs, tibiae, and humeri) were dissected to be free from any adhering 

tissues. Bone ends were removed and the marrow cavity flushed out. Cells were 

pooled and plated on 100 mm culture dishes. Cells were grown in Roswel Park 

Memorial Institute (RPMI) culture medium added with 10% heat-inactivated-fetal 

calf serum (HIFCS), penicillin (100 U/ml), and streptomycin (50 µg/ml) (all from 



Invitrogen Life Technologies, Milan, Italy) for 10 days at 37°C in a humidified 

atmosphere of 5% CO2 in order to generate monolayers of non-hematopoietic 

adherent cells [23] (referred as “BMSCs”) (Figure1). The culture medium was 

replaced every 3 days. 

 

 
 

 Figure 1:  Bone marrow stromal cells culture 

 
5.1.2.3 BMSCs cultures for the experimental studies 

The cells were detached using 0.25% trypsin for 2 minutes (min) at room temperature 

and plated as follow: for the western blotting and the cytokines and chemokines 

assays (Sections Western blotting and cytokines and chemokines Assay, respectively), 

the BMSCs were plated on a 24-well culture plate at the density of 10 × 105 

cells/well; for ALP assay and alizarin red S histochemical staining (section Alkaline 

phosphatase assay and alizarin red S histochemical staining) the BMSCs were plated 

on six well culture plates at the density of 10 × 105 cells/well; for the immunolabeling 

of Run-related transcription factor 2 (Runx2) or osterix (Osx)(Section Single 

Immunolabeling) the BMSCs were plated at the density of 10 × 104 cells/well on 

round coverslips, which previously sterilized and inserted in the six- well culture 

plates. 



The cells were plated in RPMI culture medium with added HIFCS, except for the 

cultures used for ALP assay and Alizarin Red S staining (section Alkaline 

phosphatase assay and alizarin red S histochemical staining) that were plated in 

osteogenic medium (RPMI, 10% HIFCS, 8mM β-glycerophosphate, and 50 µg/ml 

ascorbic acid). The same culture conditions were provided during the conduction of 

the experiments.  One day after cell seeding (Passage 1), all the cultures were 

irradiated with 808 nm or untreated, as described below. The culture medium was 

changed every 3 days. 

 
5.1.2.4 Irradiation parameters 

The culture dishes (Table1A) were uncovered and then wrapped up in the aluminium 

foil (Table 1B) with a hole made (Tables1C & D) of a diameter corresponding to the 

diameter of the laser spot area of the hand-piece to avoid energy dispersion [25]. The 

cultures were then irradiated using the 808 nm diode laser with the AB2799 flattop 

hand-piece delivery system (Table1E). The laser irradiation was performed with the 

hand-piece in contact with the aluminum foil at 1cm distance from the cells. 

The cells were irradiated with 1 W in CW (Power density 1 W/cm2) for 64 seconds (s) 

of irradiation exposure time, to generate a final fluence of 64 J/cm2. This application 

of laser irradiation was repeated every 24 h (hours) over different periods of time 

(Day 0: T0; 5 days: T1; 10 days: T2; 15 days: T3). (Please explain a bit better. I think 

this says that in T1, 64J/cm2 was delivered every day for 5 days starting at day 1. In 

T3, 64J/cm2 was delivered every day for 15 days starting at day 1.) The related 

control cultures (Day 0: C0; 5 days: C1; 10 days: C2; 15 days: C3) were maintained 

in identical conditions except that the laser device was switched off. 

 



 
Figure 2: Description of the experimental design.  

 

5.1.2.5 Methods of investigations 

5.1.2.5.1 Western blotting 

The proteins from irradiated BMSCs or untreated (control) cells were extracted in cell 

lysis buffer (Cell Signaling, EuroClone) at the end of each set of irradiation (Day 0, 5 

days, 10 days, and 15 days) and the concentration was determined by the 

bicinchoninic acid protein assay reagent (Pierce, EuroClone). 

The Western blotting was performed as previously described [24]. Membranes were 

immunoblotted in blocking buffer with specific antibodies: rabbit anti-runt-related 

transcription factor 2 (Runx-2) antibody (1:800 dilution, Cell Signaling, Euroclone, 

Milano, Italy); rabbit anti-Osterix (Osx), rabbit anti-peroxisome proliferator-activated 

receptor gamma (PPARγ) antibody (1:600 dilution, Santa Cruz Biotechnology-DBA, 

Milano, Italy); rabbit anti-transforming growth factor β1 (TGF-β1) antibody (1:600 

dilution, Abcam, Prodotti Gianni, Milano, Italy); rabbit anti-tumor necrosis factor α 

(TNFα) (1:500 dilution, BioLegend, Microtech SrL, Napoli, Italy). After washing 

blots, they were incubated with horseradish peroxidase (HRP)-conjugated donkey 

anti-rabbit immunoglobulin G (IgG) or with HRP-conjugated rabbit anti-mouse IgG 



(Cell Signaling, Euroclone Milano, Italy). The immunoreactive bands were visualized 

using luminol reagents/ECL film according to the manufacturer's instructions. In 

order to normalize the bands, filters were stripped and re-probed with a monoclonal 

anti-α-tubulin (Sigma-Aldrich, Milano, Italy). The bands' density was 

densitometrically quantified by NIH Image. 

 
5.1.2.5.2 Single immunolabeling 

At the end of each set of irradiations, the untreated and irradiated BMSCs were fixed 

in 4% PFA and permeabilized with 0.3% Triton X-100 as previously described [25]. 

The cultures were then incubated for 2 hours (hs) at room temperature with the 

following primary antibodies: rabbit anti-runt-related transcription factor 2 (Runx-2) 

antibody (1:100 dilution, Cell Signaling, Euroclone, Milano, Italy) or rabbit anti-

Osterix (Osx) antibody (1:50 dilution, Santa Cruz Biotechnology-DBA, Milano, 

Italy). After washing the cells with PBS, they were incubated with Alexa Fluor-488 

chicken anti-rabbit IgG or with Alexa Fluor 594 goat anti-rabbit IgG (both 1:100 

dilution, Life Technologies, Monza, Italy) for 1 hour (h) at room temperature. The 

reaction controls were performed by complexing the primary antibody with a relative 

blocking peptide or by omitting the primary antibody. Coverslips were mounted on 

slides with PBS/glycerol (1:1). The slides were imaged using fluorescent microscopy 

on Zeiss Axioplan microscopy. Fluorescence analysis was performed by a fluorimeter 

Tecan Infinite with excitor filter 590 nm and emission 635 nm for Alexa Fluor 594, or 

485, and of 535 nm for Alexa Fluor 488. A Tecan Infinite fluorescence reader 

quantified the amount of Alexa Fluor 594-labeled anti-Osx and Alexa Fluor 488-

labeled anti-Runx2. 

 
5.1.2.5.3 Alkaline phosphatase assay and alizarin red S histochemical staining 



The cells maintained in osteogenic medium [26,27] were irradiated or untreated as 

described above in section BMSCs Cultures for the Experimental Studies. At the end 

of each set of irradiations (Day 0, 5 days, 10 days, and 15 days), the cells were fixed 

in 4% paraformaldehyde (PFA) for 20 minutes (min) at room temperature. The 

alkaline phosphatase (ALP) staining was performed with a commercial kit (Sigma-

Aldrich) according to the manufacturer's instructions. NIH Image has measured the 

ALP colonies. For the Alizarin Red S staining, the untreated and irradiated cells were 

stained to assess the mineralized matrix as previously described [28]. The cells' layers 

were briefly rinsed with PBS and fixed in 4% PFA. Then, the cultures were stained 

with 2% Alizarin Red S (pH 7.2, Sigma-Aldrich) for 20 min at 37°C. The cultures 

were examined under light microscopy (Zeiss Axioplan; Zeiss S.p.A., Milano, Italy). 

The stain was desorbed and the collected solutions were distributed as 100 µL/well on 

96-well plates for absorbance reading at 590 nm by spectrophotometry (Tecan Infinite 

reader; Tecan, Milano, Italy). 

 
5.1.2.5.4 Cytokines and chemokines assay 

The cytokine/chemokine profiles in supernatants of the cultured BMSCs population in 

the laser irradiated group or untreated group (control) were assessed at the end of each 

set of irradiation (Day 0, 5 days, 10 days, and 15 days), by using Mouse Cytokine 

Array Panel A kit (R&D Systems, Milano, Italy) according to the manufacturer's 

instructions as previously described [29]. 

 
5.1.2.6 Statistical analysis 

Data were analyzed by using one-way ANOVA followed by Tukey's pairwise 

comparisons. The letters “a, b, c, or d” above a particular column, indicate statistically 

significant difference for that group, in comparison to another group within a 



particular graph. Model p-value and sample number labeled, with standard error 

depicted for each treatment site. Values of *p < 0.05 were considered significant. 

The significance of difference between two groups was evaluated with an unpaired 

two-tailed Student's t-test and differences were considered significant at *p < 0.05. 

The results are a representative of those obtained by independent experiments 

repeated at least three times (samples per group n = 3). 

 

5.1.3 RESULTS 

5.1.3.1 Effects of PBM on osteoblasts differentiation 

In order to assess the effects of laser therapy on osteoblast maturation, BMSCs were 

treated with PBM therapy at different time points, which corresponded at 0 (T0), 5 

(T1), 10 (T2), and 15 (T3) days. The Western blotting analyses of laser treated cells 

indicated a significant increase of both Runx2 and Osx transcription factors that 

started at the time point T1 and reached maximal level at the time point T2 (Figure 

1A).  At the time point T3 the increase of Osx was maintained, while Runx2 synthesis 

was decreased. Notably, a decrease of the adipogenic transcription factor PPARγ was 

evident (Figure 3A).  In addition, the findings from in situ investigations to examine 

the subcellular distribution of Runx2 and Osx showed an increase of the Runx2 and 

the Osx labeling at cytoplasm and perinuclear level in irradiated BMSCs at time point 

T1. Interestingly, the fluorescence analysis at the time point T2 revealed a strong 

accumulation of the mean fluorescence intensity for Runx2 (247.17% versus 

untreated control) and osterix (380.43% versus untreated control) particularly at 

perinuclear and nuclear level (Figure 3B). This evidence indicates the correct 

trafficking of Runx2 and Osx to the nucleus. This process is required for their 

function as regulators of bone formation gene expression. No differences were found 



at T0 time point between laser-treated and untreated cells (Data not shown). Since the 

alkaline phosphatase (ALP) is an important marker of osteogenic differentiation, we 

examined the effects of laser on ALP positive colonies formation. At 10 days of the 

treatment, an increase of ALP positive colonies was observed and its maximum 

number was reached after 15 days (Figures 4 A,B). Additionally, the Alizarin Red S 

staining was used to measure the calcium deposition that is considered as a late 

differentiated marker; a notable increase of calcium deposition was found after 15 

days of laser treatment (Figures 5A,B). 

