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Abstract 

 

Photobiomodulation (PBM) Therapy is a form of treatment that exploits laser light to elicit bio-

stimulation, promoting cellular metabolism, reducing inflammation, driving analgesia and with 

an antimicrobial action at blue wavelength. PBM is currently used for the management of oral 

mucositis (OM) a severe side effect of chemo-radiotherapy characterized by painful atrophic / 

ulcerative lesions of oral mucosa that can affect pediatric and adult oncologic patients. Although 

the successful clinical employment of PBM, some issues remain regarding its mechanisms of 

action, moreover, a universal agreement regarding the most efficacious protocols is still lacking. 

 
In this PhD project different aspects of PBM were investigated with the aim of describing the 

properties of laser light, and consecutively amplifying the scientific knowledge in the laser field. 

 

Firstly, PBM effect on oxidative stress was inquired. 

In OM patients, the clinical parameters improved with PBM at 970 nm with the amelioration of 

clinical scores and with the healing of oral ulcerations, moreover, PBM reduced salivary total 

oxidant status. 

In an in vitro model of skin keratinocytes treated with 5-fluorouracil (5-FU), mimicking OM 

condition, PBM at 970, 905, 800 and 660 nm was able to increment the viability of 5-FU treated 

cells and to reduce reactive oxygen species (ROS) and gene expression of two antioxidant 

enzymes. 

 

Secondly, PBM was tested for its immunoregulatory actions. 

PBM was not able to impact on salivary β-defensins proteins production in OM patients. 

However, in an oral mucosa epithelial cell line, PBM at 970, 800 and 660 nm reduced mRNA 

expression of DEFB1, DEFB4, DEFB103 genes. Furthermore, when the cells were pre-treated 

with lipopolysaccharide, PBM at 660 nm reduced the expression of DEFB103. Moreover, PBM 

at 970 nm increased IL1B expression and decreased NLRP3 one, meanwhile at 660 nm increased 

NLRP1 expression. 

 

Thirdly, the analgesic activities of PBM were investigated. 

PBM at 970 nm was able to decrease the painful sensation referred by OM patients. 

In primary murine sensory neurons from dorsal root ganglia, PBM at 970 and 800 nm reduced 

ATP and nitric oxide production and increased ROS level; PBM at 800 nm increased also 

superoxide anion and mitochondrial membrane potential, while at 970 nm decreased the calcium 

flow after capsaicin administration. 
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When capsaicin, as a painful stimulus, were subplantarly injected in mice, PBM at 970 nm 

reduced the pain related behavior. 

 

Fourthly, the blue PBM was studied for its antibacterial properties. 

PBM inhibited Pseudomonas aeruginosa growth on agar plate and in broth, inducing wall 

damaging. Blue light caused a lethal increment of ROS, that was rescued through a pre-treatment 

with a ROS scavenger. P. aeruginosa mutants for enzymes of the porphyrin biosynthetic 

pathway, producing less porphyrins, resulted less susceptible to irradiation. 

Finally, PBM was able to inhibit bacterial replication in a murine in vivo model of skin abrasion 

infection. Blue PBM did not result cytotoxic for eukaryotic cells, rather it reduced the 

inflammatory infiltrate in the murine skin. 

 

Lastly, blue PBM was examined for its antiviral activities. 

Blue PBM was tested on an in vitro model of human skin keratinocytes infected with Herpes 

simplex virus type 1 (HSV-1). 

The virus was irradiated alone and then the cells were infected: PBM exerted an antiviral effect, 

decreasing the viral load and increasing the viability of the cells infected with irradiated virus. 

The plaque forming unit assay corroborated these results, proven the less infectivity capacity of 

irradiated HSV-1. 

 

So, our results highlighted a pleiotropic action of PBM as anti-oxidant, immunoregulatory, 

analgesic, antibacterial and antiviral agent. These data corroborated the useful medical 

interventions based on laser light, possibly helping to increment a clinical thoughtful and justified 

usage of PBM in OM patients for routinely applications, especially in pediatric oncologic 

subjects. 
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List of abbreviations 

5-FU = 5-fluorouracil 
AMPs = antimicrobial peptides 
ATP = adenosine triphosphate 
CFU = colony forming unit 
Cox = cytochrome C oxidase 
COX2 = cyclooxygenase-2 
CRT = chemo-radiotherapy 
CTC = common toxicity criteria 
CTRL = control 
CW = continuous wave 
DAMPs = damage-associated molecular patterns 
DRG = dorsal root ganglia 
ECM = extracellular matrix 
hBD = human β-defensin 
HSV-1 = Herpes simplex virus type 1  
IL = Interleukin 
IR = infrared 
LB = Luria-Bertani 
LPS = lipopolysaccharide 
MMP = mitochondrial membrane potential 
NF-κB = nuclear factor κB 
NGF = nerve growth factor 
NGS = normal goat serum  
NIR = near infrared 
NO = nitric oxide 
NT = not treated 
OD = optical density 
OM = Oral Mucositis 
PAMPs = pathogen associated molecular patterns 
PBM = Photobiomodulation 
PBS -T = phosphate buffer saline + TritonX100 
PBS = phosphate buffer saline 
PFA = paraformaldehyde 
PFU = plaque forming unit 
ROS = reactive oxygen species 
SEM = Scanning Electron Microscope 
TBARS = thiobarbituric acid reactive substances 
TNF = Tumor Necrosis Factor 
TOS = total oxidant status 
TRPV1 = transient receptor potential cation channel subfamily V member 1 
VAS = visual analogue scale 
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Introduction 

 

L.A.S.E.R. 

 

L.A.S.E.R. is the acronym for Light Amplification by Stimulated Emission of Radiation. 

The creation of laser light in an active medium occurs when an excitation source (i.e. flash lamp, 

electric current) leads to transition of electrons towards a higher energy level, then the electrons 

returns to lower state emitting energy as photons. This process was then amplified by the emitted 

photons that stimulate the emission of further photons in the closer atoms and by mirrors inside 

the laser device. When the photon energy created by excited atoms is sufficient, the light is 

released as emission of a beam [reviewed by [Langtry, 1994]].  

Laser light is characterized by coherence, 

unidirectionality and monochromaticity. Coherence 

means that light waves are in phase respecting space 

and time; unidirectionality indicates that light waves 

are collimated and parallel with no divergence; 

monochromaticity designates the characteristic that 

only a single defined wavelength is emitted [reviewed 

by [Bogdan Allemann, and Kaufman, 2011]]. 

Laser instruments present an active lasing medium 

(liquid, solid or gas) that determines the wavelength 

emitted [reviewed by [Bogdan Allemann, and 

Kaufman, 2011]]. In the laser medical field, the range 

from visible to near infrared (NIR) wavelengths (600 - 

1070 nm) is commonly employed, moreover, recently, 

laser light at lower wavelength (400 - 470 nm) has 

been successfully used for antimicrobial purpose 

[reviewed by [Wang et al., 2017b]] (figure 1). 

 

 

 

Figure 1. The electromagnetic spectrum. 

On the left side are highlighted the wavelengths employed in the current study. 
On the right the common names of the electromagnetic waves are reported. 
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Other important parameters in laser field are: energy, the number of photon delivered (expressed 

in Joules); fluence or energy density, the energy per area (measured in Joules/cm2); power, the 

amount of energy delivered (expressed in Watts); irradiance or power density, the quotient of 

incident laser power on a unit surface area, (measured in Watt/cm2). Lasers can emit light in 

continuous wave (CW) or with a pulse repetition rate (frequency measured in Hertz) [reviewed 

by [Bogdan Allemann, and Kaufman, 2011]]. 

 

 

Photobiomodulation 

  

Low Level Laser Therapy also recently defined as Photobiomodulation (PBM) therapy is a form 

of treatment that employs the laser light to perform biostimulation, eliciting a response to light 

not due to heating [reviewed by [Tsai, and Hamblin, 2017]]. PBM is based on the principle that 

laser light is absorbed by cellular photoreceptors (chromophores) promoting photophysical and 

photochemical events [Anders et al., 2015]. Its application is separated from that of surgical 

medical laser where the photothermolysis is pursued: this type of procedure exploits the 

absorption of light from targeted molecules in the tissue leading to their destruction without 

affecting the adjacent structures [Anderson, and Parrish, 1981]. In fact, “low level” of energy 

density and power are applied in PBM respect to laser utilized for cutting, ablation and tissue 

coagulation, and for these characteristics PBM is also known as “cold laser” [reviewed by [Chung 

et al., 2012]]. 

 

The first utilization of laser for biostimulation dates back to the 1967 when Endre Mester 

observed that the application of laser light on shaven mice promoted a faster grow of the hair 

[Mester et al., 1968]; then, he showed that laser was also able to foster wound healing in mice 

[Mester et al., 1971]. After these findings, he soon translated them to human, treating successfully 

skin ulcers [Mester et al., 1972; Mester et al., 1976]. 

 

From these discoveries the use of PBM for medical applications has been grown worldwide 

comprising more than 5000 published articles in 2018 (using the MeSH term “Low-Level Laser 

Therapy” on NCBI available at URL https://www.ncbi.nlm.nih.gov) and it spreads out from the 

wound healing in diabetic (ulcers) or oncologic (oral mucositis) patients, to the pain relief in 

carpal tunnel syndrome and arthritis [reviewed by [Chung et al., 2012]]. 

So, it can be evinced that PBM has its utmost effectiveness in the treatment of superficial tissue 

of human organism, such as skin or mucosa [reviewed by [Chung et al., 2012]], although recently 

the transcranial application of light has been arisen [reviewed by [Salehpour et al., 2018]].  
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The tissue penetration of light depends on the wavelength employed. Indeed, under 600 nm tissue 

chromophores as hemoglobin, melanin and water absorb photon energy, therefore, PBM should 

be used in the range 600 - 700 nm to treat superficial tissues meanwhile in the range 780 - 950 

nm for deeper tissues [reviewed by 

[Chung et al., 2012]]. Finally, blue 

wavelength has a very low 

penetration and it reaches only 1 mm 

in depth, but at the moment its 

application is limited to the research 

field as microbicide and only few 

studies reported its effects on human 

infections [reviewed by [Wang et al., 

2017b]] (figure 2). 

 

 

 

 

 

Apart from the wavelength employed, PBM effect is highly dependent on the dosimetry chosen. 

PBM presents a biphasic dose response that follows the Arndt-Schulz Law “a weak stimuli 

slightly accelerates activity, stronger stimuli raises it further, but a peak is reached and that a 

stronger stimulus will suppress activity” [Martius, 1923]: in laser field, it means that upper and 

lower threshold of energy and power exists, outside which the light is respectively too weak or 

too strong to have an efficacious outcome [reviewed by [Chung et al., 2012]] (figure 3 [Sommer 

et al., 2001]). 

Huang et al. hypothesized that this effect could be due 

to generation of reactive oxygen species and nitric 

oxide, very low and with minimal effect in the left side 

of the curve, low but beneficial to activate 

intracellular pathways in the peak, too high and 

dangerous in the right side of the curve [reviewed by 

[Huang et al., 2009; Huang et al., 2011]]. 

 

Figure 2. The penetration of the wavelengths into the skin. 

The penetration of the 5 wavelengths employed in the current study are shown. 

Figure 3. Idealized biphasic dose response curve similar to those conceived by Sommer et al. [Sommer et al., 2001]. 
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Photobiomodulation Molecular Effects 

 

It has been widely accepted that in the eukaryotic cells the main photoreceptor should be the 

mitochondria and specifically, the cytochrome C oxidase (Cox) seems to absorb most of the light 

in the red and NIR wavelengths received by the cells [Passarella, and Karu, 2014]. Cox is the 

terminal enzyme of the mitochondrial respiratory chain forming the complex IV; it presents two 

copper (CuA and CuB) and two iron (Hemea and Hemea3) centers. The study of absorption and 

action spectra allows the researchers to identify in CuA and CuB (and their redox state) the main 

cellular chromophores [reviewed by [Karu, 1999]]. 

Since PBM treatment induces an increased oxygen consumption, it has been supposed that PBM 

is able to increment the availability of electrons for the reduction of molecular oxygen in the 

Cox’s catalytic centers: so, PBM increases O2 uptake, electron transfer and proton pumping of 

Cox [reviewed by [Karu, 2008]]. This action of PBM on cellular respiration leads to a transitory 

increment of mitochondrial membrane potential (MMP), an electrochemical gradient consisting 

of electrical transmembrane potential and a proton gradient (ΔpH), that propels adenosine 

triphosphate (ATP) production [reviewed by [Karu, 2008]]. 

On the other hand, during chemiosmosis for the production of ATP, oxidative phosphorylation 

could release a small quantity of electrons that are accepted by oxygen producing superoxide 

anion (O2
-). This reactive oxygen species (ROS) at low concentration causes a intracellular redox 

change and it is an activator of different pathways [reviewed by [Prindeze et al., 2012]], however, 

when in the presence of a pre-existent oxidative stress PBM is able to decrease ROS levels 

[reviewed by [Rai, 2016]]. 

Besides these events, nitric oxide (NO) concentration increases after PBM, probably due to its 

release from metal centers of Cox, thus, driving back the mitochondrial inhibition caused by NO 

binding [reviewed by [Shiva, and Gladwin, 2009]]. Moreover, NO influences the redox state of 

the respiratory chain and O2
- generation [reviewed by [Poyton, and Ball, 2011]].  

These changes activate a retrograde mitochondrial signaling through which mitochondria 

communicate with nucleus and affect transcription factors and gene expressions [reviewed by 

[Karu, 2008]]. 

Moreover, mitochondria through internal structural changes could also communicate with 

nucleus: these organelles are dynamic in constant movement with fusion and fission events that 

change the mitochondrial size, number and mass. Calcium ion (Ca2+) concentration could be 

affected by mitochondrial ultrastructure modification, moreover, it can also result from PBM 

induced cytosolic alkalinization that facilitates TRPV1 (transient receptor potential cation 
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channel subfamily V member 1) channels opening. On the other hand, when Ca2+ increases at 

high level for some stimuli, PBM decrements it [reviewed by [de Freitas, and Hamblin, 2016]]. 

 
 

Photobiomodulation Biological Effects 

 

Thus, PBM can influence different types of processes inside eukaryotic cells impacting so on 

tissue functionality. 

 

It was reported that PBM in fibroblast was able to induce cell cycle progression and proliferation, 

migration, metabolism with ATP production [reviewed by [Kuffler, 2016]]; additionally, PBM 

influenced collagen secretion [reviewed by [Kuffler, 2016]] and extracellular matrix remodeling 

probably through matrix metalloproteinases modulation [reviewed by [Ayuk et al., 2016]]. 

Similarly, PBM in keratinocytes promoted proliferation, migration and a rapid differentiation 

[Sperandio et al., 2015], helping and accelerating wound healing and tissue repair, reducing 

fibrous tissue formation [reviewed by [Kuffler, 2016]]. Moreover, PBM stimulated proliferation 

of endothelial cells and vascular smooth muscle relaxation, causing neoangiogenesis, release of 

oxygens and nutrients in the tissues and interstitial liquid reabsorption [Ottaviani et al., 2013]: 

the perfusion was increased, and locale ischemia reduced [reviewed by [Chung et al., 2012]]. 

These effects are beneficial for the treatment of different skin conditions in human, such as the 

diabetic foot ulcers, burns, hypertrophic scars, keloids, acne, and herpetic lesions [reviewed by 

[Avci et al., 2013]].  

 

It was shown that PBM activated nuclear factor κB (NF-κB), via ROS generation in fibroblast in 
vitro [Chen et al., 2011], this transcription factor in turn regulates different intracellular pathways 

and it acts also as pro-inflammation inducer [Carmody, and Chen, 2007]. In vivo on skin of 

healthy volunteers PBM attracted neutrophils, macrophages and mast cells [Omi et al., 2005]. 

Despite this data, PBM was able to reduce pro-inflammatory markers, such as Tumor Necrosis 

Factor (TNF) - α, Interleukin (IL) - 1β, cyclooxygenase-2 (COX2), in activated inflammatory 

cells like synoviocytes (from rheumatoid arthritis patients), lipopolysaccharide (LPS) treated 

fibroblasts and macrophages; in macrophages PBM reduced also the markers of M1 phenotype 

(classically activated) [reviewed by [Hamblin, 2017]]. In neutrophils PBM incremented the 

respiratory burst and their fungicidal capacity [Cerdeira et al., 2016], but also reduced the 

neutrophils infiltrate in experimental oral mucositis in hamsters [Lopes et al., 2010]. So, PBM 

exerts double activity, increasing NF-κB in normal resting cells but also reducing inflammation 
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when it is present. Therefore, PBM is successful used in humans for Achilles tendinopathy, 

autoimmune thyroiditis, muscles trauma, psoriasis, and arthritis [reviewed by [Hamblin, 2017]]. 

 

PBM was able to partially block nerve conduction and action potential generation in peripheral 

neurons, possibly producing an analgesic effect. Indeed, PBM caused the formation of reversible 

varicosities, rich in mitochondria, along axons that reduced ATP availability and interfered with 

neuron electric transmission [reviewed by [Chow, and Armati, 2016]]. PBM was also able to 

inhibit sensory neuron activities when stimulated with pro-inflammatory substances, as formalin, 

or in case of neurogenic inflammation induced by neuropeptides, as substance P. PBM promoted 

also the release of neurotransmitters, such as serotonin and β-endorphin, both relevant for pain 

relief [reviewed by [Chow, and Armati, 2016]]. In animal models, PBM reduced the withdrawal 

latency using the tail-flick test [Ponnudurai et al., 1987], the sensitivity to cold or heat stimuli, 

and the mechanical hyperalgesia [Holanda et al., 2017]. 

For these characteristics, in humans, PBM is successfully currently used to treat chronic pain, 

musculoskeletal pain (e.g. low back pain), orthodontic pain, post-operative pain, and joints or 

tendinopathy related pain [reviewed by [Chow et al., 2011]]. 

 

The above-mentioned laser light actions are commonly and currently used in the clinical practice 

for the conditions above reported, however evidences from preclinical and clinical studies 

proposed other potential applications of laser light, for example it can be used through a 

transcranial application for treating neurological conditions. PBM was beneficially tested on 

traumatic brain injury and ischemic stroke, neurodegenerative diseases as Alzheimer and 

Parkinson, and psychological problems as depression and anxiety [reviewed by [Salehpour et al., 

2018]]. PBM was also applied to retina to treat retinal degeneration, age-related macular 

degeneration, diabetic retinopathy, reducing cell loss and improving the view in animal models 

and in patients [reviewed by [Geneva, 2016]]. 

In peripheral nerve injury, PBM accelerated and improved the nerve repair and regeneration 

stimulating axon sprouting, leading to re-innervation of the tissues in animal models [de Oliveira 

et al., 2015], moreover, in humans PBM helped the recovery of sensibility in oral district [de 

Oliveira et al., 2015]. 

In animal experimental model, PBM was employed as vaccine adjuvants for enhancing the 

immunity response, acting mainly on motility and migration of dendritic cells [Chen et al., 2010]. 

PBM was also able to promote immune surveillance against cancerous cells and to reduce the 

tumor growth in mice [Ottaviani et al., 2016]. 
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Additionally, PBM influenced osteoblasts and osteoclasts proliferation, promoting their 

maturation and alkaline phosphatase activities, so helping regeneration in extraction sites, bone 

fracture, experimentally induced bone defects and distraction osteogenesis in animals models 

[reviewed by [Ebrahimi et al., 2012]]; instead, in humans, PBM could act increasing bone density 

in maxillofacial bone defects [reviewed by [Santinoni et al., 2017]]. 

 
Concluding, PBM has multiple and differential effects depending on the state of the cells/tissues, 

indeed, it is important to consider that when PBM is applied on normal cells, the effect is poor, 

but its great effectiveness is achieved when there is a deviation from the homeostatic condition 

[Sommer et al., 2001]. 

In this description, the positive outcomes of PBM treatment are reported, nevertheless, some 

studies showed no effect. An old but interesting and actual approach to try to answer this 

discrepancy was indicated by Tunér and Hode [Tunér, and Hode, 1998]: the parameters of 

irradiation are of the utmost importance, indeed sometimes it is difficult to obtain the optimal 

dose, too low energy or power could have no effect; the inclusion criteria and the inter-

individually variations should be taken into account, as the procedure of PBM outcome 

evaluation and the blinding of the experimenters.  

 

The effect of PBM are schematically represented in figure 4. 

Figure 4. Schematic representation of the principal effects of photobiomodulation (PBM) at red and near-

infrared l on eukaryotic cells. 
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Blue Photobiomodulation Therapy  

 

Regarding blue light antimicrobial properties, it was reported that endogenous bacterial 

porphyrins should be the receptors of blue light. Once the light is absorbed, the molecules change 

their state from basal to excited triple state, and they transfer their energy to molecular oxygen. 

