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Il progetto di ricerca nasce da una duplice esigenza clinica: 

- da un lato quella di poter descrivere e spiegare da un punto di vista biologico e 

cellulare il funzionamento della terapia laser e la sua interazione con i tessuti 

- dall’altro quella di valutare il comportamento neoplastico in seguito a biostimolazione 

laser  

Per far ciò è stato creato un modello murino di carcinogenesi della lingua, al fine di valutare, 

sia da un punto di vista istologico sia attraverso l’iniezione di Nano FluoSfere®, se vi siano 

differenze riguardanti l’angiogenesi tumorale nei tessuti irradiati con laser terapia rispetto ai 

controlli. A 50 topi (ceppo C57BL/6, sesso femminile, età 8 settimane) è stato somministrato 

un carcinogeno chimico (4-NQO) disciolto in acqua, noto per indurre la formazione di 

multipli tumori del cavo orale. Di questi, 25 sono stati sottoposti a 4 sessioni in giornate 

consecutive di laser terapia utilizzando il protocollo HPLT-1, mentre i rimanenti 25 sono stati 

utilizzati come controlli. Alla 21° settimana 15 animali per gruppo sono stati sacrificati per 

eseguire un’accurata analisi istologica della lingua, mentre i restanti sono stati sottoposti ad 

una valutazione quantitativa dell’angiogenesi tramite ricostruzione 3D della rete vascolare 

neoplastica dopo perfusione in vivo con Nano FluoSfere®. Non è stato riscontrato alcun 

aumento delle zone displastiche, neoplastiche, né dell’angiogenesi nei topi trattati con il laser. 

In particolare, gli animali trattati con il laser hanno presentato una tendenza maggiore ad 

isolare le zone carcinomatose rispetto ai siti sani. Il laser ha normalizzato i vasi tumorali, 

inducendone il rivestimento da parte delle cellule muscolari lisce e riducendo l’ectasia e la 

permeabilità vascolare, senza stravaso di Nano FluoSfere®. 

I risultati istologici ottenuti sul modello di carcinogenesi orale animale sono stati comparati 

alle immagini degli stessi tumori, acquisite tramite fibroscopia in Narrow Band Imaging. Tali 

immagini sono state analizzate da tre raters esperti nell’uso di tale metodica permettendo di 

eseguire un’attenta analisi sulla neo-angiogenesi. L’analisi statistica ha messo in luce alti 

indici di sensibilità (96%) e specificità (99%) per questa tecnologia. Supportata da altri studi, 

la Narrow Band Imaging potrà avere importanti implicazioni sulla valutazione clinica 

dell’angiogenesi tumorale, così come sulla diagnosi precoce delle lesioni potenzialmente 

maligne del cavo orale.  

Visti i risultati ottenuti a livello clinico sulla guarigione delle ferite e visto l’interesse ad 

analizzare il comportamento cellulare, la terapia laser è stata inoltre testata su differenti linee 

cellulari: fibroblasti cutanei umani, cellule endoteliali umane derivate da cordone ombelicale, 

cellule muscolari lisce di arterie cardiache umane, miociti ventricolari di ratto neonatale, 

cellule di osteosarcoma e di melanoma murino. Sono state utilizzate diverse potenze, energie 
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e lunghezze d’onda, nonché diversi tempi sperimentali (6, 24, 48 e 96 ore a distanza 

dall’irraggiamento), registrando, seppur con tempistiche ed efficacia differenti, un aumento 

sia del metabolismo (ATPlite) sia della proliferazione nei gruppi laser (conta cellulare, 

AlamarBlu, incorporazione di BrdU) in tutte le linee cellulari. Visti i risultati ottenuti su 

cellule neoplastiche in vitro, le medesime cellule di melanoma sono state impiantate in 16 topi 

(ceppo C57BL/6, sesso femminile, età 6 settimane) a livello sottocutaneo dorsale. Non appena 

la massa è risultata visibile ad occhio nudo (giorno 10) i topi sono stati suddivisi in 4 gruppi 

omogenei per dimensioni del tumore: tre gruppi sono stati sottoposti a differenti trattamenti 

laser (LPLT-6; MPLT-13 e HPLT-7) per 4 giornate consecutive (giorni 11-14), mentre il 

quarto è stato utilizzo come controllo. Al giorno 15 tutti gli animali sono stati sacrificati per 

misurare il volume ed il peso della massa tumorale, per l’analisi dell’invasione e della risposta 

immunitaria neoplastica (CD1a, CD4, CD8, CD25, CD68 kp1 e Melan-A) tramite colorazioni 

immunoistochimiche, e per l’analisi dei livelli di espressione di citochine coinvolte a livello 

immunitario (TNFα, IFNα e IFNγ). La terapia laser non ha provocato una maggior estensione 

né aggressività delle neoplasie, che al contrario sono risultate più contenute e di dimensioni 

minori rispetto al gruppo controllo (CD68 kp1 and Melan-A). Inoltre, nei gruppi laser è stato 

evidenziato un incremento della risposta immunitaria (CD4+, CD8+, CD25+), consistente con 

l’aumentata espressione di IFNγ. Da sottolineare la diversa disposizione delle cellule 

dendritiche CD1a positive, maggiormente presenti a livello dermico nel gruppo controllo, e 

migrate a “contornare” la neoplasia nei gruppi trattati. 

Sulla base di questi risultati abbiamo utilizzato i medesimi protocolli laser per irradiare cellule 

dendritiche primarie di topo, con e senza stimolazione mediante lipopolisaccaride. Queste 

cellule non hanno risposto in termini di modificazione del metabolismo, ma hanno ridotto 

l’espressione di TNFα e incrementato quella di IFNγ. Infine, in un modello murino sono stati 

analizzati 30 topi (ceppo CD-1, sesso femminile, età 6-7 settimane) che hanno subito la 

terapia laser a livello dorsale, con e senza la presenza di una ferita cutanea. L’analisi 

dell’espressione di un pannello di citochine (Collagene I, Collagene III, Collagene IV, FSP1, 

IL-2, IL-6, IL-10, IFNα, IFNβ, IFNγ, MMP-9, PDGFβ, TGFβ, TNFα) ha portato a 

confermare nuovamente l’incremento di IFNγ, ma anche di IL-2, IL-6, IFNα, IFNβ, 

Collagene I, Collagene III, MMP-9, PDGFβ nei topi laser trattati rispetto ai controlli.  

Dai risultati ottenuti in vivo ed in vitro possiamo affermare che la laser terapia è efficace nella 

stimolazione cellulare, aumentandone il metabolismo e la proliferazione, e soprattutto di 

stimolare una potente risposta immunitaria in vivo. Possiamo pertanto prevedere che il 
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trattamento di lesioni e ferite mucose e cutanee tramite biostimolazione laser potrà essere 

eseguito in sicurezza anche in aree potenzialmente displastiche o neoplastiche.  
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The main aim of this project is to provide an answer to the following issues: 

- on the one hand the definition of the cellular and molecular mechanisms of action of the 

laser therapy and its interaction with tissues  

- on the other hand the safety of laser therapy and is potential consequences on cancer 

behaviour  

We created a mouse model of oral carcinogenesis to assess potential differences in tumour 

angiogenesis in tissues treated with laser therapy compared to the control ones, by using both 

histological analysis and injection of Nano FluoSpheres®. A chemical carcinogen (4-NQO) 

dissolved in their drinking water was administered to C57BL/6 female mice (n = 50), 8-week 

old, since this compound is able to induce the formation of multiple oral tumours. Among 

these, 25 mice underwent to 4 session of laser therapy on consecutive days employing the 

HPLT-1 protocol, while the remaining mice were used as controls. During the 21st week, 15 

animals per group were sacrificed to perform an accurate histological analysis of their tongue, 

while 10 were subjected to a quantitative assessment of angiogenesis through a 3D 

reconstruction of the tumour vascular network after the in vivo perfusion with Nano 

FluoSpheres®. Any increase concerning neither the number/extension of dysplastic and 

neoplastic areas nor tumour angiogenesis was registered in the treated group. Moreover, 

treated animals showed a tendency to border and to isolate tumour areas. The laser seemed to 

normalize tumour vessels, promoting their covering by smooth muscle cells, thus reducing 

ectasia and vascular permeability, as assessed by reduced Nano FluoSpheres® leakiness.  