 
5.1.3.2 Effects of PBMT on cytokines synthesis and release by BMSCs  

Predominantly, stromal stem/progenitor and mature cells release the signalling 

molecules, which are released within bone marrow reservoir. They exert pivotal roles 

in regulating bone remodelling, in particular the transforming growth factor β1 (TGF-

β1), which is involved in bone formation.  It is worth noting that TNFα is involved in 

inflammatory bone erosion. The Western Blotting data have demonstrated that the 

laser therapy had induced a statistically valid increase in the synthesis of TGF-β1 but 

had no effects on the TNFα production (Figure 6). However, the analysis of the 

BMSCs supernatants provided slight evidence but statistically validated the down-

regulation of the important pro-inflammatory cytokines such as interleukin (IL)-6, and 

IL-17 after laser irradiation. In addition, an increase in anti-inflammatory cytokines 

such as IL-1ra and IL-10 was observed (Figure 7).  

 

 

 

 

 



 

Figure 3:  (A) Time-course effects of laser irradiation on Runx2, osterix, and PPARγ 

synthesis in BMSCs by western blotting analysis. Cells were laser irradiated over 

different period of time (Day 0: T0; 5 days: T1; 10 days: T2; 15 days: T3). Control 

cultures (Day 0: C0; 5 days: C1; 10 days: C2; 15 days: C3) were maintained in 

identical conditions except that the laser device was switched off. At the end of each 

treatment, proteins from BMSCs irradiated and untreated were extracted, subjected 

to SDS-PAGE, transferred to a PVDF membrane, and probed with rabbit anti-Runx2, 

rabbit anti-osterix, or rabbit anti-PPARγ antibodies; filters were stripped and re-

probed mouse anti-α-tubulin antibody to show equal amount of loading. Graphic 

represents results of three independent experiments. Data were analyzed by using 

one-way ANOVA. Lowercase letters denote homogeneous subsets. Error bars 

represent ± SE (*p < 0.05) (A). The labeling pattern of Runx2 or osterix in BMSCs 

laser irradiated and untreated. Representative images of Runx2 or osterix localization 

using a rabbit anti-Runx2 antibody (green: Alexa Fluor 488 staining) and the rabbit 

anti-osterix antibody (red: Alexa Fluor 594 staining). Bar, 50µm. Fluorescence 

analysis from a pool of three different experiments was quantified, by a Tecan 

Infinite fluorescence reader. The values that analyzed by Magellan v4.0 software are 

reported as means ± SD and statistically analyzed; *p < 0.05 (B).  



 

Figure 4: Time-course effects of laser irradiation on ALP activity. BMSCs grown in 

osteogenic medium, as detailed in Materials and Methods section, was laser irradiated 

over different periods of time (Day 0: T0; 5 days: T1; 10 days: T2; 15 days: T3). 

Control cultures (Day 0: C0; 5 days: C1; 10 days: C2; 15 days: C3) were maintained 

in identical conditions except that the laser device was switched off. At the end of 

each treatment, NIH Image measured the colony area for both in cultures laser 

irradiated and in the untreated ones. The values are reported as means ± SD and 

statistically analyzed; *p < 0.05 versus the corresponding untreated BMSCs (A) were 

in accordance with ALP staining observed with a light microscope. Bar, 100 µm (B).  

 



 

Figure 5: Time-course effects of laser irradiation on calcium deposition. BMSCs 
grown in osteogenic medium, as detailed in the Materials and Methods section, were 
laser irradiated over different period of time (Day 0: T0; 5 days: T1; 10 days: T2; 15 
days: T3). Control cultures (Day 0: C0; 5 days: C1; 10 days: C2; 15 days: C3) were 
maintained in identical conditions except that the laser device was kept off. The 
results show the Alizarin red S staining observed with a light microscope (Bar, 100 
µm) (A) and were in accordance with the quantitative analysis of Alizarin red 
staining, in which the values reported as means ± SD and statistically analyzed;        
*p < 0.05 versus the corresponding untreated BMSCs (B).  

 



 

Figure 6: Time-course effects of laser irradiation on TGF-β1 and TNFα synthesis in 

BMSCs by western blotting analysis. Cells were laser irradiated over different periods 

of time (Day 0: T0; 5 days: T1; 10 days: T2; 15 days: T3). Control cultures (Day 0: 

C0; 5 days: C1; 10 days: C2; 15 days: C3) were maintained in identical conditions 

except that the laser device was switched off. At the end of each treatment, proteins 

from BMSCs irradiated and untreated were extracted, subjected to SDS-PAGE, 

transferred to a PVDF membrane, and probed with rabbit anti-TGF-β1 rabbit anti-

TNFα; then, filters were stripped and re-probed mouse anti-α-tubulin antibody to 

show equal amount of loading. Graphic represents results of three independent 

experiments. Data were analyzed by using one-way ANOVA. Lowercase letters 

denote homogeneous subsets. Error bars represent ± SE (*p < 0.05).  



 

 
Figure 7: Effects of laser irradiation on cytokines and chemokines release. 

Cells were irradiated with 808nm over different period of time (Day 0: T0; 5 

days: T1; 10 days: T2; 15 days: T3). Control cultures (Day 0: C0; 5 days: C1; 

10 days: C2; 15 days: C3) were maintained in identical conditions except that 

the laser device was switched off. At the end of each treatment cytokines and 

chemokines were analyzed in medium from BMSCs laser irradiated or 

untreated. Graphic represents results of three independent experiments. Data 

were analyzed by using one-way ANOVA. Lowercase letters denote 

homogeneous subsets. Error bars represent ± SE (*p < 0.05).  

 



5.1.4 DISCUSSION 

Stem cell research is related to identifying optimal therapies that can be utilized in 

promoting tissue healing. PBM could be a useful adjunct, as it plays a role in 

acceleration of tissue regeneration and repair [11].  Such application on stem cells 

may be therefore beneficial in many areas of biomedical application and, ultimately, 

this would augment the success of regenerative medicine [30]. Our data appears to 

support this line of thought. In fact, it was found that the 808nm laser irradiation at 

fluence of 64 J/cm2 increased the BMSC’s Runx2, which is one of the early cell 

markers that promotes MSCs differentiation into immature osteoblasts and inhibit 

lineage development into adipocytes [31]. Wu et al., 2012 study [32] has shown that 

irradiation with gallium-aluminum-arsenide (GaAlAs) red laser (wavelength 660 nm) 

at different fluences of 1 J/cm2, 2 J/cm2 or 4 J/cm2 with power density 10 mW/cm2 

can induce the generation of insulin-like growth factors 1 (IGF-1), to promote both 

the proliferation and the osteogenic differentiation of mouse bone marrow 

mesenchymal stem cells (D1 cells), whereas it may induce bone morphogenetic 

protein 2 (BMP2) expression primarily to enhance osteogenic differentiation. It is 

known that IGF-1 can regulate Runx2 DNA binding [33,34] and BMP2 is able to 

induce osteoblast differentiation through Runx2-dependent activating transcription 

factor 6 (ATF6) expression [35].  Therefore, our protocol of utilizing the 808 nm laser 

therapy at a higher fluence can photobiomodulate the BMSCs in a way which is 

similar to what has been observed in Wu et al., 2013 results [36], when 660 nm was 

utilized to irradiate the cells at low fluence. However, previous results by Bouvet-

Gerbettaz et al., 2009 have failed to induce osteoblast differentiation with 808 nm 

wavelength at low fluence (4 J/cm2) [37]. In contrast, Soleimani et al. 2012 has 

observed that 810 nm gallium-aluminum-arsenide with range of fluences of 3-6 J/cm2 



had a positive effect on the BMSCs differentiation [38]. However, the author did not 

provide an explanation of the mechanism of action of the laser therapy. 

In our study, an induction of MSC to osteoblast precursors and an inhibition of their 

commitment to adipocytes lineage was demonstrated by the increase of Runx2 and 

the decrease of PPARγ [31] in culture exposed to irradiation for 5 (T1) and 10 days 

(T2). In addition, the differentiation of osteoblasts precursors into mature osteoblasts 

was demonstrated in laser-irradiated cells by the increase of Osx [39] overall, evident 

after 15 days (T3) of irradiation. At the same time point (T3) an enhanced ALP 

positivity and matrix mineralization (revealed by Alizarin red staining analysis) was 

found in irradiated cultures, compared to the untreated control cells. As anticipated, 

for the evaluation of matrix deposition both untreated (control) and treated cultures 

were grown on osteogenic medium to accelerate and increase the mineralization 

process, since cells growth in RPMI culture medium showed slow matrix deposition 

after laser treatment. In addition, the untreated cultures did not show any 

mineralization; in line with the fact that our experiments were conducted on a cell 

population, involving overall undifferentiated cells.  

Taken together, these data pointed out the fact that laser irradiation not only induced 

the MSCs development towards immature osteoblasts but also promoted osteoblast 

maturation.  Therefore, based on these results, this high fluence protocol, delivered 

with flattop hand-piece employed in our in vitro studies (Chapter V- Phases I & II) 

appears to have a positive effect on bone regeneration. 

 It has been demonstrated that within the bone marrow, the process of MSCs 

maturation along osteoblastic lineage is finely regulated by signals, which are 

released in the marrow microenvironment. For instance, TGF-β1, besides its role in 

promoting osteoblastic precursors or matrix-producing osteoblasts through 



chemotactic attraction [16] also blocks the apoptosis of osteoblasts [40] and enhances 

the osteoblast proliferation [41].  If we were considered that our laser irradiation of 

BMSCs has no effect on the anti-proliferative and pro-apoptotic TNF-a protein, we 

would speculate that our therapy might maintain the cell proliferation process. This 

assumption has been supported by our previous results, which have shown that laser 

therapy has positive effects on the protozoa and mammalian mitochondria activities 

[8,9,18] and stimulates the cell proliferation [7] without inducing cellular damage 

[22]. Furthermore, the literature has supported the fact that MSCs proliferation can be 

induced after laser irradiation [14,34,38,43,44].   In addition, it has been demonstrated 

that elevated levels of TGF-b1 play an important role in downregulating the release of 

the proinflammatory cytokine such as IL-6 and IL-17, thus promoting favorable 

conditions for bone regeneration [45]. 

In laser treated BMSCs, we have consistently observed an increase in the synthesis of 

TGF-β1 associated with a decrease in the secretion of the pro-inflammatory molecules 

Il-1β, IL-6 and IL-17. Furthermore, the production of the anti-inflammatory 

interleukins IL-1ra, IL-10 was increased.  Although the changes in the cytokine levels 

were slight, it should be considered that the BMSCs used in these experiments were 

derived from healthy mice with a bone marrow environment under steady-state 

condition. Therefore, such small fluctuations in cytokines release may be interpreted 

as specific responses to the treatment.     