Oxygen becomes excited and dissociated forming ROS (singlet oxygen (1O2), superoxide anion 

(O2), hydrogen peroxide (H2O2), and hydroxyl radical (.OH)), and damaging bacteria cells 

through lipid oxidation and protein cross linkage leading to death [Yang et al., 1995]. This 

hypothesis is supported by the fact that in anaerobic condition the antimicrobial effect does not 

occur as when ROS scavenger is added to the culture medium [Feuerstein et al., 2005]. 

 

Blue light is so active against different bacteria, such as Propionibacterium acnes, 
Staphylococcus aureus, Staphylococcus epidermidis, Streptococcus pyogenes, Streptococcus 
mutans, Enterococcus faecalis, Clostridium perfringens, Acinetobacter baumannii, 
Pseudomonas aeruginosa, Helicobacter pylori, Escherichia coli, Proteus vulgaris, Klebsiella 
pneumoniae, Porphyromonas gingivalis, Prevotella spp, Fusobacterium nucleatum [reviewed by 

[Dai et al., 2012]]. 

In vivo animal studies showed the antimicrobial 

action of blue light on wound and burns infections 

caused by A. baumannii, P. aeruginosa, 

methicillin-resistant S. aureus [reviewed by 
[Wang et al., 2017b]]. 

Few clinical studies were yet conducted, however 

blue irradiation showed efficacy in the treatment 

of acne vulgaris caused by P. acnes, H. pylori 
gastric infections, dental plaques induced by P. 
gingivalis and Prevotella intermedia [reviewed 

by [Dai et al., 2012; Wang et al., 2017b]]. 

 

The blue PBM effect is schematically represented 

in figure 5. 

 

  

Figure 5. Antimicrobial mechanism of action of blue photobiomodulation (PBM). 
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Oral Mucositis  

 

Oral Mucositis (OM) is a common severe side effect that can arise from chemo-radiotherapy 

(CRT) in oncologic patients, both adult and pediatric, and clinically ranges from atrophic 

erythematous lesions to ulcerative injuries of the oral mucosa [reviewed by [Sonis, 2004]].  

Although OM can affect both children and adults, pediatric patients present a higher OM 

prevalence than adults, possibly due to more rapid cell proliferation in younger subjects 

[Kennedy, and Diamond, 1997]. Indeed, it is estimated that up to 80% of children treated with 

chemotherapy develop OM [Cheng et al., 2004], while, almost all children affected by 

hematologic malignancies and submitted to conditioning regimens for hematopoietic stem cell 

transplantation develop OM [Cheng, 2007], and in more severe form than other type of solid 

cancers [Otmani et al., 2011]. 

Among the mucotoxic drugs, 5-fluorouracil (5-FU) is correlated with more severe OM features 

respect to others such as doxorubicin, etoposide, or methotrexate [Rubenstein et al., 2004]. 

OM generally develops after 3-10 days from the beginning of the CRT and can persist until 3 

weeks with a peak between 7-14 days [reviewed by [Miller et al., 2012]]. 

CRT affects cells with rapid division, so, the oral mucosa lining is severely damaged by the 

treatment, notably, CRT induced injury is a complex process that does not alter the superficial 

epithelium, but initiates its destructive action in the submucosal endothelium [reviewed by 

[Miller et al., 2012]]. 

OM development occurs in 5 stages: initiation, primary damage response, signal amplification, 

ulceration and healing [reviewed by [Sonis, 2004]]. In the “initiation” stage, CRT induce both 

DNA and non-DNA damage in the basal epithelium and submucosa causing ROS generation. In 

the “primary damage response” stage, DNA breaking activates intracellular pathways that in turn 

switch on transcription factor as p53 and nuclear factor κB (NF-κB). NF-κB is able to up-regulate 

about 200 different genes, among which, B cell lymphoma 2 associated X protein (BAX) that 

possesses pro-apoptotic effect, and TNF-α, IL-1β, IL-6 that present pro-inflammatory activities: 

their presence decrements oxygenation and produces early destruction of connective tissue and 

endothelium leading to death of epithelial basal cells. In fibroblast CRT promotes 

metalloproteinases secretion that amplifies the damage at the sub-epithelial matrix and basement 

membrane. In the “signal amplification” stage, the molecules and cytokines produced in the early 

phases provide a positive feedback that extends the primary damage; TNF-α for example can 

activate mitogen-activated protein kinase (MAPK) signaling, finally resulting in caspase 3 

activation and cell death. Until this stage clinically the patients do not present any symptoms. In 

the “ulceration” stage, the loss of mucosal integrity occurs, and the lesions are prone to bacterial 
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colonization. The microorganisms can penetrate through the injury and promote further 

inflammation and infiltration of mononuclear immune cells. Moreover, since CRT impacts 

negatively on cells in rapid division, as immune cells, OM patients are often 

immunocompromised and more susceptible to infections. In the “healing” stage migration, 

proliferation and differentiation of epithelial cells heal the wound. Healing is generally 

spontaneous at the end of CRT, however it depends on the type of cancer treatments followed by 

the patients [reviewed by [Sonis, 2004]].  

When OM lesions are clinically visible the patients experience painful sensations and various 

daily activities such as speaking, swallowing and chewing are affected. Patients often report 

difficulties in eating and drinking, needing in some cases of parental nutrition [reviewed by 

[Sonis, 2004]]. Therefore, OM impacts negatively on the quality of life of the affected patients 

and prejudices the adherence to the  cancer regimens; moreover, the most severe situations require 

the reduction or the suppression of the CRT, leading to serious outcomes associated to increased 

risk of morbidity and mortality [reviewed by [Sonis, 2004]]. 

The extent of OM is commonly classified using the common toxicity criteria (CTC) by World 

Health Organization [World Health Organization, 1979] which are reported in table 1. 

 

Grade 0 Grade 1 Grade 2 Grade 3 Grade 4 

None 

Erythema of the 
mucosa; 
asymptomatic or 
mild symptoms; 
normal diet 

Patchy ulcerations; 
pseudomembranes; 
moderate pain;  
not interfering with 
oral intake;  
modified diet 
indicated 

Confluent 
ulcerations or 
pseudomembrane; 
bleeding with minor 
trauma;  
severe pain; 
interfering with oral 
intake 

Tissue necrosis;  
significant 
spontaneous 
bleeding;  
life-threatening 
consequences 

 

Table 1. CTC scale by WHO (1979) 

 

 

As above mentioned, OM can be associated with opportunistic infections, really, the CRT can 

alter the normal oral microflora, allowing some species to proliferate and cause oral infections, 

moreover, micro-organisms can penetrate through the oral ulcerations leading to systemic 

infections. Furthermore, the use of antimicrobial prophylactic drugs [reviewed by [Donnelly et 

al., 2003]] and the immunosuppression of the patients can exacerbate this condition and aggravate 

the risk of infections [reviewed by [Donnelly et al., 2003]]. The neutrophils depletion renders 

patients more susceptible to bacterial infection, instead the lymphocytes deficiency to fungal and 

viral infections [reviewed by [Lerman et al., 2008]]. 
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In OM, oral infections from bacteria, fungi and virus were reported, the most common are: 

viridans Streptococci, E. coli, K. pneumoniae, Enterobacter sp., P. aeruginosa, S. aureus, S. 

epidermidis, Candida sp., human herpes viruses (herpes simplex 1,2, varicella zoster virus, 
Epstein Barr virus, Cytomegalovirus), Papillomaviruses. Sometimes these infections could also 

cause systemic fatal diseases if not properly prevented, indeed, antibacterial, antifungal and 

antiviral prophylaxis are the treatments of choice in the most severe cancer conditions [reviewed 

by [Donnelly et al., 2003; Lerman et al., 2008]].  

 

To date, no treatment or therapy can prevent the arise of OM, but there exist only palliative drugs 

that can alleviate the symptoms [reviewed by [Sonis, 2004]]. 

The Multinational Association of Supportive Care in Cancer / International Society of Oral 

Oncology (MASCC/ISOO) guidelines recommend and suggest the use of oral care protocols, oral 

cryotherapy, recombinant keratinocytes growth factor-1, benzydamine mouthwash, zinc 

supplement, meanwhile for pain control, morphine, fentanyl, doxepin are indicated [Migliorati et 

al., 2013; Lalla et al., 2014]. Thus, OM, itself and for its medical consequences, impacts on the 

resources of health systems, and the research in this field with the introduction of other types of 

interventions is warranted by the clinical community. 

In this framework, for its characteristics, PBM is universally considered a helpful type of 

approach for the management of OM. Indeed, PBM with its bio-stimulant effects is able to 

promote the wound healing of the ulceration, to reduce the inflammation, and to alleviate the pain 

sensation [reviewed by [de Freitas, and Hamblin, 2016]]. Tissue regeneration induced by PBM 

includes different cellular aspects, PBM increases ATP production and cell proliferation of both 

keratinocytes and fibroblasts in vitro [AlGhamdi et al., 2012], reduces the gene expression of NF-

κB [Curra et al., 2015] and the neutrophils’ infiltrate [Lopes et al., 2010] in OM hamster animal 

model, increments the angiogenesis, especially eliciting arterioles formation in mice [Ottaviani 

et al., 2013], slows nerve conduction velocity in peripheral nerves in humans [reviewed by [Chow 

et al., 2011]].  

Based on the in vitro and in vivo studies conducted so far, and on the metanalysis recently 

published [Oberoi et al., 2014; He et al., 2018], the MASCC/ISOO in its last guidelines 

recommended PBM for the prevention of oral mucositis (OM) in adults [Migliorati et al., 2013; 

Lalla et al., 2014], and in children it was successful used both in the prevention [He et al., 2018] 

and in the lesions care [Chermetz et al., 2014; Gobbo et al., 2018; He et al., 2018].  

He et al. [He et al., 2018] conducted an exhaustive metanalysis on the use of PBM with red and 

NIR wavelengths in young patients. They showed that, when prophylactic PBM is applied 

concomitant with the first day of CRT and kept on every day, the irradiation treatment reduces 
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the risk of developing OM of grade 3 or higher, decrements the severity of the condition when 

occurs, and fasters the healing (from 4 days to 2) [He et al., 2018]. Instead, when PBM is utilized 

as a therapeutic intervention when OM manifests itself for 4 consecutive days, PBM at the 7th 

day reduces the severity of OM, the duration (from 9 days to 6), and pain [He et al., 2018]. 

Intriguingly, the visual analogue scale (VAS) score for pain showed a major reduction of VAS 

with preventive PBM respect to therapeutic PBM [He et al., 2018]. 
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Objectives 

 

Nowadays, an efficacious remedy for oral mucositis (OM) is still missing and the current 

treatments are only palliative to cure the symptoms [reviewed by [Miller et al., 2012]]. 

Considering the bio-stimulant effects of laser light, photobiomodulation (PBM) should be a valid 

alternative supportive treatment to manage OM lesions in children and adults. We decide to focus 

our attention on pediatric patients where the pathology needs to be carefully managed by 

clinicians. Really, childhood is an age that requires particulate attention, since cancer therapies 

could affect negatively nutrition and growth, furthermore, the necessity of cancer treatment 

reduction for the worsening of the daily activities of patients should be considered [reviewed by 

[Bryant, 2003]]. 

PBM is painless, not invasive, without side effects and rapid, and could be particularly indicated 

for these patients. 

Moreover, after the first expense for the device and personnel training it has no other operative 

cost, therefore, PBM utilization could reduce the economic charge of drugs, such as analgesic, 

antibiotics and parenteral nutrition. 

Nevertheless, at the moment the PBM utilization remains controversial for two main issues. 

On the one hand, there is not a universal agreement regarding the most efficacious protocol, 

really, the parameters of irradiation vary a lot between the different studies in terms of wavelength 

(or combination of different wavelengths), irradiance, power, energy, fluence employed. 

Moreover, the application can be repeated at different intervals and this enlarges the possible 

options of treatment that clinicians can apply to the patients. Therefore, the infinity possibility of 

dosimetry afforded by PBM renders difficult to obtain a consensus between different centers 

[reviewed by [Avci et al., 2013]]. 

On the other hand, although the photoreceptors and the pathways activated were largely analyzed, 

some uncertainties remain about the mechanisms of action of laser light, and about the link 

between intracellular changes and the final outcome in the human organism [reviewed by [Avci 

et al., 2013]]. 

The biphasic dose response is another emblematic issue that should be taken into account: too 

low dose of PBM could result in a less effectiveness and there could be not response to 

stimulation, meanwhile too high dose could cause the crossing through the threshold of 

stimulation leading to inhibition [reviewed by [Huang et al., 2009; Huang et al., 2011]]. 

 

Therefore, a deep overview of the PBM mechanisms of actions is still needed. 
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This research aims at: 

• Exploring the PBM effect on oxidative stress on salivary total oxidant status in OM patients 

and in an in vitro cellular model of skin keratinocytes 5-fluorouracil treated mimicking OM. 

Evaluating also the general effect of PBM on OM condition. 

• Investigating the repercussion of PBM on β-defensins protein production in saliva from OM 

patients and on gene expression of innate immunity molecules in a cellular model of oral 

mucosa. 

• Analyzing the analgesic action of PBM on OM patients, in an in vitro cellular model of primary 

murine sensory neurons from dorsal root ganglia, studying mitochondria parameters, and in 
vivo in a behavioral murine model of nociception. 

• Inquiring the anti-bacterial activity of blue PBM on Pseudomonas aeruginosa in vitro, trying 

to understand the mechanism of action of blue light and in vivo in a murine model of skin 

abrasion infection. 

• Researching the anti-viral properties of blue PBM in an in vitro model of human keratinocytes 

infected with Herpes Simplex Virus type 1. 

 

The final outcome of the current study is to extend the knowledge in the field of PBM in order to 

permit the optimization of the PBM protocols in the clinical practice. Often the PBM usage is 

quite empirical, “it works” but the question “how it works” still needs to be clarified in detail. 

Indeed, a better comprehension of PBM mechanism of action can be useful for a conscious and 

justified usage of PBM for routinely clinical employment and for amplifying the possible medical 

applications based on laser light. 
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Laser Irradiation 

 

The PBM treatments were performed using two types of class IV diode lasers presenting gallium 

aluminum arsenide (GaAlAs) as active lasing medium (K-laser d.o.o., Sežana, Slovenia) (figure 

6 A). One is the K-Laser Blue Med and the other the K-Laser Cube 4. The first emits wavelengths 

at 970, 660, 445 nm the other at 970, 905, 800, 660 nm. The laser source is composed by equal 

diodes, that emit a laser field with an equal distribution of irradiance. The devices present a 

handpiece that can be connected with a zoom tip that permits to irradiate area of 5 cm2 or with an 

ENT tip to irradiate small areas of about 1 cm2 (figure 6 B and C respectively). Moreover, a 

dedicated programmable prototype robot-scanner (figure 6 A) equipped with a specific optic fiber 

output (figure 6 D) to allow a uniform and reproducible irradiation to multiwell plates was 

employed, specifically provided by K-Laser company and carefully calibrated by its engineers 

(K-laser d.o.o., Sežana, Slovenia) (figure 6 A). 

The power was quantified using the power-meter instrument (LaserPoint Plus+, Vimodrone, 

Milan, Italy) meanwhile the thermal monitoring was measured using the FLUKE Ti20 thermal 

imager infrared camera (Everett, Washington, U.S.A.). 

Class IV laser instrument are those devices that exceed 0.5 W of power, thus, they can cause eye 

damage for a direct, indirect or diffuse beam viewing [K-laser instruments datasheet]; both 

operator and patients wore protective glasses during the laser application. 

The irradiation was conducted in light condition as dark as possible to avoid interference from 

environmental light. During irradiation the lid of the plates were opened to avert plastic light 

diffraction and the tip was positioned perpendicularly over the wells with a beam able to cover 

completely the well. To prevent the laser light absorption, in the in vitro experiments the medium 

of cell culture was without phenol red, meanwhile in the in vivo experiments on C57BL/6 mice 

(presenting black hair) the back was shaved.  

The protocols employed combined irradiance 0.1-1 W/cm2, fluence 6-120 J/cm2, in pulsed 

modalities or continuous wave. The specific protocols employed were defined in each section. 
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A 

B C D 

Figure 6. The equipment used in the experiments. 

A The laser device (on the right) and the scanner (in the middle) employed in the experiments 

The tip used in the irradiation: the zoom (B), the ENT (C) and the tip for the scanner (D). 
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Statistical Analysis and Figures 

 

Apple inc. Keynote application version 8.3 (Cupertino, California, U.S.A.) was used to create the 

vector images. 

Graphpad Prism version 7.0a (GraphPad Software, La Jolla, California, U.S.A.) was used for the 

statistical analysis and graphs creation. 

The statistical tests employed were defined in each section. 
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Photobiomodulation Effect on Oxidative Stress in Oral Mucositis 

 

In oral mucositis (OM) development, oxygen receive species (ROS) play a fundamental role. In 

the first phase of OM, chemo-radiotherapy (CRT) induces both DNA and non-DNA damage 

leading to the production of localized ROS [reviewed by [Sonis, 2004]], especially superoxide 

O2
-, probably generated by mitochondria from neutrophils migrating to the site of injury [Lee et 

al., 2000]. When ROS levels exceed cellular antioxidant mechanisms, the oxidation of protein, 

cytokines, lipids and DNA initiate the damaging pathways that lead to mucosa destruction. These 

events drive to the second phase of OM, with the activation of transcription factors, as nuclear 

factor kappa-B (NF-κB) that in turn impacts on different genes and on the production of pro-

inflammatory cytokines [reviewed by [Sonis, 2004]]. 

Different chemotherapic drugs, as for example 5-fluorouracil (5-FU), were reported as 

deleterious for oral mucosa causing OM [Sung et al., 2017]. 5-FU is a fluoropyrimidine and acts 

as a thymidylate synthase inhibitor resulting in a decrement of thymidine monophosphate, one of 

the three nucleotides that form thymine [reviewed by [Longley et al., 2003]]. 5-FU generates 

ROS in biological system, and this action can be related to the antitumoral activity of the drug 

[Matsunaga et al., 2010]. 

In a hamster model of OM, 5-FU increased the level of malondialdehyde, a marker of lipid 

peroxidation, in the pouch region affected by OM and incremented ROS measured using an in 
vivo L-band electron spin resonance ESR technique. The authors suggested that OM presents an 

acute inflammation that exacerbates the oxidative stress at level higher respect those that 

organism can counteract [Yoshino et al., 2013].  

 

Photobiomodulation (PBM) is a therapy currently used for the treatment of OM patients. Indeed, 

Oberoi et al., in a meta-analysis, highlighted the beneficial effects of PBM (at red wavelength) 

on OM as prophylactic treatment: PBM reduced the grade of severity and the duration of OM 

grade 3 or 4 [Oberoi et al., 2014]. Similar results were reported in another meta-analysis 

conducted on children where both red and near infrared (NIR) wavelengths were considered [He 

et al., 2018]. However, the experience in PBM of the Division of Oral Medicine and Pathology 

of “Maggiore” Hospital in Trieste (Italy) showed that PBM was also efficacious as a cure when 

the lesions occur [Chermetz et al., 2014; Ottaviani et al., 2013; Gobbo et al., 2018]. The 

advantages observed are probably due to the anti-inflammatory and analgesic action of PBM 

together with the increased vascularization and the wound healing of the tissue [reviewed by 

[Bensadoun, and Nair, 2012]]. These effects are clearly visible when the OM patients manifest 

the ulcerations, as well as when the OM is at the first stage and the injury is present but not 
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clinically evident. Another possible complementary action could be due to detoxification or 

reduction of free radicals caused by CRT [reviewed by [Bensadoun, and Nair, 2012]]. 

In fact, PBM was able to reduce oxidative stress in primary neurons treated with hydrogen 

peroxide, cobalt chloride and rotenone [Huang et al., 2013], in neural cells exposed to oxidative 

stress PBM increased the viability [Giuliani et al., 2009], meanwhile in CoCl2-induced hypoxic 

human umbilical vein endothelial cells PBM decreased ROS increasing cell viability [Lim et al., 

2011]. Moreover, PBM was able to reduce oxidative stress in vivo in skin wound in normal 

[Silveira et al., 2011] and diabetic [Tatmatsu-Rocha et al., 2016] mice. 

 

This work aims at investigating the effect of PBM on oxidative stress both in vivo and in vitro. 
The total oxidant status (TOS) assay was used to check the oxidative stress on cancer patients 

affected by OM before and after PBM, moreover, the PBM effect on clinical and subjective 

parameters was assessed. Finally, an in vitro OM model was developed treating human 

keratinocytes with 5-FU: the ROS level and the expression of two antioxidant genes (SOD2 and 

HMOX1) after PBM were evaluated. 