The histological analysis performed on the oral carcinogenesis mice model was compared to 

the images of the same tumours acquired by Narrow Band Imaging. Three raters experienced 

in the use of this technology analyzed the images, classifying all visible lesions according to 

different pathological grades; the obtained results were than compared with the histological 

analysis, used as reference standard. The statistical analysis revealed both high sensitivity 

(96%) and specificity (99%) for this technology. Supported by other studies, the Narrow Band 

Imaging is expected to hold great potential for the clinical evaluation of tumour angiogenesis, 

as well as for the early detection of potentially malignant lesions of the oral cavity. 

The important clinical outcome in term of wound healing and our interest in the analysis of 

cell behaviour after laser therapy were the starting point for the evaluation of the effect of 

laser therapy on different cell lines: Human Skin Fibroblasts, Human Umbilical Vein 

Endothelial Cells, Human Coronary Artery Smooth Muscle Cells, Neonatal Rat Ventricular 

Myocytes, Human Bone Osteosarcoma Epithelial Cells and Mouse B16F10 Melanoma Cells. 

We set different powers, energies and wavelengths, and we performed the evaluations at 
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different experimental times (6, 24, 48 and 96 hours after the irradiation). In general, laser 

irradiation resulted in an increase of both cell metabolism (ATPlite) and proliferation (cell 

count, AlamarBlu, BrdU incorporation), albeit with different timing and intensity in the 

various cell lines. Consistent with published results, we observed a clear increase in cancer 

cell metabolism upon laser irradiation; to evaluate the cancer behaviour in vivo, the same 

melanoma cells were implanted in C57BL/6 female mice (n = 16), 6-week old, at the dorsal 

subcutaneous level. As soon as the masses were visible to the naked eye (approximately on 

day 10), mice were homogeneously divided into 4 groups according to tumour size: 3 groups 

were subjected to different laser protocols (LPLT-6; MPLT-13 and HPLT-7) for 4 

consecutive days (days 11 to 14), while the fourth group was used as control. On day 15, all 

animals were euthanized to measure the tumour volume and weight. A deep histological 

analysis on tumour invasion and cancer immune response (CD1a, CD4, CD8, CD25, CD68 

kp1 and Melan-A) was performed, as well as the analysis of the expression levels of cytokines 

involved in the immune system activation (TNFα, IFNα and IFNγ). Laser therapy did not 

foster tumour growth or invasiveness (CD68 kp1 and Melan-A), but rather seemed to contain 

its extension. Moreover, in the laser groups, tumour infiltration by immune cells was much 

more higher compared to the control ones (CD4+, CD8+, CD25+ cells), consistent with the 

increased expression of IFNγ. Of notice, CD1a positive dendritic cells were particularly 

abundant in the dermis in the control group, while they migrated to "wrap" the tumour in laser 

groups. 

Based on these results, we applied the same laser protocols on primary mouse bone marrow 

dendritic cells, with and without lipopolysaccharide stimulation. These cells did not enhance 

cell metabolism upon laser treatment, but reduced TNFα and increased IFNγ expression. 

Finally, CD-1 female mice (n = 30), age 6-7 weeks old, were used to assess the expression of 

different cytokines (Collagen I, Collagen III, Collagen IV, FSP1, IL-2, IL-6, IL-10, IFNα, 

IFNβ, IFNγ, MMP-9, PDGFβ, TGFβ, TNFα) after the laser therapy at the dorsal level with 

and without the presence of a skin wound. The analysis confirmed an increase in the IFNγ 

expression; a similar trend was registered concerning IL-2, IL-6, IFNα, IFNβ, Collagen I, 

Collagen III, MMP-9, PDGFβ expression in the laser treated mice compared to controls. 

From both in vitro and in vivo analysis we can state that the laser therapy is effective in 

stimulating cell metabolism and proliferation, and in boosting a potent immune response in 

vivo. We can therefore foresee that the treatment of cutaneous and mucosal lesions in 

oncological patients can be safely performed even in potentially dysplastic or neoplastic areas. 
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BIOLOGICAL EFFECTS OF LASER LIGHT 

 
The term “L.A.S.E.R.” is the acronym for: Light Amplification by Stimulated Emission of 

Radiation. The laser is a source of electromagnetic radiation, which has specific properties, 

being emitted within a given spectral range. Besides the common peculiarities of an 

electromagnetic radiation, the laser light has the following specific features: 

monochromaticity, coherence, directivity and brightness. The limited spectral range in which 

the laser radiation wavelength may be found is between 0.1 nm and 1 mm (Figure 1). 

 

 
Figure 1. The laser radiation spectral ranges with the most used laser wavelengths (Simunovic Z et al. Lasers in 

Medicine and Dentistry. Basic science and up-to-date clinical application of low energy-level laser therapy 
(LLLT). European Medical Laser Association; Part I, chapter I, page 24). 

 

Biotechnology and nanotechnology development is producing a constantly increasing number 

of laser types, most of which are already commercial availability. By the way, the most 

frequently used mechanism of photon energy conversion in laser-based medical application is 

heating, which can be exploiting for tissue destruction, such as in cutting, vaporization, 

coagulation and ablation. On the other hand, when using low light intensities, the thermal 

effect is minimal and photochemical conversion of the energy is prevalently absorbed by 

photoacceptors. This means that cells contain intracellular molecules, able to respond to laser 
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light, and probably specifically for each wavelength, and thus activate specific metabolic 

pathways. The most important intracellular molecule that absorbs light between 630 and 900 

nm is Cytochrome C oxidase (Cox), responsible for more than 50% of the absorption greater 

than 800 nm. Cox contains two iron centres, “haem a” and “haem a3” (also referred to as 

cytochromes a and a3), and two copper centres, CuA and CuB. Fully oxidized cytochrome c 

oxidase has both iron atoms in the Fe(III) oxidation state and both copper atoms in the Cu(II) 

oxidation state, while fully reduced cytochrome c oxidase has the iron in Fe(II) and copper in 

Cu(I) oxidation states. There are many intermediate mixed-valence forms of the enzyme and 

other coordinate ligands such as CO, CN, and formate can be involved. All the many 

individual oxidation states of the enzyme have different absorption spectra, thus probably 

accounting for slight differences in action spectra of laser light that have been reported. 

Beside the identification of the photoacceptor molecules, an additional, unresolved issue is the 

cell-signalling cascade activated by laser light. Increasing evidence tends to indicate that laser 

acts on the mitochondria1 increasing adenosine triphosphate (ATP) production,2 modulating 

the production of reactive oxygen species (ROS), and activating transcription factors.3 

Various transcription factors are regulated by changes in cellular redox state4, including 

factor-1 dependent activator protein-1, nuclear factor kappa B, p53, activating transcription 

factor/cAMP-response element–binding protein, hypoxia-inducible factor-1, and HIF-like 

factor. These transcription factors determine the synthesis of proteins that eventually increase 

cell proliferation and migration, modulate the levels of cytokines, growth factors and 

inflammatory mediators, and increase tissue oxygenation.5  

Accumulating experimental data, including ours, indicate that tissue irradiation using a laser 

“optical window” of red and NIR wavelengths (600–1070 nm) results in an increased ATP 

synthesis: in this way the electromagnetic energy of laser is transformed into cell energy. 

Effective tissue penetration is maximized in this range, as the principal tissue chromophores 

(haemoglobin and melanin) have high absorption bands at wavelengths shorter than 600 nm. 

Wavelengths in the range between 600 and 700 nm are mostly used to treat superficial tissues, 

whereas longer wavelengths in the range between 780 and 970 nm, which penetrate further, 

are used to treat deeper-seated tissues.6,7 

 

A schematic picture summarizing the major hypothesis supporting the biophysical mechanism 

of action of the laser therapy is reported in Figure 2. 
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Figure 2. The laser radiation spectral ranges with the most used laser wavelengths (Simunovic Z et al. Lasers in 

Medicine and Dentistry. Basic science and up-to-date clinical application of low energy-level laser therapy 
(LLLT). European Medical Laser Association; Part I, chapter V, page 136-137). 

 

 

Following is a list of the most important biological effects exerted by laser light, to provide a 

background for the main topics of the research presented in this thesis: 

 

* stimulation of angiogenesis/vasodilatation and analgesic effect: the laser stimulates the 

proliferation of endothelial cells, resulting in the formation of numerous blood vessels, 

improved release of nutrients and oxygen, and increased production of granulation 

tissue. It also promotes vascular smooth muscle relaxation, resulting in capillary 

vasodilatation, improved drainage liquid from the interstitial space, and relief from 

pain, due to local oedema.8,9 The laser also increases pain threshold by reducing the 

secretion of molecules that stimulates the nociceptors, (such as P-substance, PGE2, 

bradykinin, histamine and serotonin), and by stimulating the synthesis of endorphins.  