Moreover, our data has shown that utilization of a higher fluence at a higher power 

setting has confirmed the antiflogistic propriety, which has coincided with the 

findings of the wound healing model study in muscle and epithelial tissues [10]. 

The literature has clearly demonstrated that PBM has no deleterious effects on MSC 

[15,46]. However, the current research in literature has not provided a conclusive 



outcome [46] but it has only pointed out the effectiveness of the red wavelengths 

[15,46]. This evidence stresses the value of the results of our current study and the 

possible applications of our in vivo phototherapy investigations. In fact, the results of 

most in vitro studies on PBM were obtained using wavelengths in the range 600-700 

nm. However, through in vivo studies, the light-energy in this range of wavelengths 

can quickly disperse and does not penetrate to deeper target tissue layers in order to 

provide therapeutic effects. On the other hand, the wavelengths ranging from 800 nm 

up to 1100 nm, which have a longer optical penetration depth can target deeper tissues 

[11,47].  Therefore, the wavelengths in the range of 390-600 nm are used to treat in 

vitro culture or superficial tissues while the longer wavelengths in the range of 600-

1100 nm are used to treat deep-seated tissues. Moreover, the wavelengths in the range 

of 700-750 nm have been found to have a limited biochemical activity and therefore, 

they are not often used [11,47]. 

 

5.1.5 CONCLUSION 

In conclusion, our data prove for the first time that 808 nm diode laser irradiation, 

delivered by the flattop hand-piece at the higher fluence and power of 64 J/cm2 and 1 

W (CW) respectively, promotes BMSCs differentiation toward osteogenesis. Within 

the limits of our evaluation, our results suggest an additional possible laser effect 

based on its ability to increase TGFβ synthesis and to facilitate osteoblast 

differentiation by creating an anti-inflammatory effect on bone marrow stroma cells. 

Based on this pilot study, it became evident that the high fluence delivered with 

flattop hand-piece can differentiate osteoblasts and promotes BMSCs differentiation 

towards osteogenesis. 
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CHAPTER V: PART II 
 

Effects of 980nm PBM on 
osteoblasts maturation; 
Definitive in vitro study: 

Phase I 
 



5.2.1 INTRODUCTION 

To date, numerous novel adjunctive methods have been reported to facilitate 

and accelerate the healing process and shorten the treatment duration, in order 

to reduce patient’s’ morbidity and to enhance patient’s ’s ‘s experience [1-3]. PBM 

can be considered as one of them. Indeed, PBM is a clinically accepted tool in 

regenerative medicine and dentistry to improve tissue healing and repair and 

restore the functional disability [3-5].  Evidence based-medicine has shown that 

PBM carries a minimal to none adverse effects on patients’ health status in 

comparison to other tissue regenerative modalities [3,5,6].  PBM concept 

operates on cell manipulation through, which the photonic energy transferred 

by means of light sources (either the coherent light of lasers or the non- 

coherent energy of LEDs) to trigger the redox biological- chemical reactions, 

when the oxidation state of atoms is changed [5-7].   In this context, the cell 

metabolism can be modulated, leading to secondary effects, which modifies 

the cellular behavior [8]. Despite of in vitro and in vivo studies (animal 

models and randomized controlled clinical trials) with positive PBM 

outcomes, it still remains a controversial subject as a consequence of the 

conflicting effects produced by various operating parameters such as 

wavelength, power output, exposure time [9] and the beam profile [10], as 

well as the cellular hormetic (non-linear) dose-response [10,11]. For instance, 

in this perspective, most of the in vitro studies applied PBM, utilized 

wavelengths in a range 600-700 nm  [12].  However, through in vivo studies, the 

light-energy in this range of wavelengths can quickly disperse and does not 

penetrate into the deeper target tissue layers, in order to induce therapeutic 

effects. Conversely, wavelengths that have longer optical penetration depth, 



ranging from 800 up to 1100 nm can target deeper-seated tissues [13,14]. The 

precise mechanism of PBM has not been completely explained and fully 

understood. Basically, the PBM events can be broadly divided into primary 

and secondary events [6]. The primary laser interaction (sub-microsecond 

range) at 600-810 nm has been described to act on the cellular chromophores, 

prevalently located in the mitochondria [6,15,16].  The primary indirect event 

(seconds-minutes duration) involves the mitochondria oxygen consumption, 

reactive oxygen species (ROS) production and the ATP synthesis [15–18]. While 

the mechanistic sequence of the secondary events (hour-days duration) is to 

date contradictory and poorly understood due to a lack of standardization of the 

experimental studies and the focus was predominately on the macroscopic 

phenomenological effects [6,19]. This has been well documented in the 

systematic review by Deana et al. 2018 [12], which reported that the 

osteoblasts-like cells were responsive to the effects of the PBM. However, most 

of the laser parameters utilized in the studies of this literature review have 

varied by different authors. This has led to little or none influence on 

proliferation of the cells, whilst the high irradiance has demonstrated 

deleterious effects on the proliferation of the cells [12].  Equally, Amid et al. 

2014 and co-workers [19] have shown that the PBM at a low energy density 

exerted bio-stimulatory effects on the proliferation and the differentiation of the 

bone cells but no evidence to suggest its precise mechanism of action. This 

discrepancy in the effects of PBM on the osteoblast-like cells proliferation has 

highlighted the bi-phasic effect of PBM. Amaroli et al. 2016, 2019, 2016 

[10,15,18 respectively] have shown that reconsideration for a higher-fluence 

with a higher-energy should be addressed, due to the advances in the field of the 



bio-photonic technologies in utilizing the flattop (FT) profile delivery system 

instead of the Gaussian profile (Standard (ST) hand-piece). As a matter of fact, 

studies have shown that unicellular model irradiation, Paramecium primaurelia, 

with 808 nm wavelength using a FT profile delivery system (AB2799 FT) at a 

power setting of 1 W over 1 cm2 for 60 seconds exposure time (power density 1 

W/cm2, energy density 60 J/cm2) in continuous wave (CW) mode, has positive 

effects on the cell and tissue metabolism [15,20]. This occurred by stimulating 

the activities of the mitochondria (oxygen consumption; ATP production) [10, 

18], calcium fluxes [21,22], nitric oxide production [22] and the cell 

proliferation [23] in Paramecium primaurelia. Moreover, this has shown positive 

effects on human endothelial cell  [24] and murine bone marrow stromal cells 

differentiation in enhancing osteogenesis [25]. That higher laser energy, against 

expectation, did not uncouple the mammal mitochondria respiratory chain [18] 

and did not generate any genotoxic effects [26] but on the contrary it promoted 

the wound healing via the inflammatory processes decrement in the animal 

models [27]. 

PBM at an appropriate fluence, wavelength, power output and frequency of 

irradiation can generate biostimulative effects on the pre-osteoblast cells, 

thereby causing a shift in the cell to an activated stage in the cell cycle [12]. 

However, there is a gap in literature, concerning what happens inside an 

individual cell type, osteoblast, when it is exposed to a particular light source 

[6,19]. It is only through a better scientific understanding research of the 

underlying mechanisms, as well as optimization of irradiation parameters that 

this therapy will be fully accepted by the medical profession. 

On the basis described above, the current in vitro study, aimed to investigate 



and evaluate for the first time the photobiomodulatory effects of 980 nm 

wavelength on MC3T3- E1 pre-osteoblast cells at a higher fluence,  delivered by 

hand-piece with FT beam profile in comparison to the ST profile. 

The objectives of this study were as follow: (1) The primary objective was to 

determine the optimal laser parameters of the 980 nm wavelength that exerts bio-

stimulatory to accelerate and enhance the bone regenerative process; (2) The 

secondary objective was to evaluate the intra-cellular pathways of the photon-

cell interaction across the metabolic, proliferative and differentiation changes, 

which ultimately lead to the bone healing and repair. (3) Lastly, a comparison 

between the effectiveness of irradiation with FT profile vs. ST profile was 

analyzed. 

5.2.2 MATERIALS AND METHODS 

5.2.2.1 Cell culture 

The MC3T3-E1 cell line utilized in the current study (mouse calvarian pre-

osteoblasts), (ATCC, LGC Standards S.r.L Milano, Italy) were grown in Minimum 

Essential Medium Eagle (αMEM) (Life Technologies Milano, Italy) 

supplemented with 10% heat inactivated fetal calf serum (HI-FCS) (Life 

Technologies Milano, Italy) penicillin (100 U/ml), and streptomycin (50 µg/ml) 

(Life Technologies Milano, Italy). 

5.2.2.2 The irradiation tools and laser power out measurements 

In current study, 980nm diode laser (Doctor Smile–LAMBDA Spa–Vicenza, 

Italy), with two delivery systems was utilized; the standard hand-piece (Gaussian 

profile) (ST) and flattop (FT) profile hand-piece utilized to irradiate the MC3T3-

E1 pre-osteoblast cells. All the equipment purchased at the Doctor Smile–



LAMBDA Spa–Vicenza, Italy. 

 
5.2.2.3 The laser protocol and experiments to obtain approximately 

similar power output for both delivery   systems (FT and ST) 

The design of the laser irradiation is shown by Table 1A. 

Our initial laser parameters were based on our previous work [22]. The power out 

was set at 1 W power output in CW at exposure time of 60 seconds (s). The 

power density was 1 W/cm2 and the fluence was 60 J/cm2. In order to obtain our 

accurate laser parameters, taking in consideration the light attenuation through 

the medium and materials used in the experiments, the PM160T- HP power-meter 

(ThorLabs, Germany) was utilized in this study. It assisted to measure the power 

output in a continuous wave when the laser light passes through various materials 

and culture medium. Therefore, the hand-pieces (The delivery system) of the FT 

and the ST profiles were setup at a distance of 3 and 15 mm away from the center 

of the power meter where the sensor is located. Based on the above descriptions 

(Table 1A), the cellular experiments were setup at 3 mm distance when an empty 

petri dish utilized without its cover and when the petri dish (without the cover) 

filled with 3 mm thickness of αMEM (See scheme in the Table 1A).  Based on the 

above outcomes, the laser device was setup with the precise laser parameters for 

this cellular experiment, which were measured with power meter as follows: 1 W, 

1 W/cm2, 60 s in CW, 60 J/cm2 for the FT hand- piece irradiations and 1.1 W, 1.1 

W/cm2, 60 s in CW, 66 J/cm2 for the ST hand-piece irradiations. This clearly 

demonstrated that the cells irradiated with no statistical differences at a power 

output of 0.93 ± 0.02 W and 0.90 ± 0.02 W (P < 0.05) respectively (Table 2). 



 

 

 
 

Table1A: Design of the laser irradiation for the experimental set-up with 

power meter. 