 

 

Materials and Methods 

 

Study Population  

A total of 10 patients affected by OM were enrolled at the Division of Oral Medicine and 

Pathology of “Maggiore” Hospital in Trieste (Italy).  

Inclusion criteria: age between 40-95 years old, diagnosis of hematological tumor or solid cancer, 

presence of OM from grade 2 to grade 4 [World Health Organization, 1979] related to ongoing 

chemotherapy and/or radiotherapy, patients’ availability for 5 consecutive days (4 laser sessions 

and 1 follow up recall). 

Exclusion criteria will be: OM already treated by PBM therapy, smokers, uncontrolled or severe 

periodontal disease, patients’ application of topical oral medications, systemic corticosteroids and 

anti-inflammatory assumption. 

During the first visit at day 0, the clinicians registered information about patients’ clinical history 

and scored OM severity according to the common toxicity criteria (CTC) scale, considering 

ulceration and erythema distribution and size [World Health Organization, 1979]. Voice 

alteration, swallowing and chewing difficulties were also recorded. The patients were then treated 

with PBM, at days 0, 1, 2, 3, according to clinical protocols (λ 970 nm, 200 mW/cm2, 6 J/cm2, in 

continuous wave, CW) [Ottaviani et al., 2013; Ottaviani et al., 2016] by a specialized team of 
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pathologists. A rotatory motion was used all over the oral cavity to cover both ulcerated and 

healthy areas, keeping a 3-cm distance between the laser probe and the tissue. 

Irradiation time was calculated considering a mean oral mucosa surface area of 215 cm2 [Collins, 

and Dawes, 1987]. Moreover, photographs of affected areas will be taken at each session. 

Unstimulated saliva samples were collected for 5 minutes before and immediately after each 

PBM treatment and at day 4. Patients were asked to fast for at least 2 hours before sampling, 

avoiding tooth brushing, excess alcohol intake and physical activity since the previous evening. 

Patients rinsed the mouth with water for 1 minute and then spit saliva for 5 minutes in a sterile 

collection tube. 

The samples were centrifuged for 10 minutes at 10000 xg and the supernatants were than 

collected and stored at -80°C before analysis. 

All subjects signed an informed consent to participate in the study and all the research 

experiments were performed in agreement with ethical standards of the 1975 Declaration of 

Helsinki (7th revision, 2013). 

The schematic representation of the clinical study design is reported in figure 7. 

 

 

Total Oxidant Status 

TOS, as a marker of oxidative stress, was evaluated in saliva from the 10 OM patient enrolled in 

the study using an already established method by Erel [Erel, 2005].This method is based on the 

principle that oxidant species present in the saliva oxidize the ferrous ion–o-dianisidine complex 

to ferric ion, creating a colored complex with xylenol orange in an acidic medium. Briefly, 225 

μL of reagent 1 (xylenol orange 150 μM, NaCl 140 mM and glycerol 1.35 M in 25 mM H2SO4 

solution, pH 1.75), were mixed with 35 μL of saliva, then 11 μL of reagent 2 (ferrous ion 5 mM 

and o-dianisidine 10 mM in 25 mM H2SO4 solution) were added. The solutions were mixed for 

5 minutes and then the absorbance was read at 560 nm using a multi-well reader 

Figure 7. Schematic representation of the study design in oral mucositis patients. 
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spectrophotometer (Glomax multi+ detection system, Promega, Madison, Wisconsin, U.S.A.). 

The absorbance measured before mixing reagent 1 and reagent 2 was used as “blank”. The assay 

was calibrated using standard solutions of hydrogen peroxide (H2O2). Each sample was measured 

in quadruplicate and are expressed as micromolar hydrogen peroxide equivalent per liter (μmol 

H2O2 equivalent/L).  

 

Oral Mucositis Cellular Model 

Human keratinocytes (HaCaT) were maintained in DMEM culture medium supplemented with 

10% fetal bovine serum, 100 U/ml Penicillin/Streptomycin, 2 mM Glutamine (Euroclone, Pero, 

Milan, Italy). Cells were seeded one day prior to the experiment (10.000 cells/well in 96 multi-

well plates and 50.000 cells/well in 24 multi-well plates). OM was mimicked treating HaCaT 

cells with 5-FU 0.1 mg/ml for 18 hours then the cells were treated with the following protocol: 

combined wavelengths λ 660, 800, 905 and 970 nm, peak power 0.25 W, 3 J/cm2 in CW (λ 660 

nm: 0.025 W/ cm2, λ 800, 905 and 970 nm: 0.075 W/cm2).  

 

Oxidative Stress Assessment 

After 24 hours from irradiation vitality of cells were measured using MTT (3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) proliferation assay (Trevigen, 

Gaithersburg, Maryland, U.S.A.) to assess if the irradiation could rescue the viability of cells 

treated with 5-FU. This assay is based on the conversion of the water soluble MTT to an insoluble 

formazan that is then solubilized, and the concentration determined spectrophotometrically at 570 

nm.  

After 30’ from irradiation the reactive oxygen species (ROS) production was measured using the 

using the cell-permeant 2',7'-dichlorodihydrofluorescein diacetate (H2DCFDA) dye (D399, 

Invitrogen, Thermo Fisher Scientific, Waltham, Massachusetts, U.S.A.) and then the fluorescence 

normalized on alive cells using the MTT Cell proliferation assay (Trevigen). H2DCFDA is a 

chemically reduced and acetylated form of fluorescein that is converted in the highly DCF by 

intracellular esterases and oxidation. 

Additionally the transcription levels of two genes (SOD2 and HMOX1) involved in oxidative 

stress [Miriyala et al., 2011; Wegiel et al., 2014] were measured using Taq-man™ probes 

(hs01110250_m1 and hs00167309_m1 respectively, Thermo Fisher Scientific) on Applied 

Biosystems 7900HT Fast Real-Time PCR System (Thermo Fisher Scientific) platform. Raw 

fluorescent data were collected and converted in fold-increase with the Relative Quantification 

manager software (Thermo Fisher Scientific) using the ΔΔCt method [Livak, and Schmittgen, 

2001]. Untreated cells were used as references for comparisons.  
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Statistical Analysis 

Friedman’s test with the Dunn’s test for multiple comparison were used to compare the changes 

over time in CTC score meanwhile Wilcoxon matched-pairs signed rank test was utilized to 

evaluate the TOS level pre and post PBM session at each day. 

In the cellular experiments, Mann-Whitney test was employed to compare cell viability, ROS 

levels and gene expression between irradiated and not irradiated samples treated or not with 5-

FU.  

All statistical assessments were two-sided, and a p-value < 0.05 was used for the rejection of the 

null hypothesis.  

 

 

Results and Discussion 

 

Demographic and clinical characteristics of the 10 patients suffering OM are reported in table 2.  

Briefly, there were 2 women and 8 man, the age range was 44-92, 5 patients presented head-neck 

cancer, 2 gastrointestinal tumor, 2 hematologic malignancies and 1 breast cancer. Six patients 

were treated with chemotherapy, 2 with radiotherapy and 2 with a combination of the two 

remedies. 

 

Patient Age (years) Sex Type of tumor Chemo/Radiotherapy 

1 58 M Gastro-intestinal Chemotherapy 

2 58 F Breast Chemotherapy 

3 62 M Head neck Both 

4 92 F Head neck Radiotherapy 

5 74 M Hematological Chemotherapy 

6 56 M Head neck Chemotherapy 

7 65 M Gastro-intestinal Chemotherapy 

8 44 M Hematological Chemotherapy 

9 69 M Head neck Both 

10 71 M Head neck Radiotherapy 

 

Table 2. Clinical characteristics of the 10 oral mucositis patients. 
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PBM treatment improved patient’ clinical condition, reducing the CTC scores over time 

(Friedman’s test p-value = 0.003; figure 8 A) and also other subjective parameters (i.e. 

swallowing, chewing and speaking) (Figure 8 B, C, D). 

 

  

A B 

C 

D 

Figure 8. Effect of photobiomodulation on clinical 

parameters in oral mucositis patients (n=10). 

A Common Toxicity Criteria (CTC) score over time. 

The data are reported as mean ± standard deviation 
over time. F p-value reports the p-value for 
Friedman test. 
B C D presence or not of functional alterations in 
swallowing (B), chewing (C), or speaking (D) over 

time  
The data are report the % of patients that presented 
difficulties in swallowing, chewing and speaking 
(black part of the histogram) or not (grey part of the 
histogram) over time. 
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In figure 9 are reported four examples of OM lesions pre PBM and the outcome at the control 

day in different oral district in patient number 1, 5, 6 and 7: it was possible to observe a visible 

improvement of the clinical conditions with the healing of the ulcerations and an amelioration of 

the inflamed area (characterized by reddening) that reduced significantly at the control day. 

 

 

The thermal monitoring was performed initially, during and at the end of the treatment; the 

temperature registered were 37.0°, 39.5° and 40.2°C respectively: the increased of the 

temperature was minimal and in the physiologic range not causing thermal injury (figure 10). 

 

 

Our results confirmed and corroborated the previous findings [Ottaviani et al., 2013; Chermetz 

et al., 2014] regarding the beneficial effect of PBM on OM status, indeed, the improving of 

patients’ condition highlighted the possibility to use PBM also when the lesions manifested. 

Indeed, in the clinical practice could be sometimes difficult to program the treatment 

contemporaneously with the cancer therapy or prior to it as the MASCC/ISOO guidelines 

recommended [Migliorati et al., 2013; Lalla et al., 2014], taken into account also that in some 

Figure 9. The beneficial effect of photobiomodulation on oral mucositis condition. 
Oral mucositis (OM) lesions pre photobiomodulation (PBM) treatment (first line) and post PBM treatment (second 
line) in four OM patients recruited in the study. 

Figure 10. Thermal monitoring during irradiation. 

Pretreatment, during irradiation and the end of the photobiomodulation (PBM) therapy. 
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(although rare) case OM did not happen. Therefore, proving the effectiveness of PBM as a cure 

and not a prophylaxis is an important goal of our research. 

 

Since as above described, ROS could both initiate the oral damaging and propagate it, a therapy 

that could partially counteract this event is worthy of consideration. 

In our experiments, at day 0, oxidative stress did not change after PBM, meanwhile in the 

following days, ROS levels decreased after each PBM session (Wilcoxon matched-pairs signed 

rank test p-value = 0.03 for T1, p-value = 0.006 for T2 and p-value = 0.04 for T3), but increased 

again during the following 24 hours, as well as at day 5 (CTRL). So, PBM was so able to reduce 

oxidative stress after each treatment but it did not maintain its effect over time. 

Anti-oxidants were not included in the treatment for OM by MASCC/ISOO for inconsistent or 

conflicting results [Migliorati et al., 2013; Lalla et al., 2014], however, this is the first time that 

PBM anti-oxidant effect was proven on OM patients and it can endorse its use also for this 

purpose.  

 

 

 

 

Figure 11. Total Oxidant Status (TOS) levels in the oral mucositis patient saliva during the photobiomodulation 

(PBM) sessions (n=10). 

Data are reported as µMol H2O2 equivalent/L and are represented as mean ± standard deviation over time. 
P reports the p-value from Wilcoxon matched-pairs signed rank test testing TOS pre PBM versus TOS post PBM 
each day. 
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In the in-vitro model the 5-FU treatment was chosen to mimic the OM condition, indeed 5-FU is 

widely used as anti-neoplastic drug, inducing cell apoptosis through different mechanisms such 

as mitochondria oxidative stress [Bomfin et al., 2017]. After 18 hours, 5-FU treatment 

dramatically reduced the viability of cells that was recovered by PBM irradiation (from 31% of 

alive cells to 62%; Mann-Whitney test, p-value = 0.005, figure 12 A). 

The ROS production was also increased after the 5-FU treatment and significantly decreased after 

PBM (Mann-Whitney test, p-value = 0.05, figure 12 B). Moreover, the ROS level in the irradiated 

cells (without drug administration) was significantly less respect to the not irradiated cells (Mann-

Whitney test, p-value = 0.01, figure 12 B). 

The pharmacologic treatment increased the gene expression of both SOD2 and HMOX1 genes 

and PBM was able to decrement the mRNA levels of both genes (Mann-Whitney test, p-value = 

0.03 for both genes, figure 12 C and D), even in absence of drug administration (Mann-Whitney 

test, p-value = 0.03 for both genes, figure 12 C and D). 

SOD2 and HMOX1 genes encode for mitochondrial superoxide dismutase 2 and heme oxygenase 

1 respectively, two molecules involved in the cellular response to oxidative stress, the first at 

mitochondrial level [reviewed by [Miriyala et al., 2011]] detoxified O2
-, the second in the cytosol 

[reviewed by [Wegiel et al., 2014]]. 
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Figure 12. Photobiomodulation (PBM) effect on oxidative stress in an in vitro model of oral mucositis. 

A Vitality of cells treated with PBM (designed as PBM), 5-fluorouracil (designed as 5-FU) or 5-fluorouracil plus 
PBM (designed as 5-FU + PBM) after 24 hours from irradiation. The data are reported as percentage of absorbance 
respect to not treated cells. The experiments were performed in 8 replicates in two independent days. 

B Production of reactive oxygen species in 5-fluorouracil (designed as 5-FU) treated cells and not treated cells 
(designed as NT) and after laser therapy (PBM) in both 5-FU treated (designed as 5-FU + PBM) and not treated 
cells (designed as PBM). The results are reported as H2DCFDA fluorescence on percentage of alive cells. The 
experiments were performed in 16 replicates in two independent days. 
C and D gene expression of HMOX1 and SOD2 (respectively) in 5-FU treated (designed as 5-FU) cells and not 

treated cells (designed as NT) and after laser therapy (PBM) in both 5-FU treated (designed as 5-FU + PBM) and 
not treated cells (designed as PBM). The results are reported as fold increase respect to NT cells. The experiments 
were performed in 4 replicates in two independent days 
All the results are reported as mean ± standard deviation. 
P-value reports the results of Mann-Whitney test. 
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Our results confirmed previous literature data on the beneficial effects of PBM on induced 

oxidative stress in different models. 

In primary cortical neurons PBM at 810 nm reduced ROS level when the neurons were treated 

with oxidant reagents [Huang et al., 2013]. On the contrary, other authors showed that PBM at 

810 nm could lead to ROS increment through the nuclear factor kappa B (NF-κB) activation in 

murine embryonic fibroblast [Chen et al., 2011].  

PBM at 904 nm was able to reduce thiobarbituric acid reactive substances (TBARS) in the 

wounded skin of diabetic mice, however the authors observed also an increment in TBARS in 

irradiated controls respect to not irradiated controls [Tatmatsu-Rocha et al., 2016]. Moreover, 

PBM at 904 nm reduced the inducible nitric oxide synthase expression and NF-κB pathways, in 

traumatized murine muscle [Rizzi et al., 2006]. 

From these data it can be evinced that PBM is more efficacious when the system is under some 

type of stress respect to normal condition where the PBM effects seemed to be the opposite 

[reviewed by [Chung et al., 2012]].  

Nevertheless, in our in vitro model a decrement of markers of oxidative stress (i.e measured 

through H2DCFDA and SOD2 and HMOX1 gene expression) was observed both under normal 

condition and when 5-FU, an agent capable to promote oxidative stress, was added. This result 

could be explained with the different cell lines employed in the studies, indeed it has been seen 

that PBM effect varies a lot in different type of cells, maybe due to the intrinsic cellular 

characteristics. 

 

This is the first study that observed and confirmed the PBM positive effect on oxidative stress 

both in vivo on patients and in vitro on 5-FU treated keratinocytes. 
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Innate Immunity-Modulatory Effect of Photobiomodulation Therapy on Epithelial Cells 

 

Innate immunity system is considered the first line of defense of human organism, indeed , it is 

crucial in the fighting against pathogenic microorganisms and for infection eradication, however 

it is also a regulator of inflammation, so its dysfunctions could be involved in different 

inflammatory conditions [reviewed by [Turvey, and Broide, 2010]]. The components of innate 

immunity are commonly activated by microbial molecular structures, called “pathogen associated 

molecular patterns” (PAMPs) or by molecule released during tissue injury, called “damage-

associated molecular patterns” (DAMPs) [reviewed by [Turvey, and Broide, 2010]]. 

Among the innate immunity members, inflammasomes represent a form of protective response 

against harmful stimuli, as microorganisms and tissue stressors. Firstly, inflammasome sensor 

molecules, such as NLRP1 (NACHT, LRR and PYD domains-containing protein) and NLRP3, 

recognize PAMPs or DAMPs; then, they activate intracellular pathways that lead to the activation 

of Caspase 1 that in turn cleaves pro Interleukin (IL)-1β, a pro-inflammatory cytokine, activating 

it [reviewed by [Latz et al., 2013]].  

Other innate immune system components are the antimicrobial peptides (AMPs) that can be 

activated by PAMPs/DAMPs and they support the first line of host defense especially at mucosa 

level, such as the oral mucosa [reviewed by [da Silva et al., 2012]]. Among them, the β-defensins 

(hBD) are widely studied; in oral mucosa hBD-1 is constitutively expressed, while hBD-2 and 

hBD-3, are inducible by pro-inflammatory stimuli and bacteria [reviewed by [Dale, and 

Fredericks, 2005]]. Another AMP is the Cathelicidin LL-37 that is expressed by neutrophils and 

epithelial tissues especially in the oral cavity [reviewed by [da Silva et al., 2012]]. AMPs possess 

antibacterial activity, directly damaging pathogens’ membrane but they are also able to stimulate 

innate and adaptive immunity [reviewed by [da Silva et al., 2012]]. 

 

Oral Mucositis (OM) is a pathologic condition driven by the chemo-radiotherapy (CRT) in 

oncologic patients. It develops in 5 phases: initiation, primary damage response, signal 

amplification, ulceration and healing [reviewed by [Sonis, 2004]]. It is clinically characterized 

by inflammatory lesions, specifically in the second OM stage, pro-inflammatory cytokines (e.g. 

Tumor Necrosis Factor α, IL-1β and IL-6) are produced due to the activation of NF-κB. Then, in 

the third OM phase, these molecules in turn amplify the original response in a positive-feedback 

loop leading to ulcerative injuries (i.e. the fourth OM phase) [reviewed by [Sonis, 2004]]. It has 

been also proposed an inflammasomes activation by CRT in the first phase of OM in parallel 

with reactive oxygen species (ROS) generation [reviewed by [Sonis, 2004; Sonis, 2007]]. 
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Moreover, an exaggerated innate immune response could play a role as a key factor in the first 

OM stage, then it continues its contribution in the establishment of the OM condition [reviewed 

by [Sonis, 2004; Sonis, 2007]]. 

Possibly, CRT can induce the production of DAMPs yielding an inflammatory cascade that can 

lead to the mucosal damaging. Successively, the ulcerations can potentiate the sending of 

DAMPs, while the incoming infections produce PAMPs: these mediators further exacerbate the 

inflammatory condition [reviewed by [Sonis, 2004; Sonis, 2007]]. 

 

Photobiomodulation (PBM) possesses anti-inflammatory properties, enhancing microcirculation, 

edema re-absorption, lymphatic drainage, lymphocyte activation and macrophage phagocytic 

activity [Hawkins et al., 2005; Hawkins, and Abrahamse, 2005]. Moreover, it was reported that 

PBM in human keratinocytes reduced IL-1β and nerve growth factor (NGF) production 

meanwhile it increased IL-6; in murine macrophages stimulated with lipopolysaccharide (LPS), 

PBM reduced monocyte chemoattractant protein 1 (MCP-1), IL-1a, IL-1β, IL-6, and IL-10 

expression [reviewed by [Peplow et al., 2011]]. 

 

In our study we considered the potential action of PBM in modulating mRNA expression of 

different molecules members of innate immunity system in TR146 epithelial cell line: DEFB1, 

DEFB4, DEFB103, CAMP, CASP1, NRLP3, NLRP1, IL1B genes encoding for hBD-1, -2, -3, 

Cathelicidin LL-37, Caspase 1, NRLP3, NLRP1, IL-1β proteins. Moreover, the salivary levels of 

hBD-1, hBD-2, hBD-3 were measured in OM patients treated with PBM. 

 

 

Materials and Methods 

 

Salivary Defensins Concentration  

The salivary samples from OM patients submitted to PBM were used. Specifically, samples at 

day 0, before and after PBM, samples at day 3, after the last PBM, and samples at day 4, during 

patient follow up were analyzed. The specimens were diluted and defensins’ salivary 

concentrations were measured in duplicate using the Human Beta Defensin 1, 2, 3 ELISA kit 

(Cat. No. 100-240-BD1, 100-250-BD2, 100-260-BD3 Alpha Diagnostic, San Antonio, TX, USA) 

following manufacturer’s instructions. The absorbance was measured with labtech LT 4000 

microplate reader (Sorisole, Bergamo, Italy) and the protein concentration was obtained using a 

standard curve. 
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TR146 Cellular Model 

Cell line TR146 (derived from squamous oral mucosa carcinoma, ECACC catalogue number: 

10032305) was used in the experiments [Rupniak et al., 1985]. 