* anti-inflammatory effects: the improved microcirculation, oedema reabsorbtion and a 

quickening of the lymphatic drainage in turn promote granulocyte diapedesis. 



!16!

Granulocyte and macrophage phagocytosis also raises. Macrophage stimulation leads 

to an activation of the immunocompetent system (T- and B-lymphocytes), causing a 

specific immunologic defence. This is consistent with the improved defence-

adaptation reaction and the faster elimination of the pathological process, often 

observed after laser therapy.  

* stimulation of wound healing: an additional property of laser light is the induction of 

mitotic activity of epithelial cells and fibroblasts, along with a consequent stimulation 

of collagen production.8 The activation of lymphocytes and of the phagocytic activity 

of macrophages during the early stages of tissue repair, approximately 6 hours after 

trauma, facilitates the cleaning of the wound and the establishment of the conditions 

needed for the subsequent proliferative phase.10,11 

 

 

CLINICAL EXPLOITATION OF LASER LIGHT 
 

Biostimulating protocols usually exploit class I, II, and III lasers, which work at 0.5 W power 

or less and are therefore conventionally defined as “low-level laser therapy” (LLLT). LLLT 

involves exposing cells or tissue to low levels of red and near infrared (NIR) light, and is 

referred to as “low level” because of its use of light at energy densities that are significantly 

lower than those used for ablation, cutting, and thermally coagulating tissue. LLLT is also 

known as “cold laser” therapy, as the power densities used are lower than those needed to 

produce tissue heating.  

Despite the use of LLLT to promote wound healing is exponentially increasing worldwide, its 

underlying biochemical mechanisms remain poorly understood, and thus its use is often 

largely empirical. Moreover, the setting of each parameter, such as the wavelength, fluency, 

power density, pulse structure, and timing of the therapy depends on the single operator 

practice and expertise. A less than optimal choice of parameters can result in reduced 

effectiveness of the treatment, or even a negative therapeutic outcome, such as a burning 

sensation experienced by patients or cell death or tissues necrosis revealed at histological 

examination. As a result of this lack of standardization, many of the published results on 

LLLT include negative results simply because of an inappropriate choice of light source and 

dosage. As literature analysis reports, LLLT is characterized by a biphasic dose response: 

lower doses of light are often more beneficial than high doses.12  
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In our experience, both cutaneous and mucosal tissues, naturally exposed to the light, respond 

to different biostimulating laser wavelengths (660 nm, 800 nm and 970 nm). We are currently 

comparing and combining several laser protocols to optimize and define the most effective 

one. In particular, we have recently compared two types of LLLT, delivering low powers (and 

renamed for this reason low-power laser therapy; LPLT), or a mean power was higher than 1 

W/cm2 (and thus referred to as high-power laser therapy; HPLT).13 All the following research 

has been developed exploiting a class IV diode laser (Cube series) provided by Eltech S.r.l. 

K-Laser (Treviso, Italy), which was designed on purpose to include a “scanner-laser machine” 

for uniform cell irradiation. 

In our clinical practice we are successfully treating different types of injuries, such as 

dermatitis, mucositis, ulcers or erythematous lesions, with laser light, always observing a 

faster wound healing. In the most recent years, the effectiveness of laser therapy for the care 

of debilitating cancer treatment side effects, such as oral mucositis and dermatitis induced by 

chemotherapy and/or radiotherapy, is supported by multiple literature data. Patients often 

refer a rapid decrease of pain and inflammation, with a remarkable acceleration of tissue 

repair.12,14 We are also using laser therapy in prevention approaches, when oncological 

pathologies and their treatment suggest a high possibility of developing an oral or cutaneous 

lesion. To better explore the mechanism of action of laser and optimize powerful properties, 

we have correlated results obtained on cultured cells or animal models (these experiments 

stems from a collaboration with the ICGEB, Trieste), with the clinical benefit observed in 

patients (over 150 cancer patients visited and treated with the laser therapy at the Oral 

Medicine and Pathology Unit, at Ospedale Maggiore in Trieste). Both approaches support the 

effectiveness of laser therapy as a valuable therapeutic aid to confer analgesia, reduction of 

inflammation, wound healing and disinfection of the lesions.3,15,16,17 

Overall, the most appreciated property of laser therapy by patients is the promotion of a faster 

wound healing, which remarkably increases their quality of life. Thus, fibroblast, endothelial 

and immune cell activation/proliferation are considered as the most relevant elements of laser 

therapeutic activity. But when facing oncological patients, could we be scared that laser 

therapy could similarly activate and promote the growth of cancer cells? Since the complete 

biochemical mechanisms of cell proliferation after laser irradiation are still uncertain, we felt 

the need to study its the effects on tumour growth both in different cell lines and in animal 

models. Previous literature data showed that laser therapy can lead to increased cancer cell 

metabolism and proliferation, as it happens for fibroblasts during the healing time, thus 

supporting the hypothesis that it could also increase tumour growth or foster the onset of 
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oncological diseases.18,19,20,21,22,23,24,25,26,27 However, studies on the effects of laser irradiation on 

different tumour cell lines in vitro have generated conflicting data, and very few of them 

considered the behaviour of tumour cells in vivo.28,29,30 Thus, at present, there are not reliable 

indication of the safety of laser therapy in oncological patients, as in vitro studies could hardly 

predict tumour behaviour and animal models are the only reliable tool to study a complex 

biological process, such as cancer.  

The rewording results obtained in terms of patient satisfaction and improved quality of life, 

together with the conflicting reports quoted in the international literature, prompted us to 

further investigate the mechanisms of actions of laser therapy and the safety of its use in 

oncological subjects.  

 

 

NARROW-BAND IMAGING 
 

In the same animal model of oral carcinogenesis used to study the effect of laser on tumour 

growth, we also analyzed the sensibility and specificity of the Narrow-Band Imaging (NBI) 

technique. In our daily clinical practice the diagnosis and the consequent treatment of oral 

cancer is based on the proper identification of tumour margins, which is performed by 

palpation and visual inspection. However, only 16% of patients with oral cancer undergoing 

tumour resection actually present a macroscopic clearance of 1 cm.31 Furthermore, local 

recurrence rates of 22% have been reported in patients treated for tongue carcinomas with 

curative-intended surgery.32 New intraoperative visualization techniques using near-infrared 

(NIR) fluorescence optical imaging that could help the surgeon to discriminate between 

healthy and cancer tissue are being developed.33 The essence of optical image-guided cancer 

surgery revolves around a sufficient tumour-to-background ratio to accurately distinguish 

tumour from healthy tissue. During the last few years two new diagnostic imaging techniques 

have been proposed: VELscope® and NBI. The first one has sensitivity and specificity values 

of 97% and 94%, respectively; whereas, NBI reaches the highest values, going from 

percentages of 95% to 98%, and from 97% to a 99%, respectively.34,35   

NBI uses specific optic filters selecting two wavelengths specific for the haemoglobin 

absorbance: 415 nm (blue) and 540 nm (green),36,37 thus enhancing lesion vascular network. It 

allows to highlight altered mucosal areas, usually invisible under white light or by a naked 

eye. Neoplastic tissues can activate the formation of new vessels, starting from the pre-
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existent capillary network in order to increase the nourishment and to contrast the possible 

hypoxic state that could be present inside tumoural masses. 38 , 39 , 40  Moreover, the 

vascularization of neoplastic tissues presents a peculiar morphology, since vessels have 

tortuous course, dilated and changeable diameter, several branches and interconnections. 