 

5.2.2.4 The culture irradiation protocol 

The cultures irradiated according to the laser parameters described in Tables 1B, 

2, and with the setup of our previous study [25]. The frequencies of the irradiation 

were based on once, three times (Alternate day) and five times (Every day) per 

week for duration of two consecutive weeks. The exposure time was 60 s. This 

protocol applied to the ST and FT delivery systems of 980 nm diode laser therapy.  

The samples were subdivided as follows: 

FT hand-piece group 

Group 1- Irradaiton once per week (Total energy 110 J). 

Group 2- Irradiation three times per week (Alternate day) (Total energy 

330 J). 

Group 3- Irraddiation five times per week (Total energy 550 J).  



The ST hand-piece group 

Group 1- Irradiation once per week (Total energy 110 J). 

Group2- Irradiation three times per week (Alternate day) (Total energy 

330 J). 

Group 3- Irradiation five times per week. (Total energy 550 J). 

The duration of the treatment for all the groups was for two consecutive weeks.  

The control cultures were processed in identical conditions except that the laser 

device was kept off all the time. The total energy was 0 J. 

 

 

  Table 1B: Measurement of the power (Watt,W) in the experimental set-up 

 



 

 

 Table 2: Laser irradiation for the experimental set-up. 

 

 

5.2.2.5 Methods of investigation 

5.2.2.5.1 Assessment of the metabolic activity of viable cells (MTS) 

The metabolic activity of viable cells was determined by the MTS [3-(4,5-

dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-

tetrazolium]. The MC3T3-E1 cells were plated at a density of 5,000 cells/well on 

96-well culture plates until 80% confluent. Then, cells were irradiated according 

to the above protocol.  At the end of the treatments, the cell viability measured 

by CellTiter 96(R) AQueous One Solution assay (Promega, Milano, Italy) 

following the manufacturing instructions. 

 

5.2.2.5.2 BrdU cell proliferation assay 

The BrdU assay was performed using “BrdU Cell Proliferation ELISA Kit 



(colorimetric)” (Abcam, Milano, Italy). The Mc3T3- E1 pre-osteoblasts were 

plated at the density of 3,000 cell/well on 96-well culture plates. At the end of 

the treatments, they were labeled with BrdU according to the manufacturer’s 

instructions. Plates were read by spectrophotometry at 450 nm (Tecan Infinite 

reader; Tecan, Milano, Italy). 

 

5.2.2.5.3 Alkaline phosphatase (ALP) assay and Alizarin Red S (ARS) 

histological staining 

The MC3T3-E1 pre-osteoblasts were plated at 5 × 104 cells/well in 6-well 

culture plates and grown until about 80% confluent. The cultures were 

irradiated as according to the protocol. At the end of each set of irradiations, 

the ALP staining was performed with a commercial kit (Sigma–Aldrich) 

following the manufacturer’s instructions. The images of the stained cells were 

scanned using a specific scanner. The quantitative analyses of ALP staining 

performed by Image J (NIH free software). With regard of the Alizarin red S 

histochemistry, the cultured cells (untreated and irradiated cells) were stained 

to evaluate the mineralized matrix [28].  Subsequently, the cells’ layers were 

briefly rinsed with PBS and fixed in 4% PFA diluted in PBS for 25 min at a room 

temperature. Then, the cultures were stained with 2% Alizarin red S (Sigma-

Aldrich) for 30 min at 37◦C. The cultures were examined under a light 

microscope. The quantification of the staining was performed as described by 

Gregory et al., 2005 [29]. The stain was desorbed and the collected solutions 

were distributed on 96-well plates for absorbance reading (triplicate) at 405 nm 

by spectrophotometry (Tecan Infinite reader; Tecan, Milano, Italy). 

 

 



5.2.2.5.4 Western blotting 

The MC3T3-E1 pre-osteoblasts that plated at 5 × 104 cells/well in 6-well culture 

plates were grown and treated as described above. At the end of each set of treatment, 

the proteins from the irradiated MC3T3-E1 pre-osteoblasts or untreated cells (control) 

were extracted with cell lysis buffer (Cell Signaling, Milano Italy) and the 

concentration was determined by the bicinchoninic acid (BCA) protein assay reagent 

(Pierce, Euroclone Milano, Italy). The Western blotting was performed as previously 

described [30]. Membranes were immunoblotted in blocking buffer with specific 

antibodies: rabbit anti-runt-related transcription factor 2 (Runx-2) antibody, rabbit 

polyclonal anti-B-cell lymphoma 2 (Bcl2), rabbit polyclonal anti-Bcl-2-associated X 

protein (Bax) and rabbit polyclonal anti-osterix (Osx) antibodies (all above were in 

1:400 dilution (Santa Cruz Biotechnology, DBA, Milano, Italy); mouse anti-Distal- 

less homeobox 5 (Dlx5), rabbit monoclonal anti-non-phospho- β-catenin (β-catenin), 

rabbit monoclonal anti-phospho-Small- mothers against decapentaplegic (Smads) 2/3 

(all above were in 1:800 dilution, Cell Signaling, EuroClone, Milano, Italy); rabbit 

nti-Transforming growth factor β (TGFβ) (1:600, dilution, Abcam, Prodotti Gianni, 

Milano, Italy). After washing the blots with PBS-T, they incubated with horseradish 

peroxidase (HRP)-conjugated donkey anti-rabbit immunoglobulin G (IgG) antibody 

or with HRP-conjugated rabbit anti-mouse IgG (Cell Signaling, Euroclone Milano, 

Italy) and then diluted at 1:80,000 in a blocking solution for 1 h at room temperature. 

After further washing of the blots with PBS-T, the immunoreactive bands were 

visualized using luminol reagents and Hyperfilm-enhanced chemiluminescence film 

(Euroclone, Milano, Italy) in accordance to the manufacturer’s instructions. To 

normalize the bands, filters were stripped and re-probed with a mouse anti-α-tubulin 

antibody (Sigma-Aldrich, Milano, Italy). The band density was densitometrically 



quantified by NIH image. 

 

5.2.2.5.5 Osteocalcin release in culture medium 

The MC3T3-E1 cells were plated, grown and treated as described above. At the end 

of each set of irradiation, the release of osteocalcin in culture medium was quantified 

by using the mouse osteocalcin ELISA kit (Cusabio, Tema Ricerca srl, Italy) 

according to the manufacturer instructions and in line with Niu et al. 2015 [31]. 

 
5.2.2.5.6 Double immunolabeling for osteocalcin and collagen Type I and 

fluorescence Aanalysis 

The MC3T3-E1 pre-osteoblasts were plated at 2.5 × 104 cells/well in six-well culture 

plates containing coverslips, which were previously cleaned and sterilized. The cells 

were grown and treated in the same manners as described above. Then, the cells were 

fixed in 4% PFA and permeabilized with 0.3% Triton X-100 for 30 mins, incubated 

with 0.5% bovine serum albumin (BSA) and diluted in PBS for 20 min at room 

temperature. Then, the cultures were incubated with two antibodies: the rabbit anti- 

osteoclacin (OC) antibody and the mouse-anti-collagen Type 1 antibody (Col1a1) 

(Santa Cruz Biotechnology) antibody in 1:50 dilution in PBS for 2 h at room 

temperature. After the cells were rinsed, they incubated with a chicken anti-rabbit IgG 

Alexa Fluor 488 conjugated (Molecular Probes, Inc. Invitrogen s.r.l., Milano, Italy) 

and a goat anti-mouse IgG Alexa Fluor 594 conjugated (Molecular Probes, Inc.), 

which both were diluted at concentration of 1:100 for 1 hr at room temperature. 

Controls performed by omitting the appropriate primary antibodies. After the cells 

were washed, their coverslips were mounted on slides with PBS/glycerol (1:1). Then, 

the slides were examined utilizing fluorescent microscopy. 

Fluorescence analysis was performed by a fluorimeter Tecan Infinite with excitor 



filter 590 nm and emission 635 nm for Alexa Fluor 594, or 485, and of 535 nm for 

anti-Alexa Fluor 488. A Tecan Infinite fluorescence reader was utilized to quantify 

the amount of Alexa Fluor 488-labeled anti-osteocalcin and Alexa Fluor 594-labeled 

anti-collagen Type I. 

5.2.2.1 Statistical analysis 

All data were expressed as a mean ± standard error (S.E.). Data were analyzed by 

using two-way ANOVA followed by Tukey’s pairwise comparisons. The letters a, b, 

c, and d, above a particular column indicate statistically significant difference among. 

Values of p < 0.05 were considered significant. The results are a representative of 

those acquired by independent experiments repeated at least three times. 

 

5.2.3 RESULTS 

5.2.3.1 The power output Measurements by power-meter 

Consistent with the standard error of the instrument, the power- meter measurements 

in contact mode showed that the power output provided by the hand-pieces (ST versus 

FT) were similar (P < 0.05) and in accord with the 980 nm laser set-up (~1 W) (Table 

1B, output energy, contact). However, with the hand- pieces fixed at 3 and 15 mm 

distance from the power-meter, only the FT profile hand-piece kept its power output, 

constant and comparable to the contact mode (p < 0.05); 1 ± 0.01 W and 1.02 ± 0.03 

W, respectively (Table 1B, coming down energy-air, 3 and 15mm). While in the ST 

profile hand-piece, the received power output was progressively decreased, to 0.87 ± 

0.01W (~11%) at 3mm and 0.78 ± 0.02W (~20%) at 15mm. 

These measures showed (Table 1B, coming down energy-air, petri, 3mm) a 

statistically significant decrease (p < 0.001) in the power output when both ST and FT 



hand-pieces irradiated the petri dish base, which were 0.79 ± 0.02W and 0.91 ± 0.02 

W (~9%) respectively. In addition, the energy significantly decreases again because 

of αMEM and Petri dish (ST = 0.72 ± 0.02; FT = 0.85 ± 0.02) (Table 1B, coming 

down energy-air, αMEM, petri at 3 mm distance). Therefore, the effective power 

output reached the MC3T3-E1 pre-osteoblast cells was 0.80 ± 0.02 W and 0.93 ± 

0.02W (ST vs. FT) (Table 1B, coming down energy–air, αMEM at 3mm distance), 

which showed a decrease by ~20 and ~7%, respectively, in comparison to the 1 W 

power output setup on the laser device. In order to achieve a similar therapeutic power 

output (P < 0.05) reaching the target, the 980 nm laser device was setup at a power 

output of 1W irradiation with the FT hand-piece, and 1.1W irradiation with the ST 

hand-piece. Definitely, the precise power irradiation aimed to reach the pre-

osteoblasts was 0.90 ± 0.02 W and 0.93 ± 0.02 W (Table 2, coming down 

energy~3mm) at fluence 54.2J/cm2 and 55.8J/cm2 (mean =55J/cm2) respectively (P < 

0.05) (Table 2, Fluence). 