Cells were irradiated 24 hours after seeding, using the following parameters: λ 660 nm, laser 

power 0.1 W, irradiance 50 mW/cm2, fluence 3 J/cm2, continuous wave (CW); λ 800 nm, 1 W, 

0.5 W/cm2, 20 J/cm2, CW; λ 970 nm, 0.1 W, 50 mW/cm2, 3 J/cm2, CW. Cytotoxicity after PBM 

was measured using the ATPlite Luminescence Assay System (PerkinElmer, Waltham, 

Massachusetts, U.S.A.) and the MTT Cell proliferation assay (Trevigen, Gaithersburg, Maryland, 

U.S.A.) according to manufacturers’ instructions.  

 

Gene Expression Analysis 

Total cellular RNA was extracted 30 minutes or 24 hours after PBM using RNAqueous®-Micro 

Kit Micro Scale RNA Isolation Kit (Thermo Fisher Scientific, Waltham, Massachusetts, U.S.A.) 

and retro-transcribed using High-Capacity cDNA Reverse transcription kit (Thermo Fisher 

Scientific). To quantify mRNA, Taq-man™ probes for DEFB1 (Hs00608345_m1), DEFB4 

(Hs00608345_m1), DEFB103 (Hs00218678_m1), CAMP (Hs00189038_m1) CASP1 

(Hs00354836_m1), NRLP1 (Hs00248187_m1), NRLP3 (Hs00366465_m1), IL1B 

(Hs01555410_m1) genes expression and β-Actin (as calibrator and reference, ACTB: 

Hs99999903_m1), were employed on Applied Biosystems 7900HT Fast Real-Time PCR System 

(Thermo Fisher Scientific) platform. Raw fluorescent data were collected and converted in fold-

increase with the Relative Quantification manager software (Thermo Fisher Scientific) using the 

ΔΔCt method [Livak, and Schmittgen, 2001]. Untreated cells were used as references for 

comparisons. 

 

Statistical Analysis 

Kruskal Wallis test with Dunn’s test for multiple comparison was used to evaluate the 

cytotoxicity of PBM irradiation compared to not irradiated cells. 

Mann-Whitney test was employed to compare gene expression between irradiated and not 

irradiated samples treated or not with LPS.  

All statistical assessments were two-sided, and a p-value < 0.05 was used for the rejection of the 

null hypothesis.  
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Results and Discussion 

 

After measuring hBDs in saliva from OM 

patients, no statistically significant 

differences were detected comparing the 

different time points (T0 pre and post PBM, 

T3 post PBM, and control, figure 13 A, B and 

C), also when the patients were subdivided 

according with cancer diagnosis or 

oncological therapy followed. Considering 

patients singularly, some of them presented 

an increment, while others a decrement in 

defensins concentration suggesting an 

individual heterogeneous response to PBM. 

 

 
 
 
 

 

 

 

 

 

 

 

 

  

Figure 13. hBDs concentration in saliva from oral 

mucositis patients (n=10). 

A hBD-1 concentration (ng/ml) 
B hBD-2 concentration (ng/ml) 
C hBD-3 concentration (ng/ml) 
The results are reported as mean concentration ± 

standard deviation. 
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Firstly, the cytotoxic effect of PBM was evaluated in the mucosal cell model. It increased the 

ATP content after 30 minutes from irradiation with all the three protocols (Kruskal Wallis test p-

value=0.003; Dunn’s test for multiple comparison p-value=0.02 for 970 nm, 0.05 W/cm2, 3 J/cm2, 

CW; p-value=0.03 for 800 nm, 0.05 W/cm2, 20 J/cm2, CW; p-value = 0.01 for 660 nm, 0.05 

W/cm2, 3 J/cm2, CW, figure 14 A). Instead at 24 hours the protocol 800 nm, 0.5 W/cm2, 20 J/cm2, 

CW slightly decreased ATP content but increased MTT assay (ATP assay: Kruskal Wallis test p-

value=0.001; Dunn’s test for multiple comparison p-value=0.01; MTT assay: Kruskal Wallis test 

p-value=0.01; Dunn’s test for multiple comparison p-value=0.04, figure 14 B and C). These data 

highlighted a precocious effect of PBM on ATP content after 30 minutes from irradiation, while 

at 24 hours only the protocol 800 nm, 0.5 W/cm2, 20 J/cm2, CW was able to maintain the effect, 

however the ATP content decremented and MTT assay increased possibly indicating the 

consumption of ATP caused by cellular metabolism. This was in line with previous article that 

showed a photochemical activity after illumination [AlGhamdi et al., 2012] and with our study 

on human keratinocytes [Tricarico et al., 2018]. 
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Then, the gene expression of the genes above cited were analyzed. 

CAMP gene expression was not affected by irradiation with all the three protocols (figure 15). 

DEFB1, DEFB4 and DEFB103 genes’ expression after PBM did not present differences between 

irradiated and not irradiated cells 24 hours after PBM, with the exception of DEFB103 (figure 16 

Figure 14. MTT and ATP assay in PBM treated (970 nm, 

0.05 W/cm2, 3 J/cm2, CW; 800 nm, 0.5 W/cm2, 20 J/cm2, 

CW; 660 nm, 0.05 W/cm2, 3 J/cm2, CW) and untreated 

cells (NT). 

A ATP assay after 24 hours from irradiation 

B ATP assay after 30 minutes from irradiation  
C MTT assay 24 hours from irradiation 
The data are reported as mean ± standard deviation 
normalized on not irradiated cells (NT). The experiments 
were performed in 8 replicates in two independent days. 

KS p-value reports the results from Kruskal-Wallis test, 
the other p-values report the results from Dunn's multiple 
comparison test.  
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A, B and C). When comparing the cells LPS-treated with them treated with LPS and irradiated 

with protocol 660 nm, 0.05 W/cm2, 3 J/cm2, CW, it was possible to observe a decrement in 

DEFB103 expression (Mann-Whitney test p = 0.01, figure 16 C). 

However, it is important to consider that only a little influence of LPS on AMPs gene expression 

was possible to observe. 

 

 

 
 
 
 

 

Figure 16. (in the next page). Fold increase of defensins gene expression 24 hours after photobiomodulation 

(PBM) in not irradiated cells (NT), cells treated with LPS (NT LPS), cells irradiated with three different protocols 

(970 nm, 0.05 W/cm2, 3 J/cm2, CW; 800 nm, 0.5 W/cm2, 20 J/cm2, CW; 660 nm, 0.05 W/cm2, 3 J/cm2, CW) and 

cells treated with LPS for 24 hours prior to irradiation (designed as LPS + 970 nm, 0.05 W/cm2, 3 J/cm2, CW; 

LPS + 800 nm, 0.5 W/cm2, 20 J/cm2, CW; LPS + 660 nm, 0.05 W/cm2, 3 J/cm2, CW). 

A DEFB1 gene expression 
B DEFB4 gene expression 
C DEFB103 gene expression 
The data are reported (mean ± standard deviation) as fold increase compared to not irradiated cells. The 

experiments were performed in 4 replicates in two independent days. 
P reports the p-value results from Mann-Whitney test. 

Figure 15. Fold decrease of CAMP gene expression 24 hours after photobiomodulation (PBM) in not irradiated 

cells (NT), cells treated with LPS (NT LPS), cells irradiated with three different protocols (970 nm, 0.05 W/cm2, 

3 J/cm2, CW; 800 nm, 0.5 W/cm2, 20 J/cm2, CW; 660 nm, 0.05 W/cm2, 3 J/cm2, CW). 

The data are reported (mean ± standard deviation) as fold increase compared to not irradiated cells. The 
experiments were performed in 4 replicates in two independent days. 
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However, PBM reduced DEFB1, DEFB4 and DEFB103 mRNA expression in irradiated cells 

when compared to the untreated ones 30 minutes after PBM. The protocol 970 nm, 0.05 W/cm2, 

3 J/cm2, CW diminished DEFB4 and DEFB103 mRNA expression (Mann-Whitney test p-value 

= 0.03 for DEFB4 and for DEFB103, figure B and C). The protocol 800 nm, 0.5 W/cm2, 20 J/cm2, 

CW decremented DEFB1, DEFB4 and DEFB103 mRNA expression (Mann-Whitney test p-value 

= 0.03 for all genes, figure 17 A, B and C). The protocol 660 nm, 0.05 W/cm2, 3 J/cm2, CW 

decreased DEFB1, DEFB4 and DEFB103 mRNA expression (Mann-Whitney test p-value = 0.03 

for all genes, figure 17 A, B and C). The timing in our data resulted fundamental, indeed, only a 

precocious impact of PBM on the gene expression was showed not maintained over time, possibly 

due to a rapid effect of PBM on the epithelial cells. 

The exact mechanism of PBM action on oral mucosa is not completely understood; moreover, 

little is known regarding PBM effects on innate immune response in oral mucosa [reviewed by 

[Peplow et al., 2011]] and only one study investigated defensins expression after PBM [Tang et 

al., 2017]. Tang et al. [Tang et al., 2017] reported an increase in hBD-2 mRNA level 24 hours 

after PBM in normal human oral keratinocytes using an 810 nm diode laser, differently from our 

findings, however the different cell lines (primary human oral keratinocytes in the study by Tang 

et al., neoplastic in our) and PBM protocols employed in the two studies could explained the 

differences encountered.  

Our findings suggest that PBM was able to prevent DEFB1, DEFB4 and DEFB103 genes over-

expression in the immediate phase after PBM, moreover, when LPS was pre-administrated to the 

cells, PBM at 660 nm decreased DEFB103 production. So, PBM could possibly avoid higher 

levels of hBD-1, hBD-2 and hBD-3 that could be detrimental in some conditions for the 

promotion of inflammation, as already reported in different types of cancer such as lung cancer 

(characterized by high levels of hBD-1 and hBD-2), renal cell carcinoma (high levels of hBD-1) 

and oral squamous cell carcinoma (high levels of hBD-3) [Arimura et al., 2004; Kesting et al., 

2009]. In the latter case high levels of hBD-3 was correlated to increased expressions of various 

cytokines: IL-1α, IL-6, IL-8, Chemokine (C-C motif) ligand 18 (CCL18), and tumor necrosis 

factor-α (TNF-α) expression [Quatromoni, and Eruslanov, 2012]. 
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Figure 17: fold decrease of defensins gene 

expression 30 minutes after photobiomodulation 

(PBM) in not irradiated cells (NT) and cells 

irradiated with three different protocols (970 nm, 

0.05 W/cm2, 3 J/cm2, CW; 800 nm, 0.5 W/cm2, 20 

J/cm2, CW; 660 nm, 0.05 W/cm2, 3 J/cm2, CW). 

A DEFB1 gene expression 
B DEFB4 gene expression 

C DEFB103 gene expression 
The data are reported (mean ± standard deviation) 
as fold increase compared to not irradiated cells. 
The experiments were performed in 4 replicates in 
two independent days. 

P reports the p-value results from Mann-Whitney 
test. 
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Instead, analyzing inflammatory related genes, IL1B mRNA increased after 970 nm, 0.05 W/cm2, 

3 J/cm2, CW laser irradiation (Mann-Whitney test p-value = 0.03, figure 18 A), NLRP1 increased 

after PBM with protocol 660 nm, 0.05 W/cm2, 3 J/cm2, CW (Mann-Whitney test p-value = 0.03, 

figure 18 C) finally NLRP3 decreased following PBM 970 nm, 0.05 W/cm2, 3 J/cm2, CW (Mann-

Whitney test p-value = 0.03, figure 18 D), meanwhile CASP1 was not affected (figure 18 B). 

PBM at the protocols employed had no effect on the inflammation driven by LPS treatment, on 

the other hand the wavelength at 970 nm induced slightly IL1B gene expression but inhibited 
NLRP3 meanwhile the wavelength at 660 nm caused a modest increment of NLRP1. 

The above cited molecules related to inflammasomes activation was chosen since NLRP3 

inflammasome is considered the most versatile and most clinically implicated [reviewed by [Latz 

et al., 2013]]; however, to note LPS in our in vitro model has a minimal effect on inflammasomes 

molecules. 

It could be possible that PBM acting on NF-κB operated the activation of NLRP1 inflammasome 

with a wavelength, while with the other induced IL1B in a NLRP3 inflammasomes independent 

way. Indeed, in normal cells, the NF-κB activation was well known [Cheng, 2007]. 

These results could indicate that PBM acted preparing cells to other insult, such as the infection, 

indeed the metabolism and the viability of cells were not affected by PBM at 660 and 970 nm as 

possible to observe with the MTT test and ATP level, so a cytotoxic effect can be excluded. 

Moreover, the increment of IL1B was quite moderate and this activation could be counteracted 

by the decrease in NLRP3 possibly influenced by PBM in an indirect way. Instead, NLRP1 

increased more, but without influencing pro-inflammatory IL1B, in this case another intracellular 

mechanism perhaps promoted by PBM could possibly block this interaction. 

Although preliminary these results could indicate that PBM can act on different pathways 

possibly influencing the inflammasomes machinery within cells. 

 

 

Figure 18. (in the next page). Fold increase of mRNA expression of inflammasomes related genes 24 hours after 

photobiomodulation (PBM) in not irradiated cells (NT), cells treated with LPS (NT LPS), cells irradiated with 

three different protocols (970 nm, 0.05 W/cm2, 3 J/cm2, CW; 660 nm, 0.05 W/cm2, 6 J/cm2, CW). 

A IL1B gene expression 
B CASP1 gene expression 
C NLRP1 gene expression 
D NLRP3 gene expression 
The data are reported (mean ± standard deviation) as fold increase compared to not irradiated cells. The 

experiments were performed in 4 replicates in two independent days. 
P reports the p-value results from Mann-Whitney test. 
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This is the first study that analyzed mRNA expression of innate immunity genes, such as the 

AMPs and the actors of inflammasomes machinery: our results showed that PBM impacts also 

on this type of molecules, confirming its immunomodulatory properties. 
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Analgesic effect of Photobiomodulation Therapy 

 

Oral mucositis (OM) is generally characterized by erythematous atrophic lesions or in the severe 

form by ulcerative lesions that penetrate in the mucosa [reviewed by [Sonis, 2004]]. Tissue 

damaging in the fourth stage of OM development can activate nociceptive pathways, indeed, OM 

patients refer frequently sore, burning, dull and aching [McGuire et al., 1998] accompanied by 

pain, oral dysfunction and discomfort [Rose-Ped et al., 2002]. Pain resolves generally at the 

healing last stage of OM, so it is possible to consider it an acute pain, inflammation related 

[Harris, 2006]. Pain is the most distressing symptoms reported by the patients, impacting 

negatively on quality of life, social relationships but also on the compliance to cancer treatment 

[McGuire et al., 1998].  

Pain is defined by the International Association for the Study of Pain as “an unpleasant sensory 

and emotional experience associated with actual or potential tissue damage, or described in terms 

of such damage” underlined the physical and emotional multidimensional aspects of pain 

experience [Loeser, and Treede, 2008]. 

The pain management is a clinical issue, especially in particular situations such as in pediatric 

patients who need of special attention since in children the pain is often not accurately recognized 

and diagnosed [World Health Organization, 2012]. Pain control often requires analgesic 

assumptions also administrated at systemic level, as acetaminophen, non-steroidal anti-

inflammatory drugs and opioids as morphine, however, the reported medications can have 

adverse effects and present a limited efficacy in some cases [Nalamachu, 2013]. Other 

compounds with analgesic action have been previously used in the clinical practice, but there is 

inadequate evidence to include them in the guidelines. The list includes lidocaine, fluconazole, 

sucralfate, topical sodium hyaluronate, tetracaine, dyclonine, MGI- 209 (with benzocaine), 

cocaine, amethocaine, capsaicin, methadone, ketamine, nortriptyline, gabapentin and topical 

coating agents to cover the ulcerations and nerve endings [reviewed by [Saunders et al., 2013]]. 

 

So, the study of novel treatments is strongly required to improve the pain conditions and 

photobiomodulation (PBM) therapy is a promising cure that several groups are employing in pain 

management with good results in decreasing pain sensation and without complications [Mallick 

et al., 2016; Oberoi et al., 2014; Spanemberg et al., 2016]. 

Nevertheless, despite the clinical use, the biological bases of PBM analgesic effect are poorly 

understood. PBM seemed to be able to slow the nerve conduction in humans but also in rat models 

exposed to noxious stimuli [reviewed by [Chow et al., 2011]]. In vitro, in rat dorsal root ganglia 

(DRG) neurons, PBM reduced the nociceptors response to various harmful stimuli, like 



 

 46 

bradykinin [Jimbo et al., 1998]. Moreover, PBM induced axonal varicosities with microtubules 

destruction and clustering of mitochondria resulting in a block of the fast axonal flow [Chow et 

al., 2007; Holanda et al., 2017]: it was proposed that PBM acted on proteins involved in 

microtubule stability producing a conformational modification [reviewed by [Liebert et al., 

2016]].  

The transient receptor potential (TRP) calcium channels are potential photoreceptors of light, 

being light sensitive ion channels. The family comprehends seven subgroups called Canonical 

(TRPC) Vanilloid (TRPV), Melastatin (TRPM), Polycystin (TRPP), Mucolipin (TRPML), 

Ankyrin (TRPA) and the NOMPC (TRPN) [reviewed by [Dai, 2016]]. Really, Ryu et al. [Ryu et 

al., 2010] showed that PBM at 2780 nm in trigeminal DRG reduced the calcium peak induced by 

capsaicin (activator of TRPV1 channel) in pre-irradiated cells. Analogously, the pre-irradiated 

neurons presented a reduction of the calcium peak after 4-alpha-phorbol 12,13-didecanoate (a 

specific TRPV4 activator) treatment. On the other hand, PBM was not able to influence TRPM7, 

TRPM8, P2X3, native voltage-gated channels, native P2Y, histamine, and muscarinic receptors. 

These results indicated that laser light could directly and specifically act on TRPV functionality 

[Ryu et al., 2010]. 

On the other end, PBM could produce cytosolic alkalinization so inducing TRPV opening and 

calcium ion influx from extracellular environment [Nilius et al., 2005]. 

 

The aim of the present study was to analyze the analgesic action of PBM in OM patients and then 

to try to describe the molecular basis of this effect. For this purpose, the potential action of PBM 

on mitochondria of murine sensory neurons isolated from dorsal root ganglia (DRG) was 

investigated. Moreover, a murine model of nociception, through the use of capsaicin as stimulus 

of pain, was developed to observe the effect of laser light on the whole organism in a behavioral 

test. 

 

 

Materials and Methods 

 

OM Patients Visual Analogue scale 

The visual analogue scale (VAS) was employed to evaluate patients’ referring painful sensation, 

at the 4 PBM sessions and at the control day [Hawker et al., 2011]. 
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Primary Dorsal Root Ganglia Sensory Neuron Culture 

Dorsal Root Ganglia (DRG) sensory neurons were isolated from mice: animal care and treatment 

were conducted in conformity with institutional guidelines in compliance with Italian national 

(Decreto Legislativo 26/2014, Italian Ministry of Health) and international (European Union 

Directive 2010/63/EU) laws and policies. 

DRG were manually dissected from CD1 mice at 6-8 weeks of age and maintained in Hank’s 

Balanced Salt Solution until processing (HBSS, H6648, Sigma Aldrich, Saint Louis, Missouri, 

U.S.A.).  

DRG sensory neurons isolation was performed accordingly with already established protocols 

with slight modifications [Malin et al., 2007]. Briefly, DRG were digested using 60 units of 

papain (000020 10108014001, Roche, Basel, Switzerland) and 0.66 mg/ml of L- Cysteine in 

HBSS at 37°C for 10 minutes, then with 12 mg of collagenase type II (LS004176, Worthington 

Biochemical Corporation, Lakewood, New Jersey, U.S.A.) and 14 mg of dispase type II (D4693, 

Sigma Aldrich) in HBSS at 37°C for 10 minutes. DRG were triturated using a pipette and seeded 

in Ham’s F12 culture medium supplemented with 10% fetal bovine serum, 100 U/ml 

Penicillin/Streptomycin, 2 mM Glutamine (Euroclone, Pero, Milan, Italy) in 96 or 24 multi-wells 

plates previously coated with 1 mg/ml of extracellular matrix (ECM) gel from Engelbreth-Holm-

Swarm mouse sarcoma (E1270, Sigma Aldrich) at cell density of 2 x 104 cells/ml. The medium 

was changed every two days and the DRG culture were used for the experiments after 72 hours 

from the seeding to permit neurons branching and at this time the glial cells did not proliferate 

[Malin et al., 2007]. 