These typical features create an unsettled and chaotic haematic flow.41 Thus, this optical 

imaging technology enhances the contours and patterns of vessels in the mucosa surface by 

absorbing tissues’ high content of haemoglobin. Vessels acquire a dark colour increasing their 

contrast with the surrounding mucosa.42,43,44 Thanks to its physical characteristics and to the 

specific tumoural vessel morphology, it is possible to obtain and perform an earlier diagnosis 

of neoplastic oral lesions. Many studies consider the NBI as useful and efficient instrument to 

detect malignant and potentially malignant diseases (PMDs) in the oral cavity, even for lesion 

with a diameter inferior than 5 mm.45,46,47 

Areas where NBI highlights brown spots are considered as positive;48 clinicians need to 

classify mucosal vessel abnormalities following an approved classification. Concerning this 

issue, several NBI vascular classifications have been suggested: among all, the one proposed 

by Takano JH et al. is nowadays the most employed one (Figure 3).43  

 

 
Figure 3. IPCL classification: normal IPCL (type I) appears with both waved arms together, as a waved line. At 

dilation, IPCL (type II) have a similar shape to type I, but their calibre is notably increased compared with 
others far from the lesion. Elongation (IPCL type III) can be visualized as a simple increase in length or as 
tangled lines due to the severe increase in length. Generally, elongated IPCL are accompanied by dilation. 
Large vessels characterize IPCL type IV with no loops at the terminal branches due to the progression of 

carcinogenesis that leads to dilation and elongation of the loops and finally their destruction.  
Takano JH et al. Detecting early oral cancer: narrowband imaging system observation of the  

oral mucosa microvasculature. Int J Oral Maxillofac Surg. 2010 Mar;39(3):208-13. 
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The correlation between different types of vascular network and the presence of malignant 

oral lesions follows a directly proportioned trend. Although this classification is widely used 

by clinicians, its specificity and sensibility, related to different histopathological patterns 

(mild dysplasia, moderate dysplasia, severe dysplasia and carcinoma) have not been evaluated 

yet. For this reason, in the present project we have also correlated the clinical observed 

lesions, generated by the use of an oral carcinogen diluted in mice drinking water, to their 

histological pattern after excisional biopsies. 
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1. DEVELOPMENT OF A CARCINOGENESIS MOUSE-MODEL TO ANALYZE 

LASER EFFECTS ON TUMOUR-ASSOCIATED ANGIOGENESIS AND USE OF 

NANO FLUOSPHERES®  TO QUANTIFY VASCULARIZATION 

 

1.1 Animals 

50 female C57BL/6 mice with a mean weight of 20 g, six-week-old, were used for this study. 

Animal care and treatment were conducted in conformity with institutional guidelines in 

compliance with national and international laws and policies (European Economic 

Community Council Directive 86/609, OJL 358, December 12, 1987) and after approval by 

the Institutional Animal Care Use Committee. Animals were housed under controlled 

environmental conditions for 5 days with a 12 hours light/dark cycle. 4-NQO carcinogen 

(Sigma–Aldrich, St. Louis, MO, USA) was dissolved in propylene glycol (4 mg/ml) and than 

diluted in the drinking water to a final concentration of 50 µg/ml. It was replaced once a week 

and administered to all mice for 16 weeks; starting from the 17th week it was switched with 

regular water. Mice were allowed to access the drinking water and chow diet ad libitum 

during the treatment. All mice were weighed every 4 weeks.49,50 

 

1.2 Experimental protocol and subsequent examinations 

Mice were randomized into two groups: group 1 (n = 25, control group - CG) received only 4-

NQO carcinogen, while group 2 (n = 25, laser group) received 4-NQO carcinogen and was 

subjected to laser therapy during the 20th week. A GaAlAs diode class IV laser device (Cube 

series - Eltech S.r.l. K-Laser, Treviso, Italy) was employed with the following settled 

parameters: λ 970 nm, 5 W, duty cycle 50%, 2 Hz, 30 seconds, spot size 2 cm2, energy 

density 375 J/cm2 (HPLT-1). Similar to the clinical condition, laser therapy was applied for 4 

consecutive days (day 1 to 4), keeping the laser pointer 1 cm from the tongue and being 

continuously moved during therapy. Dysplastic and neoplastic oral lesions, located in 

particular on the ventral side of mice tongue were diagnosed and photographed. In both 

groups, all mice were sacrificed on the 21st week; in particular n = 15 mice for each group 

were euthanized and their tongue completely excised, while n = 10 mice for each group were 

sacrificed 30 minutes after the Nano FluoSpheres® injection. Each tongue was divided into 

two parts following the transversal major axis: the first one was fixed in 4% phosphate 

buffered paraformaldehyde solution for 48 hours and than embedded in paraffin for 
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histological analysis, while the second one was stored in TRIzol reagent (Invitrogen) for total 

RNA extraction and reverse transcription using hexameric random primers (Invitrogen).  

 

- Paraffin-embedded tongue specimens were stained with hematoxylin and eosin for 

histopathological examination, which was conducted by three independent reviewers. The 

observed lesions were classified into five different types: mild dysplasia (D1), moderate 

dysplasia (D2), severe dysplasia (D3), in situ squamous cell carcinoma (SCC) or invasive 

SCC. Specimens were stained with hematoxylin and eosin, and histopathological diagnostic 

features were conducted using established criteria, whereas the histological grading of SCC 

was based on the WHO classification system51 to obtain the following evaluations: 

1. the measure (µm) of the extension of each lesion on the total perimeter of the tongue 

(µm), multiplying the obtained result for 100 to reach the percentage (%) of 

pathological tissue involved by D1, D2, D3, in situ SCC, invasive SCC 

2. the number of areas involved by D1, D2, D3, in situ SCC, invasive SCC on each 

analyzed tongue 

 

- Different cytokines, related to the immune response (MMP-9, TNFα, IFNα and IFNγ), to 

tumour angiogenesis (VEGFα) and to inflammation (IL-6), have been tested using the 

quantitative Real-Time Polymerase Chain Reaction (qPCR) amplification. Tissues were 

homogenized in 500 µl of TRIzol Reagent (Invitrogen) and stored for 5 minutes at room 

temperature (RT). It was added 0.2 mL of chloroform to each sample to separate the different 

phases, and shacked vigorously for 15 seconds. The samples were than incubated for 2-3 

minutes at RT, then centrifuged at 12,000 rpm for 15 minutes at 4 °C. The colourless upper 

aqueous phase was transferred to sterilized tubes; 0.5 mL of isopropyl alcohol and 1 µl of 

glycogen were added. The samples were than incubated for 10 minutes at RT and centrifuged 

at 12,000 rpm for 10 minutes at 4 °C. The supernatant was carefully aspirated without 

disturbing the pellet containing the RNA, which was washed with 1 mL of 75% ethanol. The 

samples were vortexed and re-sedimented by centrifugation for 5 minutes at 7,500 rpm at 

4 °C. The RNA pellet was dried for 5-10 minutes at RT. To each sample 12 µl of a mixed 

solution containing PRI and nuclease-free water was added to re-dissolve the pellet. The 

concentration of RNA was measured using the NanoDrop 1000 spectrophotometer. For 

reverse transcription the miScript Reverse Transcription Kit (Qiagen) was employed, 

according to manufacturer’s instructions. To synthesize the cDNA 2 μg of RNA, 2 μl of 
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random primers, 1 μl of dNTPs (150 ng/μl) and 7 μl of RNAse-free water were mixed to a 

final volume of 12 μl. The samples were incubated for 3 minutes at 85 °C in a heating block; 

the RNA was briefly placed on ice and mixed with 4 μl FSB, 2 μl 0.1M DTT, 1 μl PRI and 1 

μl MMLV-RT. The final volume was 20 μl for each sample. Finally, the obtained cDNA was 

mixed with an appropriate ready-to-use PCR buffer for the detection of the selected cytokines 

(SYBRTM Green). Three replicates for each sample were analyzed and mean concentrations 

and standard deviations (SDs) of the triplicate were calculated. If one of the triplicates was 

not consistent with the rest of the set, it was excluded from the statistical analysis. The results 

of the qPCR were normalized to the properly housekeeping gene (GAPDH, RPL-37 and 18s 

ribosomal sub-unit).  

 

- n = 10 mice of both groups were analyzed to quantify vessel permeability and 

vascularization using Nano FluoSpheres®. Mice were injected intravenously with 

FluoSpheres® Carboxylate-Modified Microspheres with a 0.2 µm diameter, Yellow-Green 

Fluorescent (505/515nm), 2% solids. The animals were sacrificed after 30 minutes and the 

tumour masses removed and evaluated for a quantitative analysis of the fluorescence trough a 

3D reconstruction of the vascular network by confocal microscopy.  

 

 

1.3 Statistical analysis 

All data were analyzed using SPSS software version 15.0 for Windows (SPSS Inc., Chicago, 

IL).  Differences in body weight between the two groups (CG and HPLT-1) were analyzed 

using the non-parametric Wilcoxon test. Statistical significance of the differences in the 

histopathological scores and in the labelled surface with Nano FluoSpheres® among the 

groups within each time point was assessed by two-way analysis of variance for repeated 

measurements using the Mann-Whitney test.  

A p-value of less than 0.05 was considered statistically significant. 

 

 



!26!