5.2.3.2 Effect of photobiomodulation on pre-osteoblasts viability (MTS Assay) 

The results have shown only a statistically significant increase (p < 0.05) in the cell 

viability in the group irradiated with the ST hand-piece once a week. However, a 

statistically significant higher (∗p < 0.05) in the cell viability showed in the cultures 

irradiated with the FT hand-piece, once and 5 times per week (Figure 1A). Moreover, 

similar effects in the ST hand-piece lasered samples in respect to the FT hand-piece 

irradiated cells (p < 0.05) were observed. In order to determine whether the increase 

in the cell viability with the laser treatment was associated with a modulation of the 

antiapoptotic protein Bcl-2 or the pro-apoptotic protein Bax, Western blotting analysis 

was performed. The results showed that the synthesis of these two proteins was not 

affected by the laser treatment (Figure 1B, p < 0.05). Thus, these data evidenced that 



the increased cell viability, found by MTS assay in laser treated pre-osteoblasts, was 

likely due to an enhanced cell proliferation as definitely demonstrated by the BrdU 

assay (Figure 1C, ∗p < 0.05). 

 

Figure 1:  Effect of photobiomodulation on pre-osteoblast viability. (A) MTS 

assay (n =3); (B) Western Blotting analysis of B-cell lymphoma 2 (Bcl2) and Bcl-

2-associated X protein (Bax) proteins (n =3); (C) BrdU cell proliferation assay (n= 

3). Bars with different letters show statistically significant difference among the 

analyzed samples. The values represent means ± S.E; p < 0.05, two-way ANOVA 

followed by Tukey test. 



5.2.3.3 Effect of photobiomodulation on pre-osteoblasts differentiation 

The well-defined signaling network that regulates osteoblasts differentiation 

comprises transcription factors such as Osx, Dlx5 and Runx2. Our results showed that 

the irradiated cells with the ST hand-piece once a week for 2 weeks increased the 

Runx2 protein (p < 0.05). However, at the same time point, the increment of Runx2 

was higher in the FT hand-piece irradiation (p < 0.05) and also the Osx was found 

incremented in respect to the control group (p < 0.05). The employment of laser 3 

times a week for 2 weeks with both FT and ST hand-pieces was the only treatment, 

which increased the Runx2, Osx and Dlx5 proteins expression (p < 0.05). 

Interestingly, the effects on these transcription factors, by the FT hand-piece usage, 

were markedly and statistically significantly strong in respect to the ST hand-piece 

(Figure 2). 

The ALP is an enzyme expressed during the early steps of osteoblasts differentiation 

and it plays important roles in promoting matrix mineralization. A notable increase of 

both the ALP positive colonies (Figure 3) and the matrix mineralization (Alizarin red 

staining) (Figure 4) observed in the cell cultures irradiated once a week with FT hand-

piece. An increment of each distinct staining was observed in 3 times a week 

irradiation protocol with both FT (Figures 3,4) and ST hand-pieces (Figures 3,4). 

Consistent with the previous results, the use of the FT hand-piece markedly improved 

the efficacy of the treatment on ALP colonies formation and matrix mineralization (p 

< 0.05).  Mature osteoblasts produce the organic components of the matrix constituted 

by Col1a1, OC, osteopontin, osteonectin, and bone sialoproteins.  The analyses of 

MC3T3-E1 supernatant as well as immunocytochemical data showed, that the OC 

secretion was statistically up-regulated in cells irradiated with ST hand-piece only in 

the 3 times a week for 2 consuctive weeks protocol. Interestingly, the FT hand-piece 



irradiation statistically significant incremented OC secretion both at once a week and 

at 3 times a week irradiation protocol used (Figures 5A,B). The Col 1a1 synthesis was 

upregulated by both the ST hand-piece and the FT hand- piece at once a week and 3 

times a week treatment. Nevertheless, the FT hand-piece irradiation was found more 

efficient in inducing this extracellular matrix protein compared with the ST hand-

piece (Figure 5B). 

 

Figure 2: Effect of photobiomodulation on pre-osteoblasts differentiation. Western 

Blotting analysis of runt-related transcription factor 2 (Runx-2), osterix (Osx) and 

Distal-less homeobox 5 (Dlx5) proteins (n=3). Bars with different letters show 

statistically significant difference among the analyzed samples. The values represent 

means ± S.E; p < 0.05, two-way ANOVA followed by Tukey test. 



 

Figure 3: Effect of photobiomodulation on pre-osteoblasts differentiation. The 

Alkaline phosphatase enzyme activity and the image analysis (n = 3). Bars with 

different letters show the statistically significant differences among the analyzed 

samples. Values represent means ± S.E; p < 0.05, two-way ANOVA followed by 

Tukey test. Bar 100 µm. 

 

Figure 4: Effect of photobiomodulation on pre-osteoblasts differentiation. Alizarin 

red staining and the image analysis (n=3) illustrated. Bars with different letters show 

statistically significant differences among the analyzed samples. The values represent 

the means ± S.E; p < 0.05, two-way ANOVA followed by Tukey test. Bar 100μm. 



 

Figure 5: A) Osteocalcin detection in the culture medium (n = 3). (B) Double 

immunolabeling for osteocalcin and collagen type 1 (coll 1a1) and the image analysis 

(n = 3). The Fluorescence analysis quantified by a Tecan Infinite fluorescence reader 

and values were analyzed by Magellan v 4.0 software. Bars with different letters show 

the statistically significant differences among the samples analyzed. Values represent 

means ± S.E; p < 0.05, two-way ANOVA followed by Tukey test. 

 

5.2.3.4 Signaling pathways involved in osteogenic effects by photobiomodulation 

In osteoblast precursors, the activation of Wnt/β-catenin signaling increases the 

expression of osteogenic markers. Furthermore, the TGFβ/Smads 2/3 pathway plays 

an important role in controlling the osteoblasts differentiation and matrix 

mineralization. Moreover, the BMP2/Smads 1/5/8 was demonstrated as a potent 

inducer of Runx2, Osx and bone extracellular matrix proteins.  In our studies, we 



observed that the laser irradiation of the cells, 3 times a week for 2 weeks, with ST or 

FT hand-pieces, was able to increase the Smads 2/3 while no effects were noted on 

the expression of Smads 1/5/8 (data not shown). In addition, an increment of Smads 

2/3 was found in cells irradiated five times a week with FT hand-piece. Particularly, 

while the effect on the Smads 2/3 was similar with both hand-pieces, the irradiation 

with the FT was also able to increase the β-catenin compared with the ST hand-piece 

(Figure 6). 

 

 

Figure 6: Signaling pathways involved in osteogenic effects by photobiomodulation. 

Western Blotting analysis of transforming growth factor β (TGFβ), non-phospho-

β-catenin (β-catenin) and phospho-Small-mothers against decapentaplegic (Smads) 

2/3 proteins (n =3) were illustrated. Bars with different letters show statistically 

significant differences among the analyzed samples. The values represent means ± 

S.E; p < 0.05, two-way ANOVA followed by Tukey test. 

 



5.2.4 DISCUSSION 

Photobiomodulation has been known for almost 50 years but only recently much 

knowledge has been gained in this area. In fact, literature documentations 

demonstrated no predictable results about the molecular, the cellular and the tissular 

mechanisms of action. In addition, the variation of different laser parameters would 

influence the reliability and the repeatability of the result. This would limit its 

widespread acceptance [32].  In this context, our data, for the first time, showed that if 

the irradiation was performed with the ST hand-piece, the laser parameter setup on 

the laser device does not represent the precise optimal power reaching the target site 

at non-contact distance (contact=1W; 3 mm= 0.87 W; 15 mm = 0.78 W). Conversely, 

the same power output (Contact=1W; 3mm=1W; 15mm=1.01W) can reach the 

cellular target site when the reliable homogenous FT hand-piece irradiation utilized. 

Our in vitro data clearly demonstrated that the medium and the materials that were 

utilized in these experiments, taking in consideration the distance between the laser 

beam and the center of the power meter sensor, have a great influence on the amount 

of the photonic energy reaching the target cells. It is important to consider that even if 

the light travels through few millimeters (mm) thickness of a standard medium, it will 

have an influence on the PBM effects in the cellular experiments. Consequently, it 

would reduce the optimal therapeutic power by ~20% with the ST hand-piece and by 

~7% with the FT hand-piece irradiations. Therefore, we investigated the other 

possible differences between ST and FT beam profiles irradiations, by utilizing two 

different power settings for our cellular experiments, aiming to irradiate the cells with 

the same effective and therapeutic power output (power ∼0.9 W, power density ∼0.9 

W/cm2 , time of irradiation 60 seconds, fluence ∼55 J/cm2 , and a single energy ∼55 J 

in CW). Our data showed that the 980 nm laser therapy increased the pre-osteoblasts 



viability. In detail, the comparison of these results (as well as the subsequent) with the 

literature is hindered by a considerable heterogeneity of the irradiation parameters as 

well as the methods utilized to evaluate the results and the type of osteoblast-like cell 

cultures. 

In line with our data, we observed that the irradiation with 980 nm wavelength at 

fluences of 7.87, 15.74, 39.37, 78.75 J/cm2 in CW was able to increase the MC3T3-

E1 cell proliferation.  However, the irradiation at a distance of 10 cm from the cells, 

without a FT hand-piece and a no-exhaustive description of the laser energy 

measurement, did not allow a more thorough comparison. In addition, Huertas et al., 

2014 [33] noted that 940 nm wavelength in a pulsed mode, at a power setting of 70 

mW (0.5-1-1.5 W/cm2) showed an increase in the proliferation of osteosarcoma cell 

lines MG-63, whilst they were decreased at a power density of 2-2.5 W/cm [34]. 

Furthermore, utilization of 940 nm wavelength at a power setting of 300 mW in CW 

(higher power output) was able to stimulate the cell fission rate of human fetal 

osteoblast cell line [35]. This demonstrated that even the wavelengths ranging 

between 940 and 980 nm were able to interact and stimulate the pre-osteoblast and the 

osteoblast cells multiplication, despite the presence of the non-linear dose response. 

Furthermore, some of total doses employed in our results did not affect that cellular 

process. 