 

Sensory neurons characterization 

The cells were seeded on 12 mm round coverslips coated with ECM gel. After 72 hours they 

were characterized using immunofluorescence staining for β-Tubulin III, a known neuronal 

marker of the peripheral nervous system [Jiang, and Oblinger, 1992]. Cells were fixed in 4% 

paraformaldehyde (PFA) in phosphate buffer saline (PBS) for 20 minutes, then after washing, 

permeabilized (glycine 0.1 M in PBS) and aspecific sites blocked (10% normal goat serum –

NGS– in PBS with 0.1% TritonX100 – PBS-T), the cells were incubated overnight with an anti 

β-Tubulin III antibody (dilution 1:100 in PBS-T plus 10% NGS, TU2020, Cell Signaling 

Technologies, Danvers, Massachusetts, U.S.A.) and subsequently for 1 hour with an anti-mouse 

Alexa Fluor 488 secondary antibody (1:500, A11029, Thermo-Fisher Scientific, Waltham, 

Massachusetts, U.S.A.) and with DyLightTM 554 Phalloidin for the staining of cytoskeleton F-

actin (1:250, 13054S, Cell Signaling Technologies, Danvers, Massachusetts, U.S.A.), finally the 

coverslips were sealed on glass slides (Superfrost, 10143560, Thermo Fisher Scientific) with a 
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mounting compound containing DAPI for the staining of nucleic acid (H-1300, Vectashield, 

Burlingame, California, U.S.A.). 

 

Laser Irradiation protocols  

Two protocols were selected 970 nm, 0.1 W/cm2, 6 J/cm2, 5 Hz and 800 nm, 0.1 W/cm2, 6 J/cm2, 

5 Hz based on the clinical experience of our colleagues from the Division of Oral Medicine and 

Pathology of “Maggiore” Hospital in Trieste. 

 

Mitochondria visualization 

Immediately after irradiation, mitochondria were stained with Mito red (5 nM, 53271, Sigma 

Aldrich) for 30 minutes at 37°C, then fixed for 20 minutes with 4% PFA and further stained for 

cytochrome C oxidase (diluted at 1:250, 7H8, sc-13560, Santa Cruz Biotechonology, Dallas, 

Texas, U.S.A.) a mitochondrial enzyme, to see the localization of this protein respect to 

mitochondria. 

 

Adenosine triphosphate determination 

Neurons were irradiated in 24 multiwells plate, then 30 minutes, or 2, 4, 24 hours after PBM they 

were lysed using 100 μl of phosphate buffer saline (PBS) with 0.5% of TritonX100 (Sigma 

Aldrich): Adenosine triphosphate (ATP) was measured using the ATP determination kit 

(A22066, Invitrogen, Thermo Fisher Scientific) in 10 μl of the lysates and the luminescence was 

read at the multimode plate reading - PerkinElmer Envision (PerkinElmer, Waltham, 

Massachusetts, U.S.A.) and expressed as ATP concentration using the standard provided by the 

kit. ATP level was normalized on protein concentration quantified testing 5 μl of the lysates with 

the Bradford protein assay (Bio-Rad, Hercules, California, U.S.A.) using Bovine Serum Albumin 

(BSA) as standard. 

 

Oxidative stress measurement 

Reactive oxygen species (ROS) production was measured using the cell-permeant 2',7'-

dichlorodihydrofluorescein diacetate (H2DCFDA) dye (D399, Invitrogen, Thermo Fisher 

Scientific) 30 minutes after PBM: cells were loaded with 10 μM of dye for 30 minutes at 37°C, 

then the fluorescence was read and normalized on protein concentration lysing the cells with 50 

μl (PBS) with 0.5% of TritonX100 and testing 5 μl of the lysates with Bradford protein assay 

(Bio-Rad). 

The mitochondrial superoxide was measured using the MitoSOX fluorescent probe (M36008, 

Invitrogen, Thermo Fisher Scientific): after irradiation cells were loaded with 5 μM of the dye 
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for 10 minutes at 37°C, then the fluorescence was read. The fluorescence was normalized on 

protein concentration lysing the cells with 50 μl (PBS) with 0.5% of TritonX100 for 5 minutes 

and testing 5 μl of the lysates with Bradford protein assay (Bio-Rad). 

 

Mitochondrial membrane potential measurement 

Mitochondrial membrane potential (MMP) was measured using the JC-1 probe (Invitrogen, 

Thermo Fisher Scientific), loading cells with probe (5 μM) for 30 minutes at 37°C, then cells 

were irradiated, and the fluorescence read immediately after irradiation. The results were 

expressed as green (525 nm) to red (590 nm) fluorescence intensity ratio; normalized on not 

irradiated cells (NT). 
 

Calcium flow analysis 

Fluo-4, AM, cell permeant dye (F10472, Invitrogen, Thermo Fisher Scientific) was used to 

observe intracellular calcium flow. The cells were loaded with the dye for 30’ at 37°C and then 

they were irradiated. Twenty μl of capsaicin (M2028, Sigma Aldrich) at 10 μM was dispensed in 

each well and at the same time the fluorescence excited at 494 nm and emitted at 516 nm was 

read at the multimode plate reading - PerkinElmer Envision (PerkinElmer): 130 time points were 

read for each well at intervals of 0.2 seconds. The baseline fluorescence was obtained as an 

average normalized fluorescence emitted during the initial first 10 time points (F0). The ratio 

between the mean initial fluorescence (F0) and the fluorescent emitted at each time point (F/F0) 

was used in the analysis [Simpson, 2006]. 

 

Murine model of nociception 

For the behavioral experiment, 60 CD1 female mice at 8 weeks of age were employed. Animal 

care and treatment were conducted in conformity with institutional guidelines in compliance with 

Italian national (Decreto Legislativo 26/2014) and international laws and policies (European 

Union Directive 2010/63/EU). Animals were housed under controlled environmental conditions 

with a 12 hours light/dark cycle.  

The animals were divided in 6 groups with 10 animals in each group: 1) vehicle injection without 

PBM, 2) PBM 970 nm, 0.1 W/cm2, 6 J/cm2, 5 Hz with vehicle injection, 3) PBM 800 nm, 0.1 

W/cm2, 6 J/cm2, 5 Hz with vehicle injection, 4) capsaicin injection without PBM, 5) PBM 970 

nm, 0.1 W/cm2, 6 J/cm2, 5 Hz with capsaicin injection, 6) PBM 800 nm, 0.1 W/cm2, 6 J/cm2, 5 

Hz with capsaicin injection. After an acclimation period of 30 minutes, the mice were submitted 

to sedation with 5% isoflurane concomitant or not with PBM, then, 20 µl of vehicle (PBS) or 

capsaicin (4 µg in PBS) were injected subplantarly and mice behavior digitally recorded for 5 
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minutes in a plexiglass box: the time spent in licking, biting and shaking the paw was recorded 

and used as a measure of nociception [Simone et al., 1989; Ryu et al., 2010; De Prá et al., 2017]. 

At the end of the experimental day the groups were randomly assorted and the next week tested 

on the other paw, after 2 weeks the procedure was repeated (first a paw and the next week the 

other): this setting was chosen since capsaicin does not produce permanent damage at the site of 

injection and also to reduce the number of animals employed [De Prá et al., 2017]. Analysis of 

the time spent licking/biting the injected paw was performed by two trained researchers blinded 

to the experimental group and the median of the recorded time was used for statistical analysis.  

 

Statistical Analysis 

Friedman’s test with the Dunn’s test for multiple comparison were used to compare the changes 

over time in VAS score. 

Kruskal Wallis test with Dunn’s test for multiple comparison was used to evaluate the effect of 

PBM on irradiated compared to not irradiated cells. 

All statistical assessments were two-sided, and a p-value < 0.05 was used for the rejection of the 

null hypothesis. 

 

 

Results and Discussion 

 

PBM treatment improved patients’ clinical condition, reducing the VAS score over time 

(Friedman’s test p-value = 0.0003 for VAS, Dunn’s test for multiple comparison, p-value = 0.01 

for T0 versus T3 and p-value = 0.01 for T0 versus CTRL, figure 19). 

This result was in agreement with previous literature [Ottaviani et al., 2013] regarding a reduction 

of patients’ referred pain with PBM. 

 

 

 

 
 

Figure 19. VAS in the oral mucositis patients treated with 

photobiomodulation therapy (n=10). 

F p-value reports the p-value for Friedman test, the other p-

values report the results from Dunn's multiple comparison test. 
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To explore and to try to understand the molecular basis of this effect, the in vitro model of sensory 

neurons was exploited. 

To confirm the isolation of the DRG sensory neurons immunocytochemistry using β-tubulin III 

as neuronal marker was performed [Katsetos et al., 2003]. 

Figure 20 displays a typical preparation 72 h after isolation. 

 

 

In order to see if PBM could damage the cells, a double staining for mitochondria and cytochrome 

C oxidase was performed after irradiation with the two protocols: if the two do not co-localize 

that indicates a release of the enzyme from the mitochondria and a situation of cellular damage 

with initiation of the apoptotic pathway [Gogvadze et al., 2006]. In our experiments mitochondria 

and cytochrome C oxidase displayed a similar pattern between irradiated and not irradiated cells: 

the two co-localized together, indicating that the cytochrome C was not released from 

mitochondria, sign of a healthy condition (figure 21 A, B and C); so, it is possible to affirm that 

the treatments were not toxic for the cells. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 20. Immunocytochemical characterization of DRG neurons 72 h after isolation. 

β-Tubulin III (green) Phalloidin (red) Dapi (blue) and merge of the channels. Scale bar 20 μm. 
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Both laser protocols were able to reduce ATP levels after 15 minutes from irradiation respect to 

not treated cells (Kruskal Wallis test p-value=0.001; Dunn’s test for multiple comparison p-

value=0.01 for 970 nm 0.1 W/cm2, 6 J/cm2, 5 Hz and p-value=0.001 for 800 nm, 0.1 W/cm2, 6 

J/cm2, 5 Hz; figure 22), but not 2, 4 and 24 hours from irradiation (data not shown). A reduced 

availability of ATP should lead to failure in generation of action potentials, since the Na+-K+-

ATPase, responsible of action potential generation, requires ATP for its functionality [Albers, 

and Siegel, 1999]. So, its inhibition could lead to the block of pain signaling transmission to brain 

through sensory neurons, confirming the analgesic effect of PBM. These results were in 

agreement with the study of Holanda et al., that observed a decrement in mitochondrial 

metabolism after 808 nm laser treatment using the MTS assay [Holanda et al., 2017] and with the 

work of Wang et al. that showed a decrement of extracellular ATP in DRG culture with a 645 nm 

irradiation, hypothesizing a suppressive effect of PBM on ecto-ATPase (that was confirmed only 

partially by the researchers using an ecto-ATPase inhibitor) [Wang et al., 2015]. 

 

 

 

Figure 21.Morphological analysis of mitochondria in irradiated and not irradiated DRG neurons. 

DAPI (blue), Mitored (red), (green). 
A DRG neurons not irradiated. Red and green signal mainly colocalized, indicating healthy cells. 
B DRG neurons treated with λ 800 nm, 0.1 W/cm2, 6 J/cm2, 5 Hz. 
C DRG neurons treated with λ 970 nm, 0.1 W/cm2, 6 J/cm2, 5 Hz.  

Scale bar 20 µm 
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An increase of ROS production was also observed with both protocols respect to not treated cells 

(Kruskal Wallis test p-value=0.0005; Dunn’s test for multiple comparison p-value=0.003 for 970 

nm 0.1 W/cm2, 6 J/cm2, 5 Hz and p-value=0.001 for 800 nm, 0.1 W/cm2, 6 J/cm2, 5 Hz; figure 

23 A), interestingly, a selective increment in mitochondrial specific anion superoxide specie was 

found only with the 800 nm λ (Kruskal Wallis test p-value=0.001; Dunn’s test for multiple 

comparison p-value=0.04 for 800 nm, 0.1 W/cm2, 6 J/cm2, 5 Hz; figure 23 B). Mitosox is a 

selective indicator of only superoxide that has a mitochondrial origin [Batandier et al., 2002] and 

it is not influenced by other ROS or reactive nitrogen species. This result could be expected since 

the principal target of the NIR wavelength is CuA redox center of the cytochrome C oxidase that 

has its maximum absorption at 835 nm [Mason et al., 2014]. This leads to intracellular redox state 

changes that accounted for our results about wavelength at 800 nm [Mason et al., 2014]. ROS 

production could cause axonal varicosities with the formation of mitochondria cluster. The 

varicosities were β-tubulin positive, a sign of microtubule disruption, leading to the block of ATP 

transport along the neurites [reviewed by [Liebert et al., 2016]]. The final effect was the block of 

fast axonal flow (FAF): this effect impacted on nerve conduction, since it was specific for small 

diameter fibers, Aγ and C , both significant for pain alleviation [reviewed by [Chow et al., 2011]]. 

FAF block in turn could affect the anterograde transport of ATP-rich mitochondria leading to 

ATPase impairment [reviewed by [Chow et al., 2011]]. Moreover, the varicosities formation with 

the consequent negative impact on axonal flow, mitochondrial metabolism, nerve conduction and 

Figure 22. ATP levels normalized on total protein content in 

irradiated (λ 970 nm, 0.1 W/cm2, 6 J/cm2, 5 Hz, and λ 800 nm 

0.1 W/cm2, 6 J/cm2, 5 Hz) and not irradiated DRG neurons 

(NT). 

The data are reported as mean ± standard deviation. 

KS p-value reports the results from Kruskal-Wallis test, the 
other p-values report the results from Dunn's multiple 
comparison test. 
The experiments were performed in 16 replicates in two 

independent days. 
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signal transduction has been proposed as physiologically adaptive neuro-protective mechanisms 

[reviewed by [Liebert et al., 2016]].  

 

 
Increased ROS could influence the mitochondrial membrane potential (MMP) or could be the 

cause of MMP imbalance. MMP was measured with JC-1, a membrane-permeant cationic probe 

exhibiting accumulation in the mitochondria which is potential-dependent. It is able to shift its 

fluorescent emission from green (monomers in the cytosol) to red range (aggregates inside 

mitochondria). The red/green fluorescence intensity ratio can be used as a measurement of MMP 

since this ratio is dependent on MMP and not on other factors: a decrement indicates a 

mitochondrial depolarization, meanwhile an increment a hyperpolarization. In our experiments 

the red/green ratio was normalized on not treated cells: the protocol λ 800 nm 0.1 W/cm2, 6 J/cm2, 

Figure 23. ROS and superoxide levels in irradiated (λ 970 nm, 0.1 W/cm2, 6 J/cm2, 5 Hz; and λ 800 nm 0.1 

W/cm2, 6 J/cm2, 5 Hz) and not irradiated DRG neurons (NT). 

A H2DCFDA fluorescent intensity levels normalized to total protein content. 
B MitoSox fluorescent intensity levels normalized to total protein content and to NT. 
The data are reported as mean ± standard deviation. The experiments were performed in 16 replicates, in two 
independent days. 

KS p-value reports the results from Kruskal-Wallis test, the other p-values report the results from Dunn's multiple 
comparison test. 
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5 Hz produced a significant slight hyperpolarization (Kruskal-Wallis test, p-value = 0.05; Dunn's 

multiple comparison test p-value = 0.04 for λ 800 nm 0.1 W/cm2, 6 J/cm2, 5 Hz; figure 24). 

These findings well correlated with MitoSox results, possibly indicating that λ 800 nm 0.1 

W/cm2, 6 J/cm2, 5 Hz drove a dysregulation in mitochondrial activity.  

Our results were not in agreement with the study of Chow et al. [Chow et al., 2007], that found a 

depolarization of neurons, however, the irradiation protocols were different from our study 

specially in the power density utilized, higher in the Chow et al. [Chow et al., 2007] study respect 

to ours and in the modality, continuous wave respect to 5 Hz: these different settings could 

account for the deviations encountered. 

 
 
 

 

 

 

 

 

The analysis of nitric oxide (NO) content showed that NO was reduced by both PBM protocols 

respect to not treated cells (Kruskal-Wallis test, p-value = 0.0002; Dunn’s multiple comparison 

test p-value = 0.0003 for λ 970 nm 0.1 W/cm2, 6 J/cm2, 5 Hz and p-value = 0.002 for λ 800 nm 

0.1 W/cm2, 6 J/cm2, 5 Hz, figure 25). NO was detected with the DA-FM probe that is non-

fluorescent until it diffuses inside the cells, it is deacetylated and reacts with NO forming a 

fluorescent benzotraizole. Different studies revealed that PBM could activate the release of NO 

from cytochrome C oxidase increasing the respiratory rate and the level of NO [reviewed by 

[Hamblin, 2008]]. On the other hand, when NO was pathologically increased, such as 

inflammatory condition, PBM reduced it. No previous studies reported the effect of NO on DRG 

sensory neurons, however, NO is also an agonist of TRPV1, possibly mediating nociception; it 

Figure 24. Mitochondrial Membrane Potential (MMP) in 

irradiated (λ 970 nm, 0.1 W/cm2, 6 J/cm2, 5 Hz; and λ 800 nm 

0.1 W/cm2, 6 J/cm2, 5 Hz) and not irradiated DRG neurons (NT). 

Ratio between Red/Green fluorescence emission of JC1 probe 
(measuring MMP) are normalized toward NT condition.  

The bars indicate mean ± standard deviation. The experiments 
were performed in 16 replicates, in two independent days. 
KS p-value reports the results from Kruskal-Wallis test, the other 
p-value reports the result from Dunn's multiple comparison test. 
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could be considered as a neurotransmitter, improving the sensory perception [reviewed by [Dai, 

2016]]. In this view, a decrement of NO after PBM could be useful to decrease the nociceptive 

pathways. 

 

 

 

 

Since PBM was reported as able to influence the intracellular calcium flow [Yan et al., 2017], 

and considering that calcium is a neurotransmitter also in nociception pathways [reviewed by 

[Prado, 2001]], calcium flow was measured in DRG neurons after PBM and stimulus (capsaicin). 

The fluctuation in concentration of this ion following capsaicin stimulation was registered using 

a dye (fluo-4) that increments fluorescent emission upon calcium binding. Capsaicin is a 

endogenous agonist of TRPV1, a non-selective cation channel that normally converts heat and 

pain sensation into electric stimuli that are then transmitted to the spinal cord, thalamus, and the 

cerebral cortex [reviewed by [Dai, 2016]]. TRPV1 is widely expressed in the peripheral nervous 

system, specifically in the nociceptive neurons and in small C- and Aδ fibers [reviewed by [Jara-

Oseguera et al., 2008]]. Mean peak intensity diminished significantly for the cells treated with λ 

970 nm 0.1 W/cm2, 6 J/cm2, 5 Hz (Kruskal-Wallis test, p-value = 0.003; Dunn’s multiple 

comparison test p-value = 0.01 for λ 970 nm 0.1 W/cm2, 6 J/cm2, 5 Hz, figure 26 A). In figure 26 

B are showed representative traces of fluo-4 emission with or without PBM. 

Our results suggested a decreased signaling towards an external nociceptive stimulus. 

 

Figure 25. Nitric Oxide (NO) production in irradiated (λ 970 

nm, 0.1 W/cm2, 6 J/cm2, 5 Hz; λ 800 nm 0.1 W/cm2, 6 J/cm2, 5 

Hz) and not irradiated DRG neurons (NT). 

The data are reported as mean ± standard deviation. The 

experiments were performed in 16 replicates, in two 
independent days. 
KS p-value reports the result from Kruskal-Wallis test, the other 
p-values report the results from Dunn's multiple comparison 
test. 
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In primary neurons from spinal cord PBM at 632 nm caused the calcium released from inositol 

triphosphate receptor (IP3R)-sensitive calcium stores but did not act on calcium influx through 

cell membrane [Yan et al., 2017]. In murine primary cortical neurons PBM at 810 nm induced an 

increment of calcium levels with fluency 0-10 J/cm2 but a decline was noted when PBM was 

increased to 30 J/cm2 [Sharma et al., 2011], nevertheless, when excitotoxins were added PBM 

reduced calcium concentration [Huang et al., 2014]. Intriguingly, in our model 800 nm 

wavelength did not influence intracellular calcium response to capsaicin, thus suggesting 

different mechanism of action in different type of cells. 