2. CORRELATION OF THE OBTAINED RESULTS TO THE CLINICAL NBI 

FIBERSCOPE 

 

The mice used for the histopathological examination (n = 30) bearing a tumour of the oral 

cavity (Paragraph 1.1), induced with the use of 4-NQO carcinogen were analyzed both under 

a white light source and using the NBI technique. Before animal sacrifice, pictures of the 

affected areas were recorded using an ImageXpress Micro high-content screening microscope 

(Molecular Devices, Sunnyvale, CA). Images of the same lesions were also acquired with the 

NBI technique (VISERA-Pro components from Olympus&Co® Medical Systems: light 

source CVLS40Pro, video system centre OTV-S7Pro) using both the white and the NBI 

sources (Figure 4).  

 

 

 

 

 
 

 

 
Figure 4. On the left the Olympus&Co® Medical Systems exploited for the study 

and on the right the stiff and the flexible probes for tongues’ mice inspection.
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Inclusion criteria were: presence of a suspicious oral lesion (D1, D2, D3, SCC), the 

acquisition of focused images and presence of a clear and visible IPCL network. To all 

included animals (n = 28) a NBI mapping was performed; it consists in the selections of 

lesions positive to the NBI source, in according to Takano’s different grades of IPCL 

alteration. Areas considered as NBI positive consisted in regions of hypercaptation, 

hypocaptation, non-homogeneous thickness, and abnormal vascularization compared to 

healthy surrounding oral mucosa. Finally, a Power Point Template file was created, collecting 

all selected NBI images, to be shown to three selected raters, expert in the use of NBI for 

clinical screening. Both white and NBI images were presented to all raters. To collect rater 

evaluations, an ad hoc questionnaire was created. In the questionnaire all raters had to check, 

for each presented image, the correct histological tissue description selecting one among: 

healthy/non pathological (0), mild dysplastic (D1), moderate dysplastic (D2), severe 

dysplastic (D3) and neoplastic (K). Finally all raters’ evaluations were compared to the final 

histopathological diagnosis stained with hematoxylin and eosin. Three independent 

pathologists analyzed all biopsied lesions, classifying them as: hyperplastic or inflammatory 

(0), mild dysplastic (D1), moderate dysplastic (D2), severe dysplastic (D3) and neoplastic (K).  

 

2.1 Statistical analysis 

A comprehensive diagnostic performance analysis was performed, including sensitivity, 

specificity, positive likelihood ratio (LHR), positive and negative predictive values (PPV e 

NPV) and accuracy, presented as mean (95% confidence interval [CI]). The percentages of 

agreement between each rater and the reference standard (histological report) have been 

calculated. Moreover, to determine the degree of agreement between each rater and the 

reference standard, a weighted kappa coefficient was used and presented as mean (95% CI). 

The kappa coefficient was weighted linearly as this makes the coefficient less sensitive to the 

number of categories, i.e. stages, thus avoiding biases in the interpretation of the results that 

might be encountered by a quadratic weight. The kappa coefficient ranges from zero, for no 

agreement, to 1 for perfect agreement, and the following standards for strength of agreement 

for the kappa coefficient were scored: 0.01-0.20, slight; 0.21-0.40, fair; 0.41-0.60, moderate; 

0.61-0.80, substantial; and >0.80 almost perfect. Finally, when calculating the overall means 

for these parameters, including the weighted kappa values, the paired nature of that data was 

taken into account. SPSS software 15.0 (SPSS® Inc., Chicago, Illinois, USA), MedCalc® 

software 12.3.3.0 (MedCalc Software, Mariakerke, Belgium) and Comprehensive Meta-
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Analysis, version 2 (BiostatTM, Englewood, New Jersey, USA) were used to perform the 

statistical analyses. A p value lower than 0.05 was used for the rejection of the null hypothesis. 
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3. ASSESSMENT OF LASER SAFETY IN ONCOLOGICAL FIELDS: DIFFERENT 

EFFECT OF LASER IN CELL CULTURE AND IN VIVO  
 

3.1 In vitro laser irradiation of Human Skin Fibroblasts, Human Umbilical Vein 

Endothelial Cells, Human Coronary Artery Smooth Muscle Cells, Neonatal Rat 

Ventricular Myocytes, Human Bone Osteosarcoma Epithelial Cells and Mouse B16F10 

Melanoma Cells 

Laser effect on cell metabolism was assessed in six different cell types: Human Skin 

Fibroblasts (HSF), Human Umbilical Vein Endothelial Cells (HUVEC), Human Coronary 

Artery Smooth Muscle Cells (HCASMC), Neonatal Rat Ventricular Myocytes (NRVM), 

Human Bone Osteosarcoma Epithelial Cells (U2OS) and Mouse B16F10 Melanoma Cells. A 

GaAlAs diode class IV laser device (Cube series - Eltech S.r.l. K-Laser, Treviso, Italy) was 

employed to irradiate all cultured cell lines. To provide a uniform irradiation to the multiwell 

plates, the device was equipped with an adapted prototype probe, specifically designed by 

Eltech S.r.l. K-Laser (Figure 5).  

 

 
Figure 5. Eltech S.r.l. K-Laser prototype with an adapted probe directly connected to a  

computer for the setting of the selected wells to irradiate with the laser device. 
 

Plate covers were removed during irradiation and the emission tip was hold perpendicular and 

1 cm above the culture media. The irradiation was carefully timed and carried out in a dark 

room. The diode area laser source consisted of equal diodes, which emitted an elliptic laser 

field with a Gaussian distribution of irradiance.52 The emitted light completely covered the 

irradiated field of each culture plate, as assessed using an optical power meter. The control 

group (CG) was not exposed to laser, but during the laser treatment dishes were removed 
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from the incubator, the cover was removed and cells were kept at RT. All experiments were 

performed twice, and for each cell group a biological triplicate was considered. Different time 

points (2, 6, 24, 48 hours) after the laser therapy have been considered for the tested cell lines 

both for the evaluation of cell metabolism (ATPlite Luminescence Assay System 

(PerkinElmer, Waltham, MA), according to manufacturer’s instructions), viability (Trypan 

Blue: viable cells versus non-viable cells) and proliferation (AlamarBlue and BrdU). 

 

Different laser protocols, differing from wavelength, energy and power density, have been 

employed in the experimental procedures described in this thesis. To clarify and summarize to 

the reader all protocols set with 660 nm, 800 nm and 970 nm wavelengths are resumed in 

Table 1, according to specific acronyms.  

The remaining protocols based on 445 nm and 905 nm, which have been used in a lower 

number of experiments, are reported throughout the text within their complete protocol. 

 

Protocol Name Protocol Settings 

Laser therapy N. 
Wavelength 

(nm) 
Fluence 
(J/cm2) 

Power density 
(mW/cm2) 

Frequency 
(Hz/CW) 

1 660 0.375 2.5 CW 
2 660 3 50 CW 
3 660 6 50 CW 
4 660 3 15 CW 
5 660 6 10 CW 

LPLT 
(low-power laser therapy) 

6 660 3 100 CW 
1 800 3 15 CW 
2 800 6 15 CW 
3 800 3 50 CW 
4 800 6 50 CW 
5 800 3 150 CW 
6 800 6 150 CW 
7 800 20 100 CW 
8 800 20 500 CW 
9 800 3 10 CW 

10 800 6 100 CW 
11 800 6 500 CW 
12 800 6 1000 CW 

MPLT 
(medium-power laser therapy) 

13 800 20 1000 CW 
1 970 375 2.5 2 
2 970 1 15 CW 
3 970 1 50 CW 
4 970 6 20 CW 
5 970 3 100 CW 
6 970 6 100 CW 

HPLT 
(high-power laser therapy) 

7 970 6 60 CW 
 

Table 1. Scheme of all tested laser protocols, which employ 660 nm, 800 nm and 970 wavelengths. 
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1. Among the experiments, testing the HSF cell line, a widespread analysis on different laser 

protocols was conducted, to assess the most efficient ones, which have than used on other cell 

lines and in vivo models. HSF (3×104 cells/cm2) were seeded on sterile 24-well acrylic plates, 

plated in 500 μl of complete medium (DMEM 1 g/L glucose supplemented with 10% fetal 

bovine serum (FBS) and penicillin and streptomycin. Cells were irradiated with the following 

protocols: λ 445 nm, 1 J/cm2, 15 mW/cm2, continuous wave; LPLT-2; LPLT-3; LPLT-4; 

MPLT-1; MPLT-2; MPLT-3; MPLT-4; MPLT-5; MPLT-6; λ905 nm, 3 J/cm2, 15 mW/cm2, 

continuous wave; λ 905 nm, 6 J/cm2, 15 mW/cm2, continuous wave; λ 905 nm, 3 J/cm2, 50 

mW/cm2, continuous wave; λ 905 nm, 6 J/cm2, 50 mW/cm2, continuous wave; λ 905 nm, 3 

J/cm2, 150 mW/cm2, continuous wave; λ 905 nm, 6 J/cm2, 150 mW/cm2, continuous wave; 

HPLT-2; HPLT-3. In the present study the ATPlite measurement was managed 24 and 48 

hours after the laser therapy.  