The process of the in vitro pre-osteoblasts maturation, mimicking their in vivo 

behavior, passes through three distinct stages of development: proliferation, early 

differentiation (maturation) and late differentiation (mineralization) [12]. A complex 

signaling network and intrinsic transcription factors, including Osx, Dlx5, and Runx2, 

regulate the early differentiation of the osteoblasts. The Runx2 and Osx are the most 



important regulators; indeed, the absence of Runx2 mice would inhibit the osteoblasts 

differentiation [36,37]. Our results showed that the laser irradiation protocol, with 

both the FT and the ST hand-pieces, 3 times a week for two weeks (total dose of 330 

J) was able to increase the Runx2, Osx and Dlx5. Interestingly, the effects of the laser 

irradiation with this protocol on these transcription factors were strongly and 

statistically significantly increased when the FT hand-piece was utilized. Therefore, 

our 980nm laser irradiation protocol is able to promote the MC3T3-E1 cell 

differentiation. However, during mesenchymal stem cells commitment, the Runx2 

were expressed in bipotential progenitors, which have the possibility to differentiate 

into both the chondroblasts and in osteoblasts. Certainly, the Osx-null embryos have a 

normal cartilage development, but they completely lack of bone formation [38]. In 

our results, the concomitant expression of Osx is defined. Therefore, this would lead 

to osteoblasts differentiation. Moreover, in consistent with previous results on bone 

marrow stromal cells [25], our data showed that the irradiation of the cells 3 times a 

week for 2 consecutive weeks protocol (Total energy of 330 J) by both the hand-

pieces has improved the efficacy of the treatment, by increasing the ALP colonies 

formation. The irradiation of the cells once a week for 2 weeks protocol (total energy 

of 110J) was able to induce Runx2, Osx, ALP, as well as, the matrix mineralization. 

In addition, the effects of this protocol on cell differentiation observed when the FT 

hand-piece was utilized. However, only a punctiform effect on Runx2 was detected 

when the cells irradiated with ST hand-piece. Therefore, total energy of 110J when 

both the hand-pieces utilized, has influenced early differentiation markers. 

Interestingly, when the process was carried out until the mineralization, the ST hand-

piece irradiation did not induce an effective process. Consequently, it did not lead to a 

matrix deposition, while the FT profile showed a significant effect. Notwithstanding 



the limitation previously described, the literature supports our results by 

demonstrating the PBM positive effects on cell differentiation, which evidenced by 

increased the expression of Runx2 and ALP, after irradiation with different 

wavelengths such as: 632 nm [39], 659 nm [40], 830 nm [34], 904-910 nm [41], and 

1064 nm [42], while the 780 nm inhibits them [43]. However, in literature, the laser 

irradiation protocols and the late markers of the osteoblast differentiation remain 

controvertial, due to poor evidnce-based research documentations. It is well known 

that the mature osteoblasts produce the organic components of the matrix constituted 

by Col1a1, OC, osteopontin, osteonectin, and bone sialoproteins [44]. 

In Saracino et al., 2009 [41] work showed that the range of wavelength between 904 

and 910 nm stimulated the OC. Moreover, Petri et al., 2010 [43] showed that the 780 

nm laser irradiation had a positive effect on OC but the contrary on the Runx2 

expression. This clearly demonstrates that there is no consistency in literature 

documentations on the effect of laser therapy on the Col1a1 [12]. However, our 

immunocytochemical data showed that the OC and the Col1a1 were also up-regulated 

in cells treated 3 times a week for 2 weeks protocol (Total energy of 330 J) with both 

hand-pieces. However, further increase in these proteins was more consistent with the 

FT hand-piece irradiation. In addition, once a week for 2 weeks (Total dose of 110J) 

irradiation protocol with the FT hand-piece had a great effect on the Col1a1 

expression. 

The signaling network that governs the osteoblasts maturation involves several 

intrinsic or extrinsic players. Nowadays, the Wnt signaling is considered as one of the 

most important local regulators of bone formation [45,46]. In osteoblast precursors, 

activation of the Wnt/βcatenin signaling increases the expression of osteogenic 



markers, as well as the Wnt canonical pathway. This acts by the binding of the 

receptor, frizzled (Fz), and low-density lipoprotein receptor-related protein-5 or 6 

(LRP-5/6) co-receptors. It’s worth mentioning that a loss and a gain of the function 

mutations in the LRP5 would both lead to osteoporosis- pseudoglioma syndrome and 

high bone mass conditions [47, 48]. In addition, TGFβ and Smads pathway play an 

important role in controlling the osteoblasts differentiation [49,50]. Our results have 

shown that the ST and FT hand-pieces were able to increase both the βcatenin and the 

Smads 2/3 without any effect on the expression of Smads 1/5/8. This was only noted 

when the cells irradiated with 3 times a week  protocol (Total energy of 330J). 

Moreover, the expression of TGF-β was increased by the same total energy only with 

FT hand-piece irradiation. It has been demonstrated that Smads 3 enhances the ALP 

activity, the mineralization and the Col1a1 in the MC3T3-E1 pre-osteoblasts cells 

[51]. Also, it was noted that the TGFβ signaling promotes the osteoprogenitor 

proliferation, an early differentiation and commitment to the osteoblastic lineage in 

particular, the binding of TGFβ to the cognate receptors, which induces Smads 

phosphorylation [52]. The later would be released from the receptor with consequent 

binding with other Smads. For instance, the Smads 2/3 association allows their 

translocation into the nucleus and the regulation of the gene transcription [28]. 

Consequently, our laser therapy protocol of 3 times a week for 2 weeks at a total 

energy of 330J, considered being effective in pre-osteoblast cell differentiation by 

activation of the Wnt signaling, as well as, the Smads 2/3-βcatenin pathway with or 

without the TGFβ stimulation. While the BMP2/Smads 1/5/8 pathway, which is a 

potent inducer of Runx2, Osx and bone extracellular matrix proteins [28,53], 

remained un-stimulated. Dang et al., 2011 [54] suggested that TGFβ/SMAD signaling 

pathway might play a role in PBM inducing collagen, when the skin was irradiated 



with 808 nm diode laser. However, the 808 and 980nm seem to have different 

mechanisms of action at the cellular level [55]. Notably, 808nm has a primary target, 

the cytochrome c oxidase (CCO), which comprises unit IV in the mitochondrial 

respiratory chain [18,55], while the 980 nm laser therapy can activate the transient 

receptor potential (TRP), multigene superfamily encodes integral membrane proteins, 

which acts on the ion channels (heat or light-gated ion channels), by heating up the 

microscopic regions of the water in the channel [15,55]. The identification of the 

primary target of 980 nm laser irradiation is not the topic of our work, however it is 

worth giving it some consideration within our discussion. Some studies [56] showed 

that the TRP multigene superfamily comprises the Ca+2 channel and detected in a 

variety of non-neuronal tissues, including the chondrocytes and 

osteoclasts/osteoblasts. For instance, the TRPV4 is highly expressed in chondrocytes 

and it is important for the normal development of the bone growth plates [56,57]. In 

addition, other TRP channels can regulate the bone formation and mineralization [57]. 

Moreover, many authors reported that many TRP channels have roles in cell 

proliferation, apoptosis, and differentiation in various cell types [57]. For instance, the 

TRPV1 deletion caused reduction in the expression of Runx2 and ALP in the bone 

marrow stromal cells and reduction in the calcium deposition in vitro, which would 

impair the fracture healing and inhibit the osteoclastogenesis and osteogenesis [58].  

If we consider that the 980 nm laser therapy in a range of energy comparable with our 

experimental setup, induces a fluctuation of stored Ca+2 and Ca+2 membrane fluxes in 

Paramecium primaurelia [21,22], then the TRP genes will be found in the 

Paramecium sp., as their basic mechanism has evolved long before the appearance of 

multicellular animals. The PBM effect of the 420 nm and 540 nm encourages the 

osteoblastic-differentiation of human adipose- derived stem cells by the role of 



intracellular calcium TRP ion channels [55]. The primary effect of our 980 nm laser 

therapy on water and TRP ion channels to launch a modulation of proliferation as 

well as a Wnt signaling may occur. This could be considered for future investigation.   

Finally, our previous works, Amaroli et al., 2019 [15], and Hamblin et al., 2018 [20] 

suggested that the negative effect of higher fluences observed to date are not 

unequivocally due to high fluence per se but might be a consequence of the 

irradiation carried by ST profile of the hand-piece. Inevitably, the results of the 

current study confirmed the great effects of the FT profile irradiation at a higher 

fluence on the pre-osteoblast differentiation in comparison to the ST profile. 

 
3.2.5 CONCLUSION 

Our data, for the first time, prove that laser irradiation of 980nm wavelength with FT 

beam profile delivery system in comparison to ST profile has a great 

photobiomodulatory efficacy on pre-osteoblastic cells differentiation, which would 

assist in accelerating bone regeneration, due to its homogeneous energy distribution at 

each point of its cross-section. Moreover, our results, for the first time, showed that 

the 980 nm laser therapy at effective and therapeutic parameters at ∼0.9 W, ∼0.9 

W/cm2, 60 s, ∼55 J/cm2 and a single energy ∼55 J in CW improves the MC3T3-E1 

pre-osteoblast viability and differentiation by inducing the Wnt signaling and the 

Smads 2/3-βcatenin pathway. Also, our data demonstrated that the dose-response and 

the magnitude of the 980 nm laser therapy effects vary with the total of energy 

administered. This is predictable but in a non-linear mode. Furthermore, the current 

study indicated and valued the intra-cellular pathways of the photon-cell interaction 

across the metabolic, proliferative and differentiation changes in the cells. 
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CHAPTER V: PART II  
 

Impact of 980nm irradiation at 
various fluences on preosteoblast 

homeostatic feathers; 
Definitive study in vitro study: 

Phase II 
 



5.3.1 INTRODUCTION 

The percentage of unhealed bone fracture complications in human is 

approximately10%, due to either infections, severe tissues damage, large bone 

defects, or compromised blood supply [1], which considered the major 

pathophysiological events in slow or unhealed tissues [2]. It is important to mention 

that lack of oxygen delivery to the cells, due to blood supply deprivation, has 

significant impact on the cellular production of energy to the tissue during the healing 

process (from protein synthesis to cell migration and neovascularization) [3,4,5,6]. 

Many researchers demonstrated that direct delivery of adenosine triphosphate (ATP) 

to the cells has improved the tissue healing in rabbit [5] and mouse [6] models. This 

verifies that the major barrier towards an effective biological healing is insufficient 

energy.  

Evidence based literature showed that infrared (IR) and near-infrared (NIR) lights can 

affect the key cellular pathways of all life forms, by means of interaction with specific 

photoacceptors within the cell [7].  Despite not all the interconnection aspects are 

known [7,8], many in vitro and in vivo studies have shown the benefits of 

photobiomodulation therapy (PMBT), in accelerating healing with optimal outcomes 

in tissue defects [8-10].  In this context, our previous study showed that 808nm 

irradiation (1W/cm2, 60 J/cm2) promoted wound healing through more equilibrated 

employment of cell energy, acknowledging its mitigation effects on inflammation and 

tissue degeneration and ultimately on the active cellular metabolism [11-13]. With 

reference to the bone healing, most of the evaluated articles in Brassolatti et al. 2018 

systematic review [14] showed positive PBM results, which were as follows: greater 

amounts of newformed bone, an increase in the collagen synthesis, and a contribution 

to microvascular reestablishment. However, in most inclusive systematic review by 



Deana et al., 2018 [15] reported that osteoblast cells were susceptible to PBMT, 

despite the articles’ authors of this systematic review reported various laser 

parameters protocols. This led to have diverged outcomes from little to no influence 

on osteoblasts proliferation, while very high levels of irradiance showed deleterious 

effects on the proliferation. .  