In another non neural cellular model, the adipose-derived stem cells, 980 nm wavelength could 

elicit a thermal response, with TRPV1 activation [Wang et al., 2017a]. Although irradiation 

setting was slightly different in the two works (3 J/cm2 versus 6 J/cm2 and continuous wave versus 

pulsed wave in Wang et al. and in this research respectively) a small, localized temperature 

increase could be not excluded, indicating a possible TRPV1 desensitization: increased 

temperature of intracellular water could open TRPV1 bringing it to be less susceptible toward 

another stimulus, like capsaicin. 
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Figure 26. Calcium flow analysis of irradiated (λ 970 nm, 0.1 W/cm2, 6 J/cm2, 5 Hz; and λ 800 nm 0.1 W/cm2, 

6 J/cm2, 5 Hz) and not irradiated DRG neurons (NT). 

A Mean peak normalized fluorescent after capsaicin-induction. 

The bars indicate mean ± standard deviation. The experiments were performed in 5 replicates, in two independent 
days. 
KS p-value reports the result from Kruskal-Wallis test, the other p-values report the results from Dunn's multiple 
comparison test. 
B Typical traces of normalized fluoresce emission (F/F0 = mean initial fluorescence / fluorescent emitted at each 

time point) of NT and irradiated neurons. Each trace represents emission from a single well of a 96 well plate, 
being thus the mean fluorescent emission of approximately 10000 cells. 



 

 59 

Finally, a clear analgesic effect was detected also in the animal model of nociception: the 

administration of capsaicin induced an evident pain-related response characterized by licking, 

biting, and shaking of the paw tested, that was significantly reduced by the PBM pre-treatment 

with the protocol λ 970 nm 0.1 W/cm2, 6 J/cm2, 5 Hz (figure 27 A), but not with the λ 800 nm 

0.1 W/cm2, 6 J/cm2, 5 Hz one (figure 27 B) that although reduced the pain-related behavior, it 

was not able to achieve the statistical significance. This outcome reflected previous research that 

underlined the analgesic effect of PBM in vivo in different models, such as inflammation related 

pain [Hagiwara et al., 2007], neuropathic pain [Hsieh et al., 2012] and post-operative pain 

[Cidral-Filho et al., 2014]. However, no previous study evinced the effect of PBM on capsaicin 

treatment as in ours: this test was selected because capsaicin provokes an acute, intense but 

transient painful sensation without causing permanent damage [De Prá et al., 2017]; it is also a 

substance worldwide accepted as an inductor of thermal and mechanical hyperalgesia [Gregory 

et al., 2013]. 

 

 

 

Figure 27. Results from the in vivo model of nociception 

Mice were subplantarly injected with capsaicin or vehicle (PBS). Half of the animals were subsequently irradiated 
with PBM protocols λ 800 nm 0.1 W/cm2, 6 J/cm2, 5 Hz (panel A) or λ 970 nm, 0.1 W/cm2, 6 J/cm2, 5 Hz (panel B). 

The time spent in licking and/or biting the paw treated was recorded as seconds. The experiments were performed 
with 10 animals in each subgroup, and the test were performed twice on each animal (alternating the two paws in 
different days). 
KS p-value report the result from Kruskal-Wallis test, the other p-value reports the result from Dunn's multiple 
comparison test. 
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Also, in this in vivo model, a differential effect of 800 nm and 970 nm wavelength was observed, 

suggesting a different PBM mechanism of action: λ 800 nm seemed to act on mitochondria, with 

less influence on calcium flux; λ 970 nm instead, reduced TRPV1 activity possibly impacting on 

pain-response signaling. 

 

Our data suggested a significant repercussion of PBM on DRG sensory neurons, with a 

wavelength dependent response, possibly acting on different cellular target in fact, λ 970 nm 

appeared to possess stronger analgesic activity respect to λ 800 nm, data corroborated by the 

findings observed in the murine behavioral model. 
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Antimicrobial action of Blue Laser Light 

 

Pseudomonas Aeruginosa is a Gram negative bacteria, ubiquitous in soil and aqueous 

environments and it is, among the pseudomonas genera, the most frequent found in human 

infections [Streeter et al., 2016]. It shows a very high adaptability at growing in different moist 

conditions and in setting both natural and artificial, requiring simple nutritional needs. It presents 

several virulence factor, such as adhesins (i.e. pili, flagella), lipopolysaccharide, type III secretion 

system through which P. Aeruginosa injects ExoS, ExoU, ExoT, ExoY in phagocytic cells, 

secreted toxins i.e. ExoA, leucocidin, elastase, phospholipases, rhamnolipids, pyocyanin, 

hydrocyanic acid [Ramphal, 2012] and the capacity of forming biofilm [McDougald et al., 2008]. 

It is an opportunistic pathogen and infects only humans with impairment of immune system, 

mucosal damages or antibiotic suppression of normal microbiome; thus, the most common 

infections are nosocomial urinary tract infections, skin infections in burn patients, airways 

infection in fibrosis cystic subjects [Ramphal, 2012]; moreover, in oral mucositis (OM) oncologic 

patients P. Aeruginosa was correlated with oral infections [reviewed by [Wong, 2014]] and with 

bacteremia [reviewed by [Donnelly et al., 2003]]. 

Furthermore, in the recent years P. Aeruginosa developed resistance to different types of 

antibiotics, leading to the worldwide issue of bacterial eradication [reviewed by [El Zowalaty et 

al., 2015]]. So, there is a global necessity of discover novel strategies to fight P. Aeruginosa 

infections. 

 

Photobiomodulation Therapy (PBM) employing the blue spectrum of light (400-500 nm) is a 

promising treatment that has demonstrated its antibacterial action against a wide spectrum of 

bacteria as for example Staphylococcus aureus, Streptococcus pneumoniae, Escherichia coli, and 
P. aeruginosa [reviewed by [Wang et al., 2017b]]. There are also some recent studies that attested 

the efficacy of blue light also on in vivo models of infection and on patients [reviewed by [Wang 

et al., 2017b]]. The main bacterial endogenous chromophores that absorb the blue laser light are 

probable the porphyrins, in fact, bacteria presenting higher levels of these photosensitizers are 

more susceptible to laser light [reviewed by [Wang et al., 2017b]]. Probably the excitation of 

porphyrins increases reactive oxygen species (ROS) to a high lethal level that bacteria cannot 

counteract leading to cell death [reviewed by [Lubart et al., 2011]]. 

 

In the present study the anti-bacterial effect of blue laser light was investigated in P. Aeruginosa 
culture in vitro (both in solid agar surface, in planktonic conditions and visualizing the culture on 

microscopy) and in a murine in vivo model of infected abrasion. Moreover, with the aim of 
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disclosing the mechanism at the basis of antimicrobial properties, the oxidative stress was also 

evaluated. Finally, P. Aeruginosa mutants for enzymes of the porphyrin biosynthetic pathway 

(involved probably in the adsorption of blue light) were tested. 

 

 

Materials and Methods 

 

Pseudomonas Aeruginosa  

Pseudomonas Aeruginosa (ATCC 27853) were cultured in Luria-Bertani (LB) broth at 37°C 

overnight in agitation overnight prior to experiments; moreover, the bacteria were also seeded on 

LB agar to check the morphology of colonies and the presence of eventual contamination. The 

day of experiments P. Aeruginosa culture were diluted in LB broth at a concentration of 108 CFU 

(colony forming unit) / ml (Optical Density O.D. = 0.1) and then prepared for the different 

experiments. 

 

Growth on LB agar 

P. Aeruginosa was inoculated on 45 mm petri dishes using a sterile cotton swab; afterwards, the 

plates were irradiated in specific areas, marked on the plastic. The following protocols were tested 

in blue, red and near infrared wavelengths (445 nm, 660 nm, and 970 nm): 0.2 W/cm2 40 J/cm2, 

0.3 W/cm2 40 J/cm2, 0.4 W/cm2 40 J/cm2, 0.5 W/cm2 40 J/cm2, 1 W/cm2 40 J/cm2; all in CW. 

Subsequently the plates were incubated at 37°C and checked after 24 hours.  

 

Growth on LB broth 

P. Aeruginosa was inoculated in 96 multi-wells plates with a final concentration of 105 CFU for 

well in LB broth (100 μl). Instantly after seeding bacteria were irradiated with the following 

protocols: 445 nm, 660 nm, and 970 nm) with the power densities 0.2 W/cm2, 0.5 W/cm2, 0.7 

W/cm2, 1 W/cm2, 1,5 W/cm2, 2 W/cm2 and energy fluency 60 J/cm2, 60 J/cm2 plus 60 J/cm2 in 

two applications, 120 J/cm2. The optical density at 600 nm of the multi-wells plate was measured 

at the multimode plate reading - PerkinElmer Envision (PerkinElmer, Waltham, Massachusetts, 

U.S.A.) immediately after irradiation and after 6, 12, 18 and 24 hours. 

 

Bacteria Visualization 

To investigate the effect of blue laser on bacteria, the irradiated cultures were observed on a high 

resolution Scanning Electron Microscope (SEM, Quanta250 SEM; FEI, Hillsboro, Oregon, 

U.S.A.). The specimens were prepared seeding P. Aeruginosa (100 μl of 105 CFU) bacterial 
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suspension on sterile a 13 mm diameter cover glasses on the bottom of plastic wells in LB growth 

medium. After 1 hour, the plates were irradiated with the laser at 445 nm or 970 nm (1 W/cm2, 

75 J/cm2 or 150 J/cm2). Subsequently the glasses were washed, fixed in paraformaldehyde 4% in 

Phosphate Buffered Saline for 1 hour, dehydrated with graded ethanol series (30, 50, 70, 95 

(twice), 100 (twice) % V/V ethanol/water; 30’ in each solution) and 1,1,1,3,3,3-

hexamethyldisilazane (HMDS; Acros Organics, Springfield, NJ, U.S.A.) for 90 minutes. The 

coverslips were then mounted on metallic stubs, sputter-coated with gold and SEM images were 

obtained using different magnifications (300x, 2400x, 20.000x). The working distance and the 

accelerating voltage were adjusted to obtain the suitable magnification. The 300x magnification 

images taken from quadruplicates were analyzed using the ImageJ software to calculate the 

density of the remaining bacteria: every image was binarized and the quantity of white pixels, 

corresponding to the surface covered by bacteria, was obtained. 

 

Blue LED light irradiation 

To test if also another type of light, the blue LED, could have the same antimicrobial activities, 

a LED device providing 380-490 nm light (VALO LED curing light, Ultradent Products, Inc., 

South Jordan, Utah, U.S.A.) was tested on P. aeruginosa. 

One hundred μl of P. aeruginosa (105 CFU) were inoculated in 96-well plates and irradiated (0.3 

W/cm2 combined with 60 J/cm2 120 J/cm2, CW). The OD600 of the wells was measured using a 

spectrophotometer at several time points: immediately after irradiation, and after 6, 12, 18 and 

24 hours.  

 

Pseudomonas aeruginosa knock-out for porphyrins 

Three P. aeruginosa knock out mutants were purchased from a PAO1 transposon mutant library 

[Kesting et al., 2009; Held et al., 2012] (Manoil Lab, UW Genome Sciences, University of 

Washington, Seattle, Washington, U.S.A.). The P. aeruginosa are knock out for the enzymes that 

convert glutanate-1-semialdehyde in 2-amino-levulinate in the porphyrin biosynthesis pathway 

[Hungerer et al., 1995] (figure 28, based on KEGG pathway at URL 

https://www.genome.jp/kegg-bin/show_pathway?pae00860). There are three different enzymes 

that could alternatively operate in this point of the pathway, PA3977 (PW7732, glutamate-1-

semialdehyde 2,1-amino aminotransferase, gene hemL), PA4088 (PW7917, aminotransferase), 

PA5523 (PW10358, aminotransferase). Thus, these mutants should produce less 

uroporphyrinogen and protoporphyrin IX (figure 28), resulting less susceptible to laser light. One 

hundred μl of P. aeruginosa (105 CFU) were inoculated in 96-well plates and irradiated (power 
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0.3 W irradiance 0.18W/cm2 fluence 60 J/cm2, CW). After 24 hours, bacterial viability was 

checked spectrophotometrically. 

 

 

 

Total Oxidant Status 

Since it has been postulated that the oxidative stress generation after PBM is the mechanism 

through which laser light exploits its action [reviewed by [Lubart et al., 2011]], total oxidant 

status, as a marker of oxidative stress, of bacteria was measured.  

One hundred μL of bacterial suspension (105 CFU) were inoculated to a 96-well sterile plate and 

irradiated using the blue laser protocol 0.3 W/cm2, 60 J/cm2, CW. One hour after irradiation, the 

Total Oxidant Status (TOS) assay was performed [Erel, 2005]. Thirty-five μL of bacterial 

suspension were added to Reagent 1 (Reagent 1: xylenol orange 150 μM, NaCl 140 mM and 

glycerol 1.35 M in 25 mM H2SO4 solution, pH 1.75). The absorbance of the mixture was then 

read spectrophotometrically at OD560. Subsequently, 11 μL of Reagent 2 (ferrous ion 5 mM and 

Figure 28. Porphyrin pathway in Pseudomonas aeruginosa. 

In green the hemL gene that was knocked out in our bacteria is highlighted 
In blue the two molecules involved in blue light photo-reception are highlighted 
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o-dianisidine 10 mM in 25 mM H2SO4 solution) was added. After 5 minutes the solutions were 

gently mixed and a second end-point absorbance measurement at OD560 was performed. 

 

Antioxidant compound addition 

The antimicrobial activities of PBM was also evaluated after the addition of an antioxidant 

molecule to investigate if the presence of ascorbic acid could preserve the bacteria from the 

damaging. 

One hundred μL with 105 CFU of bacterial suspension were inoculate in each well of a 96 wells 

plate and the bacteria were divided into four groups: 

1) Not treated bacteria  

2) Not treated bacteria with the addition of ascorbic acid (40 μM) 

3) PBM (0.3 W/cm2, 120 J/cm2, CW) treated bacteria 

4) PBM (0.3 W/cm2, 120 J/cm2, CW) treated bacteria with the addition of ascorbic acid (40 μM) 

The optical density of the wells was measured at OD600 immediately after irradiation and after 24 

hours. The experiment was performed in triplicate. 

 

Blue Photobiomodulation Cytotoxicity 

Human oral mucosa epithelial cells (TR146) were employed. TR146 was maintained in Ham’s 

F12 culture medium with 10% fetal bovine serum, 100 U/ml Penicillin/Streptomycin, 2 mM 

Glutamine (Euroclone, Pero, Milan, Italy). Cells were seeded one day prior to experiment (50.000 

cells/well in 24 multi-wells plate). 

To test cell viability after 24 hours from blue laser (445 nm) irradiation, ATP production was 

assessed using the ATPlite luciferase assay (PerkinElmer, Waltham, Massachusetts, U.S.A.) 

accordingly with manufacturer’s instruction. 

 

In vivo Murine Skin Abrasion Infection Model 

P. Aeruginosa in vivo infection was examined developing a murine model of abrasion. P. 
Aeruginosa overnight culture was washed in PBS and diluted at 108 CFU/ml. Briefly, 15 

C57BL/6 mice at 8 weeks of age were anesthetized peritoneally with xylazine/ketamine, shaved 

at the dorsal surface and the abrasions (about 13 mm x 13 mm) were performed with a sterile 

scalpel on the back of the animals. Immediately after the mice were infected topically with 20 µl 

of the bacterial suspension and randomly assigned at the treated (n=8) or not treated (n=7) group. 

After 30 minutes from infection, the animals of the laser group were treated with 0.3 W/cm2, 60 

J/cm2, CW, on the infected abrasion (figure 29). 
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The mice were housed under controlled environmental conditions with food and water ad libitum 

for 24 hours, after which they were sacrificed for cervical dislocation and a skin biopsy (10 mm 

x 10 mm) was taken from each animal. Half tissue was placed in 2 ml of 10% buffered formalin 

to perform hematoxylin/eosin staining and histopathological examination. Half tissue was placed 

in in 2 ml of LB broth and vortexed for 1 minute: 10 µl were seeded on LB agar petri dishes for 

CFU counting and the rest maintained in broth for 24 hours and then the OD600 was read at the 

multimode plate reading - PerkinElmer Envision. 

Animal care and treatment were conducted in conformity with institutional guidelines in 

compliance with Italian national (Decreto Legislativo 26/2014) and international laws and 

policies (European Union Directive 2010/63/EU). Animals were housed under controlled 

environmental conditions with a 12 hours light/dark cycle.  

 

 

Statistical Analysis 

Kruskal Wallis test with Dunn’s test for multiple comparison (for more than 2 groups) and Mann-

Whitney test (for 2 groups) were used to evaluate the effect of PBM on irradiated compared to 

not irradiated bacteria or cells. 

All statistical assessments were two-sided, and a p-value < 0.05 was used for the rejection of the 

null hypothesis. 

 

 

 

Figure 29. The experimental procedure performed in the in vivo model of infection. 

A Skin abrasion infected applying 106 CFU of bacteria. 

B Blue Photobiomodulation treatment. 
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Results and Discussion 

 

The growing incidence of bacteria resistance to common antibiotics is still a problem for health 

care. It is also linked to higher cost for public service, for more expensive and toxic drugs that 

impact on patients increasing the days of recovery and possibly causing adverse effect. Thus, the 

research of novel antimicrobial therapy is urgently needed [reviewed by [Jasovský et al., 2016]]. 

To this end, the use of the antimicrobial properties of blue light emerges as a possible treatment, 

alone or in combination with photosensitizers or antibiotics, and it is worthy of consideration.  

In our research we were able to show the strong laser blue activity against a gram negative 

bacteria, P. aeruginosa that in recent years developed resistance to various antibiotics [reviewed 

by [El Zowalaty et al., 2015]]. 

Only blue laser protocols at 445 nm exerted antimicrobial 

activity on agar plates causing a complete inhibition of 

bacterial growth on the area of irradiation, surrounded by 

a homogeneous layer of grown bacteria. Instead, the 

wavelengths at 660 and 970 nm did not exert any 

inhibition (figure 30).  

To observe if the effect could be in somehow related to a 

degrading effect on the medium, the agar plates were 

irradiated before the seeding, but a uniform growth of 

bacteria was detected.  

 

 

 

The possible increment of temperature that could be related to bacterial damaging, was checked 

with the infrared camera: the maximum thermal increase registered was 33.7°C (figure 31). 

 
 
 
 
  

Figure 30. Representation of Blue Photobiomodulation effect on Pseudomonas aeruginosa on agar plate. 

The experiments were performed in 3 replicates in 2 independent days. 

Figure 31. Thermal monitoring during irradiation 
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The protocols effective in eradicating planktonic bacteria were those involving blue laser light 

with λ at 445 nm. Specifically, all the protocols that employs 60 J/cm2 were efficacious in 

reducing the bacterial growth over time. The use of 0.2 W/cm2, 0.5 W/cm2 and 0.7 W/cm2 exerted 

stronger antimicrobial effect respect to 1 W/cm2, 1.5 W/cm2 and 2 W/cm2. The 0.2 W/cm2 

protocol was the less effective, since at 24 hours the bacteria completely recovered (figure 32 A). 

The use of laser setting with 120 J/cm2 in one dose or in two equal close doses were the most 

efficacious: all the test protocols exploited a complete inhibition of bacterial survival at 24 hours 

(figure 32 B and C). The use of alternative wavelength 660 and 970 nm did not show any 

antimicrobial effect (data not shown). 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

  

Figure 32. Pseudomonas aeruginosa growth in 

broth, after 0, 6, 12, 18, 24 hours from 

irradiation. 

A Protocols with 0.2 W/cm2, 0.5 W/cm2, 0.7 

W/cm2, 1 W/cm2, 1.5 W/cm2, 2 W/cm2 and 60 
J/cm2 

B Protocols with 0.2 W/cm2, 0.5 W/cm2, 0.7 
W/cm2, 1 W/cm2, 1.5 W/cm2, 2 W/cm2 and two 

doses of 60 J/cm2 

C Protocols with 0.2 W/cm2, 0.5 W/cm2, 0.7 
W/cm2, 1 W/cm2, 1.5 W/cm2, 2 W/cm2 and 120 
J/cm2. 
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Bacterial visualization at the SEM showed a marked reduction in density after irradiation (Mann-

Whitney test, p-value=0.03, figure 33 B), whereas the NIR wavelength did not present any effect. 

AT higher magnification (20000X), a higher frequency of damaged bacteria was seen: multiple 

blebs on the outer membrane and perturbed membrane morphology were visible (Figure 33 A). 

   

A 

B 

Figure 33. Bacteria visualization at SEM. 