During a second setting of ATPlite assessment, great attention has been placed to the 970 nm 

wavelength the most employed in our clinical practice. Among the other wavelengths, 660 nm 

it is also often exploited since it has a low tissue penetration, beneficial in the biostimulation 

of mucosal surfaces. The assessment of cells metabolism was evaluated 6 hours after the laser 

therapy and was carried out on different HSF cell lines; in particular HSF on the 4th (P4) and 

on the 7th cell cycle (P7) were irradiated in 24-well plates with the following protocols: LPLT-

5; HPLT-4; HPLT-5; HPLT-6. Employing the same laser protocols and taking advantage of 

the beneficial effect of the laser protocols LPLT-5 and HPLT-4, which were also used adding 

them together, a total of 5 different laser protocols have been considered for Trypan Blue 

solution 4X detection (SIGMA -Aldrich) 2 and 24 hours after the laser irradiation to calculate 

viable vs non-viable cells number. 

 

2. Commercial HUVEC (ATCC), were seeded onto gelatin pre-coated 96-well acrylic plates, 

at a density of 1.5x103 cells/cm2 in complete medium, DMEM 1 g/L glucose supplemented 

with 10% FBS and penicillin and streptomycin. The cells were tested with the following 

protocols: LPLT-5; HPLT-4; HPLT-5; HPLT-6; LPLT-5 + HPLT-4 and finally evaluated by 

Trypan Blue detection.  

 

3. To investigate whether the arteriogenic response elicited by laser treatment in vivo might 

stem from a direct effect of laser irradiation on vascular HCASMC metabolism and 

proliferation, we exposed cultured primary HCASMC, derived from human coronary arteries, 

to the four different laser protocols (LPLT-5; HPLT-4; HPLT-5; HPLT-6). HCASMC (5×104 
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cells/cm2) were seeded both on sterile 24 and 96-well acrylic plates, plated in 500 μl and 100 

μl of complete medium (Smooth Muscle Cell Growth Medium supplemented with specific 

HCASMC growth factor and penicillin and streptomycin), respectively. At different time 

points (2, 6 and 24 hours), we assessed cell metabolic activity by measuring ATP intracellular 

content. Moreover, to confirm a direct stimulation of laser treatment on HCASMC 

metabolism, and possibly on their proliferation, we also performed AlamarBlue assay 

(Invitrogen), which measures the reducing power of living cells to convert the resazurin 

substrate into a fluorescent compound, thereby providing a quantification of cell metabolism 

and viability. Finally, we administered bromo-deoxyuridine (BrdU) to cultured HCASMC, to 

count the number of proliferating cells during active DNA synthesis. 

 

4. Neonatal cardiomyocytes were isolated and cultured from five 1-3 old pups by enzymatic 

digestion.53 , 54  Briefly, ventricles were separated from the atria using scissors and then 

dissociated in CBFHH (calcium and bicarbonate-free Hanks with Hepes) buffer containing 

1.75 mg/ml of Trypsin (DIFCO) and 10 mg/ml DNAse. Cardiomyocytes were enriched over 

non-myocytes by two sequential preplating steps on 100 mm3 dishes in 4,5 g/L glucose 

DMEM medium containing 10% FBS, 2 mg/ml B12 (SIGMA) and penicillin and 

streptomycin. NRVMs have been seeded on 24-well primary plates at a density of 1.25x105 

cells/cm2 and irradiated with 2 different laser protocols: MPLT-7 and MPLT-8. The ATP 

content was assessed 2, 6 and 24 hours after the therapy.  

 

5. Commercial Human Bone Osteosarcoma cells, U2OS, were seeded on sterile 24-well 

acrylic plates in complete growth medium (DMEM 1 g/L glucose supplemented with 10% of 

FBS, 2 mM L-Glutamine and penicillin and streptomycin). Cells have been treated with 10 

different laser protocols, exploiting two different wavelengths (800 nm and 905 nm) to assess 

the effect of laser therapy on a cancer cell line metabolism: MPLT-9; MPLT-4; MPLT-10; 

MPLT-11; MPLT-12; MPLT-13; λ 905 nm, 3 J/cm2, 10 mW/cm2, continuous wave; λ 905 nm, 

3 J/cm2, 500 mW/cm2, continuous wave; λ 905 nm, 3 J/cm2, 1 W/cm2, continuous wave; λ 905 

nm, 6 J/cm2, 500 mW/cm2, continuous wave. ATP content has been performed 24 and 48 

hours after cells irradiation. 

 

6. A second cancer cell line (commercial mouse B16F10 melanoma cells cultured in DMEM 

1 g/L glucose supplemented with 10% of fetal bovine serum, 2 mM L-Glutamine and 

penicillin and streptomycin) has been tested with different laser protocols to confirm the 
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behaviour of a neoplastic cell line in vitro. The ATP content was assessed 24 and 48 hours 

after the laser therapy employing four different laser protocols: LPLT-6; MPLT-13; MPLT-7; 

HPLT-7. 

 

3.2 In vivo laser irradiation of mouse B16F10 melanoma cells implanted on C57BL/6 

mouse 

Female C57BL/6 mice (n = 16) with a mean weight of 17 g, six-week-old, were used for this 

analysis. Each animal was injected with 1x106 B16F10 melanoma cells (CRL-6475; ATCC) 

at the dorsal subcutaneous level. After 10 days, when all masses were clearly detectable, the 

mice were divided into 4 groups homogenous for tumour size: 3 groups were treated with the 

three different laser protocols mentioned above (LPLT-6; MPLT-13 and HPLT-7), once a day 

for 4 consecutive days (from day 11 to 14), whereas the last group was used as CG. The same 

laser device and laser parameters used in the in vitro study were employed for the in vivo 

analysis and the daily irradiation was always performed at the same time. On day 15 all 

animals were anaesthetized with inhaled isoflurane and sacrificed by cervical dislocation to 

measure tumour volume (mm3) and weight (gr), to analyze the neoplastic infiltration by 

histology and to qualify and quantify the innate immune system response of cancer (grading 

score). Tumour volume was evaluated daily using a calliper and calculated applying the 

following formula: V = π/6 * (dmax
2 *dmin

/2).55  

Each tumour was divided into 2 parts following the sagittal minor axis: the first one was fixed 

in 4% phosphate buffered paraformaldehyde solution for 48 hours and than embedded in 

paraffin for histological analysis, while the second one was stored in TRIzol reagent 

(Invitrogen) for total RNA extraction and qPCR evaluation. Histological specimens were 

collected on glass slides and stained with hematoxylin and eosin. One representative tumour 

specimen per group, which presented a well detectable layer all around the tumour mass, was 

selected for the immunohistochemical staining with CD1a, CD4, CD8, CD25, CD68 kp1 and 

MELAN-A (Dako, Denmark). qPCR was performed as described above. 

 

3.3 Statistical analysis 

Descriptive statistics of all cell metabolism assays, tumour size and weight, including mean 

and SD, grouped by cell type and by treatment (laser therapies vs CG) have been performed. 

Statistical significance of the differences among the groups within each time point concerning 
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cell metabolism and proliferation was assessed by two-way analysis of variance for repeated 

measurements using the Kruskal–Wallis test.   

All the differences concerning mice weight over time within each group were examined using 

the non-parametric Friedman test. The non-parametric Kruskal–Wallis test analyzed mice 

tumour volume and tumour weight differences among groups. All statistical assessments were 

two-sided, and p values < 0.05 were considered significant. All analyses were performed 

using the SPSS 15.0 software (SPSS Inc., Chicago, IL).  