In our previous in-vitro works [16], we conversely showed positive biostimulatory 

effect of 808 nm diode laser, when delivered with flattop beam profile hand-piece at 

higher-levels of irradiance 60 J/cm2 (1W/cm2, 1W, 60 seconds (s), continuous wave 

(CW) mode), in modulating bone marrow stromal cells differentiation and enhancing 

osteogenesis. Moreover, a statistically significant increase in the proliferation and 

differentiation of MC3T3-E1 subclone 4-cell line (Mouse calvaria pre-osteoblasts) 

detected, after irradiated with 980nm at higher-levels of irradiance (0.9W, 0.9W/cm2, 

60 s, 55 J/cm2 in CW) [17]. So, our data, for the first time, prove that irradiation at a 

higher irradiance enhanced the pre-osteoblast differentiation, through activation of 

both Wnt signaling and Smads 2/3-βcatenin pathway. It’s factual that the photonic 

energy of certain wavelengths within the therapeutic window can interact with 

animal’s cells, resulting in metabolic modulations. This concept is similar to the 

photosynthesis into plant cells, in terms of synthesis of similar functional proteins, 

common origin of both chloroplast and mitochondrion and the light-cell interaction at 

metalloproteins level in the mitochondria respiratory chain. Moreover, a connection 

between the light and cell’s Ca+2 concentration demonstrated and reported in recent 

study [7].	

The challenge, to date, is to understand the target optical properties and the cellular 

pathways activated by IR and NIR. Furthermore, to evaluate how these effects can be 

altered when the energy values and wavelengths utilisation change, aiming to obtain 



standardised protocols for more predictable clinical outcomes of various applications. 

Hence, the current study aimed to provide an inclusive understanding of the 

mechanisms, in which 980nm PBMT can induce molecular changes in bone 

regeneration at cellular level. We evaluated the effects of 980nm laser light irradiation 

on the MC3T3-E1 cell line proliferation and differentiation, at various fluences 

settings.  Moreover, we compared the effectiveness the Flattop beam profile versus 

the Gaussian on the irradiated cell line. 

 

5.3.2 MATERIALS AND METHODS 

 
5.3.2.1 Cell Culture 

The MC3T3-E1 cell line (mouse calvarian pre-osteoblasts) (ATCC, LGC Standards 

S.r.L Milano, Italy) utilised in the current study.  They were grown in Minimum 

Essential Medium Eagle (αMEM) (Life Technologies Milano, Italy) supplemented 

with 10% heat inactivated foetal calf serum (HI-FCS) (Life Technologies Milano, 

Italy) penicillin (100 U/ml), and streptomycin (50 µg/ml) (Life Technologies Milano, 

Italy). 

 
5.3.2.2 The irradiation tools and laser power output measurements 

The 980 nm diode laser device (Doctor Smile–LAMBDA Spa–Vicenza, Italy) utilised 

with two delivery systems, which are as follows: the hand-piece with a standard beam 

profile (Gaussian profile) (ST) and the hand-piece with Flattop beam profile (AB 

2799) (FT). Both beam profiles utilised to irradiate MC3T3-E1 pre-osteoblast cells. 

All the equipment and devices purchased from Doctor Smile-LAMBDA Spa-Vicenza, 

Italy. 

 



5.3.2.3 The measurement of the actual power outputs, delivered with FT and ST 

(approximately similar values) and laser protocols. 

The experimental set-up based on our previous work [17].  In our former study [17], 

the hand-pieces fixed at 3 mm and 15 mm distant from the power-meter, in which 

only the FT kept its power output constant and comparable in contact mode. 

Nonetheless, our present work the final measured power output was set-up constant at 

0.8, 0.5 and 0.25W, delivered by both beam profiles. Taking in consideration the light 

attenuation through the medium and materials that were utilised in the experiments 

[17], PM160T-HP (ThorLabs Germ) power-meter employed to measure the final 

power output, which irradiated the MC3T3-E1 cell line.   These power outputs were 

as follows: 0.75, 0.45 and 0.20W.  The cell irradiated for 60 seconds in CW. This 

generated an irradiance of 0.75, 0.45 and 0.20W/cm2 and fluence of 45, 27 and 12 

J/cm2, respectively 

 
5.3.2.4 The culture irradiation protocol 

In accordance with our previous work [17], the frequency of irradiations was based on 

once, three times (alternate day) and five times (every day) per week for duration of 

two consecutive weeks. The exposure time was 60 sec and the emission mode was 

CW. This protocol applied to both the ST and the FT delivery systems of 980 nm 

diode laser therapy. FT and ST hand-pieces groups were as follows:  

Group 1- Irradiation once per week (total energy 90, 54, 24 J, respectively). 

Group 2- Irradsiation three times per week (Alternate day) (Total energy 270, 162, 72 

J respectively). 

Group 3- Irradiation five times per week (total energy 450, 270, 120 J respectively).  

The control cultures processed in identical conditions except the laser device kept off 

all the time. The total energy was 0 J. 



The samples’ temperature monitored by means of measuring it before and after the 

irradiation with 826-T4 compact infrared thermometer, which was utilised for non-

contact temperature’ measurements (TESTO-Direct, North Carolina, U.S.A.) 

 
5.3.2.5 Assessment of the metabolic activity of viable cells (MTS) 

The metabolic activity of viable cells determined by the MTS [3-(4,5-dimethylthiazol-

2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium].  

The MC3T3-E1 cells plated at a density of 5,000 cells/well on 96-well culture plates 

until 80% confluent. Then, the cells irradiated according to the above protocol.  At the 

end of the treatments, the cell viability measured by CellTiter 96(R) AQueous One 

Solution assay (Promega, Milano, Italy) according to the manufacture’s instructions.   

 
5.3.2.6 Hoechst staining 

In order to stain the cells’ nuclei, Hoechst staining was performed, using a 1:800 

dilution from 2 mmol/l Hoechst dye stock (Sigma Aldrich, Milano, Italy). 

 
5.3.2.7 Western blotting 

The MC3T3-E1 pre-osteoblasts that plated at 5x104 cells/well in 6-well culture plates 

grew and treated as described above. At the end of each set of treatment, the samples 

treated according to our previous work [17].  Membranes were immunoblotted in 

blocking buffer with specific antibodies, which were as follows: rabbit anti-runt-

related transcription factor 2 (Runx-2) antibody, rabbit polyclonal anti-B-cell 

lymphoma 2 (Bcl2), rabbit polyclonal anti-Bcl-2-associated X protein (Bax) and 

rabbit polyclonal anti-osterix (Osx) antibodies (all above items were in 1:400 dilution 

(Santa Cruz Biotechnology, DBA, Milano, Italy); mouse anti-Distal-less homeobox 5 

(Dlx5), rabbit monoclonal anti-non-phospho-β-catenin (β-catenin), rabbit monoclonal 

anti-phospho-Small-mothers against decapentaplegic (Smads) 2/3 (All above items 



were in 1:800 dilution, Cell Signaling, EuroClone, Milano, Italy); rabbit anti-

Transforming growth factor β (TGFβ) (1:600 dilution, Abcam, Prodotti Gianni, 

Milano, Italy); rabbit polyclonal anti-phosphoinositide 3-kinase/phosphorylated 

(p.PI3K); rabbit polyclonal anti-phosphoinositide 3-kinase (PI3K); rabbit polyclonal 

anti-phosphate/protein kinase B (p.AKt); protein kinase B (AKt); rabbit polyclonal 

anti-phosphate/ extracellular signal-regulated kinases (p.ERK), (all above items were 

in 1:800 dilution, Cell Signaling, EuroClone, Milano, Italy). 

The immunoreactive bands visualized with the luminol reagents and Hyperfilm-

enhanced chemiluminescence film (Euroclone, Milano, Italy), according to the 

manufacturer’s instructions. To normalize the bands, filters were stripped and re-

probed with a mouse anti-α-tubulin antibody (Sigma-Aldrich, Milano, Italy). The 

band density was densitometrically quantified by NIH image. 

 
5.3.2.8 Statistical analysis 

All data were expressed as a mean ± standard error (S.E.). Data were analysed by 

using two-way ANOVA followed by Tukey’s pairwise comparisons. The letters a, b, 

c and d, above a particular column indicate statistically significant difference among. 

Values of p<0.05 were considered significant. The results were representative of those 

acquired by independent experiments, which repeated at least three times. 

 
 
5.3.3 RESULTS 

5.3.3.1 Effect of PBM on pre-osteoblasts viability and proliferation 

The results have shown only a statistically significant increase (p<0.05) in the cell 

viability in the group irradiated with the ST hand-piece once a week and by 0.75W 

(Total energy 90 J). However, a statistically significant higher (p*<0.05) in the cell 

viability showed in the cultures irradiated with the FT hand-piece with the following 



protocols; once, 3 and 5 times per week (total energy 90, 270 and 450 J, respectively). 

Moreover, no-effects observed in both the ST and the FT hand-pieces lasered samples 

(p<0.05) when irradiated with 0.45 and 0.20W. Where induced, the effect was 

statistically higher in the samples irradiated with the FT than the ST (Figure 1).  

Furthermore, Hoechst staining was performed specifically to evaluate the cell 

proliferation.  We noticed an increase in the cell proliferation after 1x week treated 

with the ST hand-piece and in all the time-points applied with the FT hand-piece 

(Figure 2).  

 
Figure 1:	 Shows the	 effects of PBM on pre-osteoblasts viability. The results showed 

only a statistically significant increase (p<0.05) in the cell viability in the group 

irradiated with the ST once a week and by 0.75W (Total energy 90 J). A statistically 

significant higher (p*<0.05) in cell viability showed in the cultures irradiated with FT 

three & five times per week protocols for 2 weeks (Total energy 90, 270 and 450 J, 

respectively). No-effects observed in both the ST and the FT hand-pieces lasered 

samples (p<0.05) when irradiated with 0.4 W 

 

	



 
Figure 2: Shows the	 effects of PBM on pre-osteoblasts proliferation using the 

Hoechst staining. The results showed only a statistically significant increase (p<0.05) 

in the cell differentiation in the group irradiated with the ST once a week and by 

0.75W (Total energy 90 J). A statistically significant higher (p*<0.05) in cell 

proliferation showed in the cultures irradiated with FT, three and five times per week 

protocols for 2 weeks (Total energy 90, 270 and 450 J, respectively). No-effects 

observed in both the ST and the FT hand-pieces lasered samples (p<0.05) when 

irradiated with 0.4 W. 