A Bacterial visualization at SEM, in not treated and 
irradiated P. aeruginosa. Magnification 300X at the top 

and 20000X at the bottom. 
B Bacterial density in not irradiated and irradiated 
bacteria.  
The results are shown as mean ± standard deviation 
normalized on not treated bacteria. The experiments 

were performed in 2 replicates in 2 independent days. 
P reports the p-value result from Mann-Whitney test. 
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To test if the antimicrobial properties were due to the wavelength used and if another source of 

blue light could exert the same effect, thus confirming the photochemical effect, a planktonic 

growth curve assay was repeated using a blue LED light device. All the three blue LED light 

protocols (0.2 W/cm2, 0.3 W/cm2 and 0.5 W/cm2) with 60 J/cm2 inhibited bacterial growth with 

an initial rescue at 24 hours (Figure 34 A); similarly blue LED light protocols (0.2 W/cm2, 0.3 

W/cm2 and 0.5 W/cm2) with 120 J/cm2 prevented bacterial survival, even if a slight increase in 

bacterial density with the protocols with 0.2 W/cm2 was observed (Figure 34 B).  

 
 
 

 

 

 

 

 

 

 

 

 

These results were comparable to those obtained with the diode laser device, although the diode 

laser was more effective in inhibiting completely the bacterial growth over time. 

Prior to our results other works analyzed the effect of blue light on P. aeruginosa, although the 

most of research studies were conducted with LED instrument and not with diode laser machine. 

Our results partially disagreed the study by Amin et al. [Amin et al., 2016] that observed only a 

partial inhibition of bacterial growth after 40 minutes of LED treatment with 48 J/cm2 and 0.02 

W/cm2. Similarly, de Sousa et al. [de Sousa et al., 2015], using lower fluence (6 J/cm2, 12 J/cm2, 

18 J/cm2, and 24 J/cm2) respect to our experiments, reported a partial block of P. aeruginosa 

Figure 34. Pseudomonas aeruginosa growth 

after treatment with LED device 

A P. aeruginosa growth after blue LED treatment 
with 0.2 W/cm2, 0.3 W/cm2, 0.5 W/cm2 and with 

60 J/cm2 
B P. aeruginosa growth after blue LED treatment 
with 0.2 W/cm2, 0.3 W/cm2, 0.5 W/cm2 and with 
120 J/cm2 
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growth. Instead, Fila et al. [Fila et al., 2017] showed a bacterial density under the limit of 

detection with 50 J/cm2 and 0.009 W/cm2. 

The mean difference between diode laser and LED is the type of light that they emit: 

monochromatic wavelength for diode laser and polychromatic for LED. Moreover, diode laser 

possesses coherence and unidirectionality that LED lacks [Moskvin, 2017]. 

 

It has been hypothesized that intracellular bacterial photoreceptors for blue light should be 

endogenous porphyrins, in fact, for example Propionibacterium acnes, producing high level of 

these molecules, can be easily affected by visible light [Ashkenazi et al., 2003]. When 

endogenous porphyrins are excited by blue light and converted to their triplet state, they may 

generate free radicals from hydrogen or electron transfer (Type I), and/or they can produce singlet 

oxygen (Type II) [Foote, 1991]. The free radicals generation could react with cellular components 

damaging them and it could lead to cell death [Foote, 1991]. Specifically in P. aeruginosa, 
coproporphyrin III and uroporphyrin III should be the two main molecules produced that are 

excited by blue wavelength (about 405 nm) [Dai et al., 2013; Amin et al., 2016]. 

Thus, in our study, three different mutants for the enzymes that convert glutanate-1-semialdehyde 

in 2-amino-levulinate in the porphyrin biosynthesis pathway [Hungerer et al., 1995] (KEGG 

pathway at URL https://www.genome.jp/kegg-bin/show_pathway?pae00860) were employed: 

PA3977 (glutamate-1-semialdehyde 2,1-amino aminotransferase, gene hemL), PA4088 

(aminotransferase), PA5523 (aminotransferase).  

Thus, these mutants should produce less uroporphyrinogen (and so coproporphyrin III and 

uroporphyrin III), and protoporphyrin IX, being less susceptible to blue laser light, indeed, all the 

three mutants were more viable after PBM treatment respect to the wild-type (WT) P. aeruginosa 
(Kruskal-Wallis test p-value = 0.0000001, Dunn’s multiple comparison test p-value = 0.01 for 

WT vs. PW5523; Mann-Whitney test WT vs. PA3977 p-value = 0.0002, WT vs. PA4088 p-value 

= 0.001, WT vs. PA5523 p-value= 0.001, figure 35), confirming the involvement of endogenous 

porphyrins in the blue light antimicrobial activity. 
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Endogenous porphyrin are essential to elicit the photo-toxicity of blue light, but also the oxygen 

presence is required for the antimicrobial activity, indeed, the increment of oxygen in the bacterial 

culture during the irradiation increased the killing of Staphylococcus aureus [Maclean et al., 

2008]. Comparably, Porphyromonas gingivalis and Fusobacterium nucleatum in anaerobic 

environment did not present susceptibility to light and the supplement of scavengers of ROS 

reduced photo-toxicity [Feuerstein et al., 2005]. 

Thus, the photo-toxicity could be oxygen dependent and could be related to ROS production at 

high level that are lethal for the bacteria. 

In our study the oxidative stress was assessed by the TOS method. TOS was measured after 

irradiation, and an increase of TOS was observed in treated respect to not treated bacteria (Mann-

Whitney test p-value=0.004, figure 36 A). 

 

A second experiment was performed to see if the administration of ascorbic acid (a ROS 

scavenger) could revert the antimicrobial effect: the PBM treatment significantly reduced the P. 
aeruginosa viability (Kruskal Wallis test p-value=0.000007, Dunn’s multiple comparison test p-

value=0.0002, figure 36 B), but when the ascorbic acid was added, a rescue of P. aeruginosa 

Figure 35. Survival of mutant Pseudomonas aeruginosa and wild type bacteria after blue laser treatment. 

The results of irradiated cells are reported as % of alive cells ± standard deviation respect to the respective not 
treated strains. The experiments were performed in 12 replicates in 2 independent days. 
KS p reports the p-value result from Kruskal-Wallis test, the other p reports the p-value result from Dunn’s multiple 
comparison test. 
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survival was obtained (Kruskal Wallis test p-value=0.000007, Dunn’s multiple comparison test 

p-value=0.0004, figure 36 B). 

 

 

 

Our results confirmed the previous literature reporting an increased amount of ROS production 

after blue light irradiation in Escherichia Coli and Staphylococcus aureus [ reviewed by [Lubart 

et al., 2011]]. 

Figure 36.Oxidative stress in irradiated and not irradiated bacteria. 

A Total oxidant status (TOS) measured in treated and not treated bacteria. 
The results are reported as mean ± standard deviation. 

P reports the p-value result from Mann-Whitney test. 
B Bacterial survival after the treatment with ascorbic acid (a ROS scavenger) in irradiated and not irradiated 
bacteria. 
The results are reported as mean ± standard deviation. The experiments were performed in 24 replicates in 2 
independent days. 

KS p reported the p-value result from Kruskal Wallis test, the other p the p-value results from Dunn’s multiple 
comparison test. 
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However, the ROS involvement in P. Aeruginosa was never assessed. Our results highlighted the 

higher production of ROS after PBM treatment confirmed the prior data on other type of bacteria 

[ reviewed by [Lubart et al., 2011]]. Moreover, the addition of ascorbic acid, a scavenger of ROS, 

rescued the survival of the bacteria, corroborating the hypothesis that oxidative stress induced by 

PBM was lethal for the cells. 
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To assess if the protocols employed were specific for bacteria species but not toxic for eukaryotic 

cells, the viability of TR146 epithelial cells (model of oral buccal epithelium derived from well-

differentiated keratinizing squamous cell carcinoma) was assessed. At 24 hours or 30 minutes 

from irradiation, ATP production was not affected by blue light (figure 37 A and B), never the 

metabolism tested using MTT assay (figure 37 C), so confirming the specificity of blue laser 

antimicrobial action. 

 

  

Figure 37. Cellular metabolism after Blue Photobiomodulation Therapy. 

A ATP production after 30’ from irradiation. 
B ATP production after 24 hours from irradiation. 

C Metabolism assessment using MTT test after 24 ours from irradiation. The experiments were performed in 4 
replicates in 2 independent days. 
The results are reported as percentage ± standard deviation of alive cells respect to the not treated group. 
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The in vitro experiments on cells were also helpful for assaying that blue PBM can be applied 

also on keratinocytes in vivo without causing skin damage; on the other hand, all the experiments 

performed on P. aeruginosa were needed for select the best protocol in term of antimicrobial 

activity. Therefore, the last experiment was performed in vivo developing a murine model of skin 

abrasion infected with P. aeruginosa that was irradiated with the protocol 0.3 W/cm2, 60 J/cm2, 

CW. After 24 hours from irradiation the skin abrasions were processed and after another 24 hours 

bacterial growth was checked. 

P. aeruginosa viability decreased both in agar plate, counting the colonies and in broth, 

measuring well turbidity spectrophotometrically (Mann-Whitney test p-value = 0.003 and p-

value = 0.03 for count in agar and in broth respectively; figure 38 A and B). All laser treated 

samples remained below 3 x 103 CFU/ml (with only one complete eradication of bacteria), while 

in not treated samples, the results were heterogeneous but always higher than 2 x 103 CFU/ml. 

  

Figure 38. In vivo murine model of skin abrasion infection. 

Mice were infected with P. aeruginosa, half animals were irradiated. After 24 hours the skin abrasions were 

collected and maintained in LB broth for other 24 hours, moreover, 10 µl of broth were seeded on agar plate and 

checked after 24 hours for colonies growth. 
A. CFU count in treated and not treated samples  

B. Absorbance at OD600 of LB broth in treated and not treated samples. 
The results are reported as mean ± standard deviation. The experiments were performed on 15 animals, 8 treated 
and 7 not treated in 2 independent days. 
P reported the p-value results from Mann-Whitney test. 
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The histological examination of the skin samples showed that epithelium thickness was reduced 

in all samples. Three samples (PBM 1, PBM 3 and PBM 4) presented thermal damage that 

remained always in the external half of the epithelium layer (28.6 μm, 40.9 μm and 117.8 μm 

respectively; mean depth of thermal damage = 23.4 ± 41.4 μm). In samples PBM 1 and PBM 3, 

there were a visible purulent inflammatory infiltrate/abscess. In the other treated samples, there 

were modest inflammatory infiltrations throughout dermal and hypodermal layers (figure 39).  

 

Figure 39. Epidermal, dermal and muscular tissues stained with hematoxylin and eosin in laser treated animals. 

(10x magnification) (n=8) 
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In all not treated samples, the epidermal layer was visibly and importantly permeated by 

inflammatory infiltrate with inflammation rate increased respect laser treated animals. In sample 

NT 1, inflammation was extended to the muscle. In samples NT 2, NT 3, NT 4, NT 5, NT 6, NT 

7, inflammation was extended to the hypodermal layer (figure 40).  

 

 

 

Figure 40. Epidermal, dermal and muscular tissues stained with hematoxylin and eosin in not treated animals. 

(10x magnification) (n=7) 
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Our results agreed with previous studies performed on P. aeruginosa murine skin infection 

performed through abrasion [Amin et al., 2016] and burn wounds [Dai et al., 2013] with lasers 

protocols similar to ours. 

Other than the antimicrobial effect, an important achievement was related to the skin histology 

investigation. A very low thermal damage was detectable in only 3 samples, but the great 

difference was correlated to the inflammation rate: all not irradiated samples presented the dermal 

and epidermal layers permeated with a huge inflammatory infiltrate, while in laser treated 

specimens the epidermal layer was free from inflammatory infiltrate. 

To date one study investigated the outcome of blue light irradiation on normal skin of healthy 

volunteers reporting no burn lesions on treated areas [Kleinpenning et al., 2010]. 

To note, few studies tested the clinical application of blue laser light. Blue LED light inhibited 

the growth of oral bacteria on teeth of gingivitis patients [Genina et al., 2015] and the growing of 

Porphyromonas gingivalis and Prevotella intermedia in healthy volunteers [Soukos et al., 2015] 

with reduction of dental plaques [Genina et al., 2015; Soukos et al., 2015]. Blue light decremented 

also the concentration of Helicobacter pylori in the stomach [reviewed by [Dai et al., 2012]]. 

Finally, blue PBM therapy is currently used for the topical treatment of acne vulgaris, although 

the real impact on microbial load was not reported by the studies [reviewed by [Dai et al., 2012; 

Ablon, 2018]]. 

 

Our results highlighted the strong antibacterial property of blue PBM, both in vitro and in vivo, 

determining also the mechanisms at the basis of the activity, the ROS production, and confirming 

the involvement of porphyrins in the photoreception of blue light. 
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Blue Laser antiviral action on Herpes Simplex Virus type 1 

 

Herpes simplex virus type 1 (HSV-1) is a double strand DNA virus member of the Herpeviridae 

virus family, a known viral agent able to cause lifelong infections in the human species. The 

HSV-1 infection occurs through oral mucosa or damaged skin, then, in the epidermis and in the 

dermis, the virus begins its replication [Corey, 2012]. After this first infection, HSV-1 is able to 

infect peripheral sensory nerve endings and establishes latency in the neuronal cell body in the 

trigeminal ganglia; from here HSV-1 reactivation can lead to the viral spreading to muco-

cutaneous surfaces [Corey, 2012]. The first infection is clinically characterized by 

gingivostomatitis and pharyngitis, meanwhile the virus reactivation causes the recurrent herpes 

labialis, a condition that presents intraoral mucosal ulcerations, or blisters on the mouth or on 

external facial skin, often designated as “cold sores” that are painful and uncomfortable for the 

people affected [Corey, 2012]. 

It is estimated that about 90% of the population under the age of 50 presented immunoglobulin 

against HSV-1 but only in the 67% of them the virus causes the recurrent infective episodes 

[World Health Organization, 2017]. 

Patients are normally treated with anti-viral drugs, like acyclovir, famciclovir or valacyclovir, 

however it has been reported cases of acyclovir resistant strains; moreover, some patients are 

unable to follow the treatment, (e.g. for allergy), and in immuno-compromised individuals, (for 

example due to radio-chemotherapy in oncologic patients both adult and pediatric), the problem 

of HSV-1 infection prevention remains a main issue, and anti-viral drugs are administered as 

prophylaxis [Corey, 2012; World Health Organization, 2017]. To note, the current anti-viral 

treatments show only a reduced effect in decreasing the occurrence of infections [reviewed by 

[Opstelten et al., 2008]]. 

So, the study of novel treatments for HSV-1 infection worldwide is an interesting and important 

topic, especially in the pediatric oncologic field where the management of immunocompromised 

patients requires special attention by clinicians [Carrega et al., 1994; Glenny et al., 2010]. 

 

The Photobiomodulation (PBM) therapy is a promising treatment that in the recent years has been 

used in HSV-1 infections, using red, near infrared (NIR) or infrared (IR) wavelengths. The 

previous studies reported that PBM was able to lead to a significantly reduction in herpes labialis 

recurrence, in the duration of herpetic sores, in painful sensations; moreover, no study reported 

side effects [reviewed by [de Paula Eduardo et al., 2013]]. 

Although we and other authors reported [reviewed by [Wang et al., 2017b]] the antimicrobial 

action of blue PBM, until today, this laser was not tested on viruses. 
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The possible antiviral effects of the blue laser light was tested irradiating HSV-1 alone and 

transferring it to keratinocyte cells to discover if PBM could reduce virus infectivity; irradiating 

keratinocyte cell culture already infected with HSV-1 to investigate the possible action on virus 

spreading and replication in a model more similar to the in vivo situation; moreover, the laser was 

delivered on keratinocyte cell culture prior to infection to see if the irradiation was able to render 

the cells more resistant to infection. 

 

 

Materials and Methods 

 

HSV-1 culture infection 

HaCaT (human skin keratinocytes spontaneously immortalized) were used to mimic the HSV-1 

skin infection. Cells were culture in DMEM (with 4.5 gr/L glucose, without L-Glutamine and 

Phenol Red, 12-917F, Lonza, Basel, Switzerland) culture medium supplemented with 10% fetal 

bovine serum, 100 U/ml Penicillin/Streptomycin, 2 mM Glutamine (Euroclone, Pero, Milan, 

Italy) and seeded in 96 multi-wells plates in 100 μl of final volume per well at cells density of 

104 cells/well. 

After 24 hours they reached a confluence of 70 - 80% and they were infected with different 

concentration of HSV-1 and incubated for 24 hours at 37°C and 5% CO2. After 24 or 48 hours 

the cells vitality was measured using the MTT cell proliferation colorimetric assay (Trevigen) 

following manufacturer’s instructions and the absorbances were read at a GloMax®-Multi 

Detection System (Promega, Fitchburg, Wisconsin, U.S.A.). At the same time point the 

supernatants were collected to determine HSV-1 viral load. Briefly HSV-1 nucleic acids were 

extracted from supernatants using the ZR Viral DNA/RNA Kit™ (Zymo Research, Murphy Ave., 

Irvine, CA 92614, U.S.A.). Five μl of DNA was then quantified in Real Time PCR amplifying 

viral glycoprotein B with a probe (forward primer GCATCGTCGAGGAGGTGGAC, reverse 

primer TTGAAGCGGTCGGCGGCGTA, probe FAM CGACCCCTCCCGGTAGCCGT, 

(Sigma, St. Louis, Missouri, U.S.A.) [Frobert et al., 2008] and the Kapa Probe Fast Universal 

One-step qRT-PCR kit (Kapa Biosystems, Inc. Wilmington, Massachusetts U.S.A.) on 

LightCycler® 480 Instrument II (Roche Molecular Diagnostics, F. Hoffmann-La Roche AG, 

Basel, Switzerland).  

The HSV-1 viral load quantification was performed using a home-made standard derived from 

initial virus expansion on HaCaT cells quantified by the diagnostic kit HSV1 Q – PCR Alert Kit 

(ELItechgroup, Puteaux, France). 
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Laser cytotoxicity 

Cells and virus were irradiated with protocols of λ 445, 0.1-1 W/cm2, fluency 10-120 J/cm2, in 

continuous (CW) or pulsed waves.  

The PBM was tested on HaCaT cell culture to detect the maximum dose tolerated by the cells: 

cells vitality was measured 24 hours after irradiation using MTT Cell proliferation assay 

(Trevigen). 

 

Antiviral effect of PBM 

To test the antiviral effect of PBM, five different experimental setting were chosen: 

Setting 1. Irradiation of HSV-1 virus alone: the virus kept in DMEM without phenol red and 

irradiated with the protocol 445 nm, 0.30 W/cm2, 60 J/cm2, CW in a final volume of 150 μl, after 

30’ from irradiation the virus was transferred to cells and maintained in incubator for 24 hours. 

Setting 2. Irradiation of HSV-1 virus alone: the virus kept in DMEM without phenol red and 

irradiated with the protocol 445 nm, 0.15 W/cm2, 30 J/cm2, 5 Hz in a final volume of 150 μl, after 

30’ from irradiation the virus was transferred to cells and maintained in incubator for 24 hours. 

Setting 3. Irradiation of culture then infected with HSV-1: cells were irradiated with the protocol 

445 nm, 0.15 W/cm2, 30 J/cm2, 5 Hz and then infected for 24 hours with HSV-1 in incubator. 

Setting 4. Irradiation of established HSV-1 infected culture: the cells were infected for 24 hours, 

after this time the wells were irradiated with the protocol 445 nm, 0.15 W/cm2, 30 J/cm2, 5 Hz 

and then kept in incubator for 24 hours. 

Setting 5. Irradiation of HSV-1 infected culture: the cells were infected for 1 hour, after this time 

the wells were irradiated with the protocol 445 nm, 0.15 W/cm2, 30 J/cm2, 5 Hz and then kept in 

incubator for 24 hours. 

At the end of the experiments, for each setting, cells vitality was tested using the MTT Cell 

proliferation assay (Trevigen), while the HSV-1 viral load was measured using Real Time PCR 

as described above. 

Moreover the plaque forming unit (PFU) assay was performed, since it is a method allowing to 

quantify the real infectivity of HSV-1 [Baer, and Kehn-Hall, 2014]: after 24 hours from 

irradiation, 200 µl of the supernatant at different dilution were used to infect monolayers of Vero 

cells in 24 multi-wells plate for 2 days, after which the plates were fixed with paraformaldehyde 

4% in Phosphate Buffered Saline for 30 minutes and colored with crystal violet (Merck KGaA, 

Darmstadt, Germany). 
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Figure 41 represents schematically the setting employed. 

 

 

Statistical Analysis 

Mann-Whitney test were used to evaluate the effect of PBM on viral load of irradiated compared 

to not irradiated virus and the cells viability between the treatments. 

All statistical assessments were two-sided, and a p-value < 0.05 was used for the rejection of the 

null hypothesis. 

 

Figure 41. Schematic representation of experimental settings employed. 
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Results and Discussion  

 

To choose the better concentration of HSV-1, five different concentration of HSV-1 were tested 

in order to obtain the condition in which it is possible to see a medium mortality of the cells 

(about 50%): therefore, the viral concentration of 540000 viral copies/µl was chosen (data not 

shown). The HSV-1 employed for the experiments derived from a clinical isolate of HSV-1 

showing a 99% identity with the TG3 strain (sequence ID: HQ686001) in a 300 base pair region 

of the thymidine kinase gene. 