The immunohistochemical staining intensity was reviewed by 3 pathologists and graded as 

negative (-), weak (+/−), moderate (1+), or strong positive (2+).  
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4. LASER EFFECT ON THE IMMUNE SYSTEM ACTIVATION 

 

The same laser protocols described above were also applied on primary mouse Bone Marrow 

Dendritic cells (BM-DC), followed by analysis of cell metabolism (ATPlite Luminescence 

Assay System (PerkinElmer, Waltham, MA), according to manufacturer’s instructions) and of 

cytokines expression (ELISA assay): TNFα and IFNγ.  

 
4.1 Bone Marrow Dendritic cells laser irradiation 

BM-DC were harvested from femura and tibiae of C57BL/6 male mice, since they have 

bigger bones and therefore yield larger numbers of progenitor cells. Muscles were separated 

from bones and the clean bones were immersed for 2 minutes in a petri dish containing 70% 

ethanol, and then washed twice with ice-cold PBS. Epiphyses of each bone were cut with 

scissors and transferred to a separate dish. Finally, the bone marrow was obtained by flushing 

each of the shafts with a syringe containing 2 ml of RPMI-1640. Since the epiphyses contain 

an additional amount of bone marrow, they were minced in a separate dish and re-suspended 

together with the marrow plugs from the bone shafts, breaking cell clumps with Pasteur 

pipettes.   

Red blood cells were lysed by adding 3 to 10 ml of ammonium chloride solution for 3 

minutes at RT and then centrifuged for 10 minutes at 1,200 rpm at RT to remove the 

supernatant. Murine recombinant GM-CSF was added at 700-1,000 U/ml (∼20 ng/ml). On 

days 2 and 4 granulocytes and residual lymphocytes were removed by washing the wells and 

every two days the medium was gently replaced with 1 ml fresh medium. By day 4, the 

aggregates of growing BM-DC were visible above the monolayer and detachable by gently 

pipetting. The pool of dislodged cells was centrifuged for 10 minutes at 1,200 rpm at RT, 

resuspended at 1×106 cells/ml and plated at 107 cells/dish in 10 ml medium. On day 7 viable 

cells were counted and plated in four 24-well plates (n = 54 wells) with a cell concentration of 

2.5×105 cells/cm2. 

The same laser protocols employed for the previous in vitro and in vivo tests were used 

(LPLT-6, MPLT-13 and HPLT-7). Subsets of cells were also treated with lipopolysaccharide 

endotoxin (LPS) to promote the secretion of pro-inflammatory cytokine. 

* n = 4 wells were used as CG and any treatment was performed on these cells 

* n = 5 wells were treated with the LPLT-6 protocol 

* n = 5 wells were treated with the MPLT-13 protocol 
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* n = 5 wells were treated with the HPLT-7 protocol 

* to n = 5 wells 100 μg/ml LPS was added (CG + LPS) 

* to n = 5 wells 100 μg/ml LPS was added and 6 hours later they were treated with the 

LPLT-6  protocol (LPS + LPLT-6) 

* to n = 5 wells 100 μg/ml LPS was added and 6 hours later they were treated with the 

MPLT-13 protocol (LPS + MPLT-13) 

* to n = 5 wells 100 μg/ml LPS was added and 6 hours later they were treated with the 

HPLT-7 protocol (LPS + HPLT-7) 

* n = 5 wells were treated with the LPLT-6 protocol and 6 hours later 100 μg/ml LPS 

was added (LPLT-6 + LPS) 

* n = 5 wells were treated with the MPLT-13 protocol and 6 hours later 100 μg/ml LPS 

was added (MPLT-13 + LPS) 

* n = 5 wells were treated with the HPLT-7 protocol and 6 hours later 100 μg/ml LPS 

was added (HPLT-7 + LPS) 

 

Cell metabolism was evaluated by ATPlite assay 24 hours after the laser irradiation. Before 

the evaluation of cell metabolism 0.5 ml of supernatant was collected from MPLT-13, HPLT-

7 and CG wells, kept frozen at −80° and use for ELISA. Standardized sandwich ELISA kits 

for mouse TNFα and IFNγ were used according to the manufacturer's instructions (Biolegend 

and eBioscience). After an overnight pre-plating with the specific capture antibody (1:300 

dilution for both cytokines), two 96-well plates, were subjected to a blocking buffer (PBS 1% 

BSA and 0.05% Tween 20, 2 hours at RT) and then cell culture supernatant were added (1:10 

dilution from the stocks). For the standard curve, 1:2 serial dilutions starting from 5 ng/ml 

cytokines were incubated at RT for 2 hours in blocking buffer. TNFα and IFNγ antibodies 

detection were performed in blocking buffer (1:300 dilution) for 1 hour at RT, followed by 

streptavidin-HRP 1:1000 (BD) incubation (1 hours RT). The plate were the subjected to pre 

warm 3,3',5,5'-tetramethylbenzidine (TMB) liquid substrate, immediately stopped by H2SO4 

1M when forming a yellow reaction product. Absorbances were measured on an automatic 

plate reader (450 nm) and afterwards transformed into concentrations expressed as ng/ml. The 

titration of TNFα and IFNγ was normalized to the 10-fold dilutions, which were transformed 

into a standard curve. 
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4.2 Dorsal mouse wound and laser irradiation 

Female CD-1 mice (n = 12) with a mean weight of 25 g, 6-7 weeks old, were used for wound 

healing analysis. The back of mice shaved using Nair cream (Carter-Wallace, New York, NY) 

24 hours before wounding. Mice were anesthetized by an intraperitoneal injection of a 

ketamine–xylazine cocktail (90 mg/kg ketamine and 10 mg/kg xylazine) before wounding 

procedures and during all the subsequent treatments. A 2 cm dorsal full thickness incisional 

linear wound was performed with sterile scalpel and the support of a calliper; the wound was 

left uncovered during the whole period of experiments. According to our previous results,13 

animals were divided into 3 different groups as follows: 

* n = 4 mice used as CG 

* n = 4 mice treated with the LPLT-1 protocol 

* n = 4 mice treated with the HPLT-1 protocol 

A single laser therapy was performed 24 hours after wounding; the irradiated area included 

the wound and intact surrounding skin. Non-irradiated control mice with wounds were kept 

anesthetized for the same length of time as the treated ones. 

Power settings of the diode laser employed for the settled protocols (GaAlAs diode class IV 

Cube series laser device, Eltech S.r.l. K-Laser, Treviso, Italy) were measured with a power 

meter (Ophir Optronics, Inc., Wilmington, MA). Mice were sacrificed by cervical dislocation 

at two different time points (17 and 50 hours after the laser therapy) in order to obtain skin 

samples for the analysis of markers of the early and late inflammatory response (Collagen I, 

Collagen III, Collagen IV, FSP1, IL-2, IL-6, IL-10, IFNα, IFNβ, IFNγ, MMP-9, PDGFβ, 

TGFβ, TNFα). An excisional biopsy of wounds, surrounded by 5 mm of healthy tissue 

around the incisional linear wound, was snap frozen. Frozen mucosal tissues were 

homogenized and total RNA was isolated using cold TRIzol reagent (Invitrogen, Carlsbad, 

CA), following manufacturer’s instructions. Total RNA was quantified by spectrophotometry 

and RNA samples were treated with DNAse (Invitrogen) to avoid contamination with 

genomic DNA. For cDNA synthesis and PCR analysis of gene expression, 2 μg of total RNA 

was used. Reverse transcription was carried out as described above and qPCR was run using a 

SYBRGreen kit (Applied Biosystems, Foster City, CA) on a 7,000 sequence detection system 

(ABI Prism; Applied Biosystems). The thermal cycling conditions were 50 °C for 2 min, 

95 °C for 10 min, followed by 40 cycles at 95 °C for 15 s and 60 °C for 1 min. Experiments 

were performed in triplicate for each data sample. Collagen I, Collagen III, Collagen IV, 

FSP1, IL-2, IL-6, IL-10, IFNα, IFNβ, IFNγ, MMP-9, PDGFβ, TGFβ, TNFα expression was 
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quantified as a relative value compared to the properly housekeeping gene (GAPDH, RPL-37 

and 18s ribosomal sub-unit). Melting curves were generated at the end of every run. 