 

 

 

 

 

 

 

	



5.3.3.2 Effect of PBM on COB antiapoptotic signaling cascades 

Akt is a serine/threonine protein kinase, partakes in pro-survival/differentiation signal 

cascades and it is activated by phosphatidyl-inositol 3 kinase (PI3K) phosphorylation. 

To investigate the Akt activation, COBs irradiated with the actual energy of 0.75W 

arrived to cell monolayer target.  Western blotting analysis revealed that p.PI3K 

increased in 3 and 5 times per week irradiation protocols delivered with ST hand-

piece, and in all the time-points when FT hand-piece utilised. Moreover, p.Akt 

resulted in an increase after been treated with 5 times a week irradiation protocol, 

delivered with ST hand-piece and with 3 and 5 times per week irradiation protocols, 

delivered with the FT hand-piece. Noticeably, the applied PBM protocol was able to 

activate p.PI3K/p.Akt, which are crucial responsible proteins indicators for pro-

survival cell activities. Then, we investigated the downstream targets of the 

aforementioned signalling hubs. Namely, we considered using the anti-apoptotic Bcl-

2 and Bxl-xl proteins and the multifunctional kinase, p.ERK in our study. As 

expected, we observed an increase in the Bcl-2 expression after 3times and 5 times 

per week protocols, when COBs treated with the ST, as well as in the COBs treated 

with the FT.  Also, the Bcl-xl was augmented in the COBs when treated with 5 times 

per week protocol by the ST and 3 times and 5 times per week protocols, when treated 

with the FT. Finally, the p.ERK were found strongly expressed, following the same 

trend described for the anti-apoptotic Bcl-xl (Figure 3). The obtained results 

suggested, for the first time, that the PBM protocol at 0.75W, aiming towards the 

survival mode of the COB metabolic schedule. 

 

 

 



5.3.3.3 Effects of PBM on pre-osteoblasts differentiation 

Neither the histochemical nor the immunoblot analyses highlighted the effects of the 

irradiation modalities and the administered energies, on the differentiation process of 

the MC3T3-E1cell line (data not shown).  

 
Figure 3: Effects of PBM on COB antiapoptotic signaling cascades. Bcl-2: An 

increase in the Bcl-2 expression with 3 times and 5 times week protocols when 

COBs, treated with the ST & FT hand-pieces. Bcl-xl: Augmented in the COBs 

when treated with 5 times per week protocol by the ST and 3x and 5x week 

protocols when treated with the FT. p.ERK: strongly expressed, following the 

same trend described for the anti-apoptotic Bcl-xl 

	



5.3.4 DISCUSSION 

Our results revealed that 980nm irradiation therapy delivered with the ST or the FT 

hand-pieces, was able to biostimulate both the viability and the proliferation of 

MC3T3-E1 pre-osteoblasts. However, among the lowest and the higher tested power 

outputs, only 0.75W (0.8 W was the power output delivered by the laser device) was 

able to stimulate those processes.  Nonetheless, 0.20W and 0.45W values did not 

affect them (Power outputs delivered by the device 0.25 and 0.5W respectively). In 

particular, according to our previous work [17], irradiation with FT hand-piece 

induced more evident and reproducible cell stimulation in once, three times and five 

times per week for 2 consecutive weeks protocols (Total energy: 90, 270, 450 J, 

respectively), compared to the ST hand-piece irradiation, which was only able to 

stimulate the cells with once per week for two consecutive weeks (Total energy: 90 J) 

irradiation protocol. Moreover, comparing the results of our previous work [17] with 

the present study, its inevitable to notice that irradiation at a power output setting of 

0.9W (0.9W/cm2, 60s, 55 J/cm2 in CW mode) showed a greater stimulation of 

MC3T3-E1 cell, in respect to the 0.75 W presented in the current study.  Additionally, 

in this context, when the actual power output shifted from 0.9W to 0.45W, we 

observed a trend of reduction in the cells proliferation approximately 35% at 0.75W 

and 100% at 0.45W. 

It is well documented in literature that the phosphoinositide-3-kinase (PI3K)/serine-

threonine kinase (Akt) signaling pathway plays a fundamental role in cells growth and 

survival, and can be activated by various cellular stimuli [18]. Akt is the primary 

mediator of PI3K- signaling cascade when Akt, activated once by PI3K. It regulates 

the cell survival via phosphorylation of multiple downstream targets such as; pro-

apoptotic proteins, transcription factors and additional protein kinase mediators 



[19,20]. Of interest, the PI3K/Akt pathway can mediate cell-survival signals through 

the Bcl-2 family [21-23]. Among the Bcl-2 family proteins, the Bcl-2 and Bcl-xL 

have been coined as pro-survivals, while Bad, Bak, Bid, and Bax are widely 

recognized as cell death promoters [24,25]. Notably, the PI3K/Akt pathway 

implicates the Bcl-2 and Bcl-xL, and switch on the critical anti-apoptotic intramural 

signal machinery [26]. Indeed, activation of the PI3K/Akt pathway leads to an 

increase in Bcl-2, Bcl-xL expression, and decrease in Bad, Bax expression [27-30]. In 

this context, we investigated whether the anti-apoptotic/cell survival PI3K/Akt/Bcl-2 

pathway is regulated when exposed to 0.75W for 60 seconds protocol (Irradiance 

0.75W/cm2). Our results definitely buttress, for the first time, the posture that the 

applied 980nm irradiation protocol has stimulated the above-mentioned intracellular 

signaling cascades, leading to cell survival and activation of anti-apoptotic key role 

mediators.  However, we observed positive in vitro PBM effects on the viability and 

proliferation of the pre-osteoblastic cells, when induced with our experimental 

protocol (0.75W, 0.75W/cm2 for 60 seconds), but not convoyed with the variations of 

the markers involved in the differentiation process.  Conversely, in our previous work 

[17], where the same culture irradiation protocol utilised, our results evidently showed 

positive cell proliferation at power output of 0.9W (0.9W/cm2, 60 s, 55 J/cm2 in CW). 

This protocol also improved the MC3T3-E1 cells differentiation through activation of 

both Wnt signaling and Smads 2/3-bcatenin pathway.  

The current literature lacks a detailed evidence of interaction between the laser light, 

which is higher than 900nm and the mitochondria metalloprotein, despite the recent 

paper, which clearly demonstrated that 1064nm can affect the mitochondria 

respiratory chain [30]. Wang et al., 2017 [31] showed that PBM of human adipose-

derived stem cells, using 810nm and 980nm wavelengths operates via different 



mechanisms of action; 980nm affects the temperature-gated calcium ion channels 

while the 810nm largely affects the mitochondrial cytochrome c oxidase. Indeed, the 

authors have recently described that the 980nm PBM has an effect on the intracellular 

calcium concentration [7-32]. Moreover, Ferrando et al., 2019 [33] showed that the 

effect of 980nm irradiation moves the calcium from fluxes to stored one, when the 

delivered power output progressed from 0.5W (0.5W/cm2, 60 seconds) to 1 and 1.5W. 

Additionally, this study [33] demonstrated that 100mW can induce a release of the 

stored calcium, which reached a concentration of 54%, compared to the concentration 

before irradiation (100%).  Furthermore, 1W irradiation generated either a drastic or a 

balanced release of the stored calcium; in relation to the temperature control high 

temperature increase versus no thermal increase, respectively. Despite the calcium 

issue was not investigated in our work, the viability of the cells and their proliferation 

and differentiation can be modulated by the intracellular calcium concentration [7]. 

Therefore, the role of calcium modulation with 980nm PBM irradiation on various 

effects observed in terms, of stimulation MC3T3-E1 cell line proliferation and 

differentiation, at a power setting of 0.9W [17].  Nevertheless, in our current study, 

the effect of PBM was on the proliferation process, when the cells irradiated at power 

setting of 0.75W but not on differentiation at a power settings of 0.45 and 0.20W. It is 

clear and worth mentioning that PBM mechanism of action is very complex, probably 

due to its act on pathways’ targets such as; ROS, calcium and the refined balance of 

the energetic mitochondrial processes, since they have ambiguous responsible roles in 

cells’ survival [7].  

Moreover, our results demonstrated that if the MC3T3-E1 cell line irradiated with the 

novel hand-piece with flattop beam profile, it would improve the photobiomodulatory 

effects at cellular and molecular levels, while the current technology does not always 



support the reproducibility of an event of PBM. As a matter of fact, our present and 

previous results clearly showed, in identical experimental conditions, a change of 

approximately 16% in the irradiated power (from 0.9W to 0.75W). This has 

completely modified the intensity of the phototherapeutic effect on the pre-osteoblast 

differentiation process.  In this context, it is interesting to point out that the stability of 

the power emission of some devices commercialised for laser therapies has been set 

up at ±20%. 

 

5.3.5 CONCLUSION 

Our data, for the first time, prove that the 980 nm irradiation at power output setting 

of 0.75W (0.75W/cm2, for 60 sec in CW) stimulated the MC3T3-E1 pre-osteoblasts 

viability by affecting the critical pre-survival markers such as p.PI3K, p.Akt, Bcl2 and 

Bclxl.  Nonetheless, 0.45W and 0.20W did not modulate the cell metabolic features. 

Furthermore, none of the tested power output values influenced the cell differentiation 

process. Notable, the molecular activities of cells irradiated with FT beam profile 

have shown to be more effective and significant, compared to the cells irradiated with 

ST profile. This concept has highlighted the promising potential of FT beam profile, 

as therapeutic tool in future clinical applications especially in bone regeneration.  
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THE OVERALL RECOMMENDATIONS FOR FUTURE 

RESEARCH PRESPECTIVE  

In this thesis, the presented in vitro studies data, for the first time, have demonstrated 

the potential of utilizing the flattop beam profile with the proposed protocols in bone 

regeneration, as a therapeutic tool for future pre-clinical and clinical applications. 

Moreover, these studies have shown the effects of the PBM light on intracellular 

pathway across the metabolic and differentiation of the osteoblasts cells towards bone 

regeneration. Furthermore, we developed, for the first time, a set of simple models to 

examine the behavior of the local electromagnetic field (EMF), determining the PBM 

effects on mitochondria. This set of models was tested and crosschecked for its 

validity by evaluating various variables in terms of, polarization, absorption and 

scattering coefficient, dissipated energy density and irradiance, as well as the 

refractive index. Ultimately, our model and preliminary data are the first stepping-

stone for further experiments, in order to understand the mechanism of interaction 

between electromagnetic fields and cells or tissues. In this context, the proper 

understanding of light propagation in tissues and the consequent effects, especially in 

complex, non-homogenous anisotropic tissues, requires very complex and dynamic 

electromagnetic model. In this framework, the proposed parameters; wavelength, 



fluence, laser power output, exposure time, number of applications, and the beam 

profile will be challenged in future animal and clinical studies. This would be the 

future extension of the current thesis and I hope to provide, sooner or later, the 

scientific community with additional arguments in favor of this promising protocol	

	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