 

Instead, to determine the laser doses tolerated by the cells, different protocols were tested: λ 445, 

irradiance 0.1, 0.15, 0.2, 0.3, 0.5, 0.8, 1 W/cm2, fluency 10, 20, 30, 60, 120 J/cm2 for each 

irradiance, both in continuous (CW) and pulsed (frequency = 5 Hz) waves. Irradiance 0.15 

W/cm2, fluency 30 J/cm2, 5 Hz was the higher protocol that did not present cytotoxic effects. 

 

HSV-1 was diluted to a concentration of 540000 viral copies/µl from stock and irradiated with 

the following protocol: 0.3 W/cm2, 60 J/ cm2, CW. This protocol was chosen since its bactericidal 

efficacy was previously tested on Pseudomonas aeruginosa. 

After 24 hours from irradiation it was possible to see a statistically significant decrease in viral 

load in the samples that were infected with irradiated virus respect to not irradiated ones (Mann-

Whitney test, p-value = 0.001, figure 42 A). Confirming this result, vitality of cells infected with 

irradiated virus increased respect to the cells infected with not irradiated virus (Mann-Whitney 

test, p-value = 0.0001, figure 42 B). 

To test the same experimental setting, but with a protocol that was not cytotoxic, HSV-1 was also 

irradiated with protocol 0.15 W/cm2, fluency 30 J/cm2, 5 Hz. 

An analogue result was observed: there was a statistically significant decrease in viral load in the 

samples infected with irradiated virus respect to not treated (Mann-Whitney test, p-value = 0.03, 

figure 42 C) but the viability of the cells was not affected (figure 42 D). 

 

These results suggested that PBM was probably able to act directly on the virion, possibly altering 

some vital structure of the microorganism. Prior to this study, no other work reported the antiviral 

activity of blue laser light, so we can only hypothesize what is the mechanism of action causing 

viral inactivation. It was reported that ultra pulsed laser treatment could act on enveloped virus 

producing selective aggregation of viral capsid and tegument proteins leading to virus 

inactivation without affecting the global structure or the nucleic acid. The aggregation was 
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probably due to disruption of hydrogen bonds and/or hydrophobic interactions inducing 

unfolding of proteins [Tsen et al., 2012]. 

A similar mechanism could be induced by blue laser light, but this was only a speculation and 

further studies in this field are needed to elucidate this issue. 
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Figure 42. Antiviral effect of Blue Photobiomodulation Therapy 

A HSV-1 quantification after 24 hours from laser irradiation (445 nm, 0.30 W/cm2, 60 J/cm2, CW) of virus alone 
(setting 1) normalized on not irradiated virus (designed as HSV-1). 
B Cells vitality after 24 hours of infection with irradiated (HSV-1 + 445 nm, 0.30 W/cm2, 60 J/cm2, CW) or not 

irradiated virus (HSV-1) (setting 1) normalized on not treated cells (NT). 
C HSV-1 quantification after 24 hours from laser irradiation (445 nm, 0.15 W/cm2, 30 J/cm2, 5 Hz) of virus alone 
(setting 2) normalized on not irradiated virus (designed as HSV-1). 
D Cells vitality after 24 hours of infection with irradiated (HSV-1 + 445 nm, 0.15 W/cm2, 30 J/cm2, 5 Hz) or not 
irradiated virus (HSV-1) (setting 2) normalized on not treated cells (NT.) 

The results are reported as percentage respect to untreated cells (NT), mean ± standard deviation. The experiments 
were performed in 6 replicates for viral load quantification and in 16 replicates for cellular viability in two 
independent days. 
P report the p-value results from Mann-Whitney test. 
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To test if the laser light could render irradiated cells more resistant to infection, cells were 

submitted to PBM prior to the infection, but no change in vitality or viral load was detected (data 

not shown). 

To test if PBM could be efficacious also in the situation of an already established infection, cells 

infected for 24 hours or 1 hour were irradiated but also in these conditions PBM was not able to 

modify viral load or cell vitality: only a trend of decrement of viral load in cells infected by 1 

hour was possible to notice, but the statistically significance was not achieved (data not shown). 

These data indicated that PBM was less effective when the virus was inside the cells where it was 

in some way protected by cell membrane. 

 

The experiment of plaque assay instead showed a decrease of PFU with setting 1, 2, 3 and 5 

(figure 43). The Real Time PCR techniques is commonly used to quantify the viral load, however, 

the PFU assay allow to detect the real infectious particles. With this test it was possible to 

recognize a marked reduction of PFU with the PBM treatment, more significant respect to PCR. 

Maybe, since the genome was replicate before virion assembly [Corey, 2012], PBM could act 

mainly on virus formation or infectivity in the last phases of virus cycle inside the cells.  

 

 

 

 

 

Figure 43. Representative images of PFU assay, performed using the five settings. 

The experiments were performed in 3 replicates in two independent days. 
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Finally, the effect is not linked to thermal increment, since the temperature measured during 

irradiation is 25°C (figure 44). 

 

 

Different works reported the power of PBM in reducing the recurrence of infectious episodes in 
vivo on patients and in helping the healing of the HSV-1 oral vesicles [reviewed by [de Paula 

Eduardo et al., 2013]]. Interestingly, Eduardo et al. submitted patients to multiple PBM sessions 

on oral and perioral area in the prodromic phase, where the virus was latent, and the patients did 

not have clinical signs of the infection. The outcomes at 3 years showed a decreased frequency 

of herpetic manifestations, with rapid healing and milder symptoms [Eduardo et al., 2012]. 

However, the wavelengths employed were different from the blue one, since this study employed 

the red, near infrared and infrared wavelengths. 

Moreover, several works utilized an antimicrobial photodynamic approach: an exogenous 

photosensitizer, a dye specific for targeting microorganisms and not eukaryotic cells, were used 

to elicit a high production of reactive oxygen species, leading to lethal outcomes [reviewed by 

[Wainwright, 2003]]. 

Only the work of Donnarumma et al. tried to understand the effect of laser therapy on HSV-1, 

developing an in vitro model [Donnarumma et al., 2010]. The researchers observed that irradiated 

(λ 830 nm) HSV-1 infecting HaCaT cells presented a reduction in viral replication with a decrease 

Figure 44. Thermal monitoring during irradiation 
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level of VP16, a tegument viral protein necessary for virus replication. Moreover, they found an 

increase of pro-inflammatory cytokines and proteins, normally suppressed by the accumulation 

of progeny virus. So, they speculated that PBM activated immune anti-viral response and acted 

on final stage of HSV-1, instead our results showed at the contrary an inhibitory PBM effect on 

the virus itself. 

 

This is the first work reporting the antiviral activities of blue PBM, indicating a possible direct 

effect on the virus itself: theses data could lead to a new potential application of blue PBM for 

antiviral purpose. 
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Conclusion 

 

Despite its use is increasing year by year, Photobiomodulation (PBM) is still a treatment elicited 

by few centers and professionals in the medical field considering the almost infinite possible 

applications of laser light. 

Certainly, PBM should not be considered the panacea for all human ailments, as one could 

imagine reading the previous literature, but it should be esteemed as a useful adjuvant 

intervention that can support the healing of lots of pathologic conditions. 

Indeed, varying the wavelengths and the dosimetry it is possible to achieve a plethora of 

beneficial effects; this should not surprise considering the fundamental properties that sunlight 

has in the life on earth [Rapf, and Vaida, 2016].  

Really, PBM was initially used in an empirical mode, observing some therapeutic effects and 

applying the laser light to enhance wound healing [Mester et al., 1968]. Fifty years have passed, 

a lot a research was conducted, and much effort was made, nevertheless, today, many aspects are 

not completely understood regarding “how PBM really works”. 

Moreover, the irradiation protocols reported in the literature are very different from one study to 

another in terms of wavelength, power, irradiance, energy, fluence, modality, but also considering 

the treatment schedule and the intervals between sessions. Also, the different patient’s conditions 

or the various cell lines employed in the in vitro experiments enlarges the possibility of 

treatments. 

Obviously, this makes very difficult to compare the research and probably for this reason, few 

meta-analyses were published so far. Therefore, obtaining a universal consensus about the best 

protocol is hard, considering also that each center tends to optimize the protocols on its own 

experience. 

Despite this, PBM works and laser devices are spreading around the world thanks to technology 

progression that renders this instrument cheaper and more compact respect to the past. 

 

This research project tries to depict a picture, although incomplete, of PBM properties and 

applications. 

 

During the three years of PhD, two sets of experiments were performed, utilizing the red and 

near-infrared (NIR) wavelengths or the blue wavelength, the firsts for achieving bio-stimulation 

of eukaryotic cells the second to test the antibacterial and antiviral effects. 

 

Firstly, the laser effect on oxidative stress was inquired.  
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The study performed on oral mucositis (OM) patients treated with PBM at 970 nm gave some 

important achievements. The patients were treated for 4 consecutively days and the clinical 

parameters ameliorated with the healing of oral ulcerations, with the improvement of the CTC 

score and of subjective parameters as swallowing, chewing, speaking.  

Although the PBM effects on OM was largely described, the majority of works reported its 

beneficial effect as prophylaxis [Oberoi et al., 2014; He et al., 2018] and only the 660 nm 

wavelength was recommended by MASCC/ISOO [Lalla et al., 2014; Migliorati et al., 2013], 

meanwhile the current work presented its use when OM lesions were manifested and using 

another wavelength, at 970 nm, showing the effectiveness of PBM also in the fourth phase of 

OM and with NIR wavelength. Additionally, PBM was able to reduce salivary total oxidant status 

(TOS) immediately after the second, third and fourth session of PBM, but did not maintain its 

effect over time, since each day after PBM the TOS increased newly, possibly indicating an 

immediate but transient reaction. 

Then, the in vitro effect of PBM was tested on a model of skin keratinocytes treated with 5-

fluorouracil (5-FU), a known mucotoxic drug causing oxidative stress, to mimic the OM 

condition. In this case a combination of 4 different wavelength at 970, 905, 800 and 660 nm was 

employed with the aim of proposing a new PBM protocol. PBM was able to increment the 

viability of 5-FU treated cells after 24 hours from the irradiation, and to reduce the level of ROS 

and the gene expression of two antioxidant enzymes (SOD2 and HMOX1) in 5-FU treated cells 

after 30 minutes from PBM. 

These results were emblematic for the immediate impact of PBM on ROS, both in vivo and in 
vitro. Although the antioxidant activities of PBM was previously reported [Rai, 2016] this is the 

first study that proves PBM effectiveness on OM patients and in an in vitro model of OM, 

suggesting also a protocol based on the combination of 4 different wavelengths. 

 

Secondly, PBM was tested for its immuno-regulatory actions.  

Specifically, PBM effect on members of innate immune system was tested. 

The possible PBM (at 970 nm) impact on β-defensins concentration in saliva from OM patients 

was tested, but the level of the hBD-1, hBD-2, hBD-3 varied considerably inter-individually and 

so a PBM effect was not individuated. 

To have a more reproducible system, an oral mucosa epithelial cell line was employed: in this 

model the mRNA expression of genes encoding for antimicrobial peptides and inflammasomes 

related molecules were considered. PBM at 970 nm, 800 nm and 660 nm reduced the mRNA 

expression of DEFB1, DEFB4 and DEFB103 genes (encoding for hBD-1, hBD-2 and hBD-3) 30 

minutes from irradiation, but not 24 hours later, confirming a precocious effect of PBM also in 
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this model. Too see if PBM could reduce the response to a pro-inflammatory stimulus, the cells 

were pre-treated with lipopolysaccharide for 24 hours, then PBM was applied: PBM at 660 nm 

reduced the expression of DEFB103 gene after 24 hours from irradiation. Regarding 

inflammasomes related genes, PBM at 970 nm increased slightly IL1B but inhibited NLRP3, 

meanwhile PBM at 660 nm increased NLRP1 after 24 hours from irradiation. 

These results suggested that PBM prevented hBD-1, hBD-2 and hBD-3 high expression which 

could be harmful in some pathologic conditions for the induction of inflammation [Arimura et 

al., 2004; Kesting et al., 2009]. Besides, 24 hours from treatment, PBM at 970 nm increased IL1B 

production, contrasted through the decrement of NLRP3 meanwhile PBM at 660 incremented 

NLRP1 expression, without influencing pro-inflammatory IL1B. A complex balance between pro 

and anti inflammatory pathways seemed to be possible influenced by PBM. 

 

Thirdly, the analgesic activities of PBM were investigated. 

PBM at 970 nm was able to decrease the painful subjective sensation referred by the patients 

through the VAS score and this effect was particularly evident at the last PBM treatment and at 

the control day. This result is particularly interesting since PBM at 970 nm was not largely 

employed in the clinical practice and considering also that OM lesions are extremely painful for 

the OM patients often requiring analgesic drugs [Sonis, 2004]. 

Then, with the aim of describing the molecular effect at the basis of analgesia, an in vitro model 

of nociception was tested, employing primary murine sensory neurons from dorsal root ganglia. 

NIR PBM at 970 and 800 nm reduced ATP production, possibly leading to the block of action 

potential, decremented NO secretion, a neurotransmitter, and increased ROS, with the plausible 

formation of axon varicosities. These effects could impact on transmission of nociceptive 

signaling to the brain, inhibiting it. 

PBM at 800 nm increased also superoxide anion (another type of ROS, generated by 

mitochondria) and incremented slightly mitochondrial membrane potential, so acting primarily 

on mitochondria. Instead, PBM at 970 nm decreased the calcium flow after administration of 

capsaicin, an agonist of TRPV1 ion channel, that was used as an inducer of nociceptive pathways. 

This effect was confirmed also in a murine in vivo behavioral model of nociception where 

capsaicin was subplantarly injected and the pain related response monitored. PBM at 970 nm 

reduced the licking, biting and shaking of the paw injected. 

All these results were obtained very early after irradiation, confirming the immediate PBM effect, 

indeed the analgesia was the first benefit the patients reported. 

PBM showed also a differential effect that was wavelength dependent, suggesting also a different 

PBM mechanism of action: PBM at 800 nm seemed to act on mitochondria, meanwhile at 970 
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nm impacted on TRPV1 activity and confirmed its effect on OM patients and in the in vivo murine 

model. 

 

Fourthly, the blue wavelength at 445 nm was studied for its antibacterial properties. 

Blue laser light was tested on Pseudomonas aeruginosa, a bacterium that was implicated in 

opportunistic infection in OM patients both in the oral cavity [Wong, 2014] and systemically 

causing bacteremia [Donnelly et al., 2003]. PBM inhibited bacterial growth on agar plate and in 

broth, inducing also bacterial wall damaging at the SEM imaging.  

To try to understand the antibacterial mechanism of action different approaches were applied: 

blue light caused an increment of ROS that could be lethal for the cells, this outcome was rescued 

through a pre-treatment with ascorbic acid, a ROS scavenger. The possible chromophores 

receptive of blue laser light were identified in the porphyrin biosynthetic pathway: P. aeruginosa 
mutant for enzymes of this pathway, producing less porphyrins, resulted less susceptible to 

irradiation. 

Blue PBM did not cause an increment in temperature, so excluding a thermal damaging. Red (at 

660 nm) and NIR wavelength (at 970 nm) was also utilized to assess if the antimicrobial activity 

is specific of blue wavelength: PBM at 660 and 970 nm did not impact on bacterial survival. 

Moreover, A LED device emitting blue wavelengths was tested to prove the specificity of 

antibacterial properties of blue light: the results were comparable to laser instrument although 

LED was less efficacious than diode laser.  

Last, blue light was not toxic for eukaryotic cells, so being safe for the consecutively experiment 

conducted in vivo. 

A murine in vivo model of skin abrasion infected by P. aeruginosa was developed: PBM was 

able to inhibit bacterial replication also in this case. Intriguingly, blue PBM reduced the 

inflammatory infiltrate in the murine skin. 

These results highlighted the efficacy of blue laser light as a potent antibacterial device both in 
vitro and in vivo; moreover, the antibacterial mechanism of action was identified in porphyrin 

excitation and ROS generation, proving also the specificity of blue light for this purpose. 

 

Lastly, blue light was examined for its possible antiviral activities. 

Blue PBM was tested on Herpes simplex virus type 1 (HSV-1), a viral agent able to cause 

infections in immunocompromised OM patients [Corey, 2012; World Health Organization, 

2017]. For this experiment, an in vitro model of HSV-1 was developed infecting human skin 

keratinocytes with the virus.  
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The virus was irradiated alone and then the cells were infected: PBM decremented the viral load 

and increased the viability of the cells infected with irradiated virus. When the cells already 

infected by 1 hour were irradiated only a trend of antiviral effect was possible to observe, 

meanwhile when cells presenting 24 hours of previous infection were irradiated no PBM impact 

was detected. The irradiation of cells prior to infection was also not effective and it did not render 

them more resistant to HSV-1. These results were confirmed through the plaque forming unit 

assay showing the less infectivity capacity of irradiated HSV-1, moreover this test evidenced a 

reduction in the plaque forming units also in the setting where the cells were infected by 1 hours 

prior to PBM and where the cells were irradiated prior to infections.  

These findings suggested a new potential application of blue laser light for antiviral purpose, 

PBM seemed to have direct effect on the virus itself and it could be less efficacious when the 

virus penetrated inside the cells. Only other wavelengths were reported to be efficacious on 

relieving symptoms on patients [reviewed by [de Paula Eduardo et al., 2013]], meanwhile this is 

the first report of the antiviral action of blue light on HSV-1. 

 

The main findings of the research are reported in figure 45 (red and NIR l) and 46 (blue l). 

 

 
Figure 45. Schematic representation of the main findings regarding red and near-infrared l. 
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Figure 46. Schematic representation of the main findings regarding blue l. 

 
 

So, our results highlighted a pleiotropic action of PBM dependent on the wavelength and 

dosimetry used: PBM acts as anti-oxidant, immunoregulatory, analgesic, antibacterial and 

antiviral. In figure 47 a possible algorithm for clinicians is proposed. 

 

 
Figure 47. Algorithm for photobiomodulation (PBM) employment by clinicians. 

 

 

A deep comprehension of molecular mechanisms at the basis of PBM properties and of cellular 

repercussion of light absorption, as delineated in this PhD work, can be useful to extend the 

knowledge in the PBM flied. Moreover, a broad insight of PBM can lead to a more justified and 

rationale application of PBM with an evidence based medicine approach. The variety of possible 
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PBM treatments that takes into account also the subjective characteristic of patients allows the 

personalization of the protocols of irradiation. PBM treatment is also safe without any side effect, 

therefore the results obtained in laboratory can easily translated to patients for the optimization 

of clinical protocols in order to achieve the maximum effectiveness [Moskvin, 2017]. New 

applications of PBM is arising continuously, just for instance, the delivery of light to head for 

brain disorders [Hamblin, 2016]. 

In this research novel clinical usages of PBM were proposed, for the modulation of innate 

immune response (i.e. hBDs regulation) and for the fighting against bacterial and viral infection 

using the blue light. Moreover, it describes the anti-oxidant activities of PBM, proposing a 

combination protocol that can be adopted in the clinical practice; meanwhile, the investigation of 

pain pathways allows to understand the molecular basis of analgesic effect, showing the 

differential effect of the wavelengths in the NIR range. Thus, this work is able to fulfill the above 

cited objectives of the study. 

 

It is even more important to consider that PBM is also a rapid treatment, since a session lasts only 

few minutes, it is painless, not invasive and it can be a useful choice for the management of 

pediatric patients. 

Pediatric age requires special attention in the oncologic field, in fact, OM can negatively impact 

on nutrition affecting the normal growth, but also on daily normal activities, such as speaking 

compromising the social relationship [Bryant, 2003]. Moreover, in young children the OM related 

pain is often misunderstood, leading to an inadequate analgesic medical care [World Health 

Organization, 2012]. 

 

Besides, after the cost of instrument equipment and of personnel training, PBM is quite 

inexpensive and it can impact positively on the economy of public health service. It can also 

permit the reduction of analgesic drug administration and of parental nutrition, allowing also to 

not suspend the CRT, plausibly augmenting patients’ survival. 

Furthermore, from our data, blue PBM can be employed, in support to antimicrobial therapy, to 

decrease the administration of antibiotic and antiviral drugs, so impacting positively on the 

microorganisms’ resistance towards these type of interventions, a worldwide serious challenge 

[El Zowalaty et al., 2015]. 

 

So, taken together, these findings corroborated the useful medical interventions based on laser 

light, possibly helping to increment a clinical thoughtful and justified usage of PBM in OM 

patients for routinely applications, especially in pediatric oncologic subjects.  
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