 

A second analysis was conducted on female CD-1 mice (n = 18) with a mean weight of 24.5 g, 

6-7 weeks old. The back of all considered mice was shaved as described above. 24 hours after 

the depilation, mice were divided into 6 groups: 

* n = 3 mice used as CG 

* n = 3 mice treated with the LPLT-1 protocol for 4 consecutive days 

* n = 3 mice treated with the HPLT-1 protocol for 4 consecutive days 

* n = 3 mice underwent to a 2 cm dorsal full thickness incisional linear wound  

* n = 3 mice underwent to a 2 cm dorsal full thickness incisional linear wound and 24 

hours after the wounding were treated with the LPLT-1 protocol for 4 consecutive 

days 

* n = 3 mice underwent to a 2 cm dorsal full thickness incisional linear wound and 24 

hours after the wounding were treated with the HPLT-1 protocol for 4 consecutive 

days 

Power setting and methods were the same as for the previous protocol. Mice were sacrificed 

by cervical dislocation 24 hours after the fourth laser session for IFNα and IFNβ cytokines 

expression’s evaluation by qPCR (already described). 

 

 

4.3 Statistical analysis 

The results were presented as the mean ± SD. Differences among groups were analyzed by 

the non-parametric Kruskal–Wallis test and Mann-Whitney test for continuous data, and by 

the chi-squared test for nominal data. Bayesian statistics (PPV and NPV, sensitivity, 

specificity, and LHR) was used to assess diagnostic performance. All statistical assessments 

were two-sided, and p values < 0.05 were considered significant. All analyses were performed 

using the SPSS 15.0 software (SPSS Inc., Chicago, IL). 
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RESULTS 
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The experiments described in this thesis aim at comparing and optimizing the efficacy and the 

safety of laser therapy in the treatment of oral mucositis (OM) and dermatitis in oncological 

patients. 

As detailed in the Introduction, wavelengths between 600 and 1000 nm are commonly used 

for the application of LLLT in the treatment of OM, with the main purposes of reducing pain 

sensation and promoting faster wound healing. Shorter wavelengths, in the range of 600-700 

nm, are emerging as particularly effective in the treatment of superficial tissues such, as skin 

wounds. On the other hands, deeper tissues, such as muscles, could be reasonably treated 

more effectively with longer wavelengths, in the range of 700-1000 nm. These longer 

wavelengths are barely absorbed by the epidermis and dermis, allowing energy to penetrate 

deeper in the subcutaneous tissue.  

Therefore, we decided to assess and compare the effect of various protocols, differing in 

terms of wavelength, power, energy density and frequency in different cell types, as well as in 

vivo, in various models of cancers and wound healing. The overall spectrum of protocols 

employed in the various experiments, together with their acronym, has been summarized in 

Table 1. 
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1. DEVELOPMENT OF A CARCINOGENESIS MOUSE-MODEL TO ANALYZE 

LASER EFFECTS ON TUMOUR-ASSOCIATED ANGIOGENESIS AND USE OF 

NANO FLUOSPHERES®  TO QUANTIFY VASCULARIZATION 

 

 

The first experiment aimed at testing the safety of laser therapy when directly performed on a 

tumour area. Towards this goal, we set up a mouse model of oral carcinogenesis, which 

reliably reproduces the generation of a cancer field within the oral cavity, similar to what 

occurs in patients bearing an oral carcinoma. This stands as an excellent model to predict the 

possible effect of a laser biostimulation, when performed during our clinical practice, on 

cancer cells potentially present in the oral cavity of the patients.  

Since the induction of the carcinogenesis lasts 16 weeks, during this period mice tongues 

were routinely examined and photographed. Before applying the carcinogen, we verified the 

integrity of the oral mucosa was normal and no alterations were clinically detectable until the 

end of carcinogenesis induction (16th week). Figures 6 and 7 report the clinical evaluation of 

two mice during the 17th and 19th week, respectively. As clearly visible, both precancerous 

and cancerous lesions were detected (images of the same lesions were acquired also with the 

NBI technique, as reported in Paragraph 2); histological analysis confirmed that the exploited 

protocol of oral carcinogenesis induction raised 100% of positive LHR. 

 

 

 
 

Figure 6. Animal evaluation during the 17th week of carcinogenesis induction. 

!
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Figure 7. Animal evaluation during the 19th week of carcinogenesis induction. 

 

Since the tumour masses changed their growth rate over time, we wanted to assess whether a 

statistically significant difference in body weight between the two groups was found. 

However, the non-parametric Wilcoxon test did not reveal any variation between CG and 

HPLT-1 group. Figures 8 and 9 show some of the collected samples of the CG and HPLT-1 

group. 

 

 
Figure 8. Tongues excisional biopsies of mice belonging to the control group. 

 

!
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Figure 9. Tongues excisional biopsies of mice belonging to HPLT-1 group. 

 

 

The histological analysis aimed at determining the number and the percentage of affected 

tissue by D1, D2 and D3, as well as by in situ and invasive SCC. To perform this 

investigation, it was necessary to calculate the perimeter extension of each tongue (µm) and to 

measure the length of each pathological segment (µm), as described in the Materials and 

Methods Section (Figure 10).  
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Figure 10. Tongues stained by hematoxylin and eosin for the measurement of their perimeter (µm). 

 

Figures 11 and 12 provide some practical examples of the histological analysis and 

measurements of pathological areas performed on the specimens. 

 

 
Figure 11. Image A: invasive SCC; image B: D3 (on the left) and micro-invasive SCC  

(on the right); image C: invasive SCC; image D: D1. 
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Figure 12. Image A: D3; image B: D2; image C: D3; image D: D2 (upper) and D3 (lower). 

 

 

The number of animals for each study group and the number and the percentage of the 

different histopathological grades of dysplasia and oral SCC are summarized in Table 2. To 

note, each examined tongue presented more than one area affected by each histopathological 

feature. 
 

 

Groups D1 D2 D3 In situ SCC Invasive SCC 

 No. % No. % No. % No. % No. % 
Control 
group 

(n = 15) 
27 85.61 24 56.32 22 42.50 20 53.25 18 67.57 

HPLT-1 
group 

(n = 15) 
19 50.95 21 88.15 18 61,75 11 56,61 5 16.12 

Diff. NS NS NS NS NS NS p=0.042 NS p=0.028 p=0.030 

 

Table 2. Descriptive statistics in the whole sample of animals (n = 30). D1, mild dysplasia; D2, moderate 
dysplasia; D3, severe dysplasia; SCC, squamous cell carcinoma. No., number of valid cases. Diff: significance 
of the differences in the distribution of each histopathological feature between the laser and the control group. 
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Statistical analysis comparing the CG to the HPLT-1 group evidenced no statistical 

differences between the cases of D1, D2 and D3. Instead, a statistically significant difference 

between CG and HPLT-1 group was evident by examining the number of areas affected by in 

situ SCC (p = 0.042). Moreover, concerning both the number and the percentage of the 

presence of invasive SCC between CG and HPLT-1 group, a significant reduction of the 

invasive tumours was observed in the HPLT-1 group (p = 0.028; p = 0.030). Despite the small 

number of animals, a completely different behaviour was observed between the two groups. 

In particular, in the CG a normal succession of different grades of dysplasia was observed in 

all specimens, while in the HPLT-1 group an “on-off” change between health and 

pathological oral mucosa was detected. Moreover, HPLT-1 group tumours appeared 

surrounded by a barrier of cells, which isolated and possibly limited tumour invasiveness. 

Despite the most important result obtained in this experiment was the absence of tumour 

stimulation by laser therapy, which supports its safe use even in oncological fields, this 

unexpected capacity of laser therapy to confine tumour masses and possibly to reduce tumour 

invasiveness, set the basis for further analysis. 

In particular, we moved to a second set of experiments in a melanoma mouse model, to 

confirm the present results and further explore the effect of laser therapy on the different cell 

types that reside within the tumour microenvironment and could therefore modulate tumour 

growth and invasiveness (see below). 

At the same time, also based on our previous observations, we hypothesized that the laser 

light could modify or increase tumour angiogenesis, which was quantified and visualized by 

perfusing tumour-bearing animals with Nano FluoSpheres®. 

 

Figure 13 reports a collection of images acquired using a confocal microscope for both groups 

of animals, after the injection of Nano FluoSpheres®.  

 

Table 3 shows the evaluation of the percentage of tissue labelled by fluorescent Nano 

FluoSpheres®, roughly corresponding to tumour vascularization, for each animal. 



!48!

 
 

Figure 13. Reconstruction of tumour vessels’ perfusion  
by Nano Fluospheres® in the control group and in the HPLT-1 group. 
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Group 

Parameter Sample Control HPLT-1 
Tongue surface (Pixel) 1 454287 149908 
 2 90923 329033 
 3 83112 539454 
 4 4915200 154078 
 5 4915200 101205 
 6 4915200 220300 
 7 4915200 121217 
 8 4915200 174255 
 9 4915200 4915200 
 10 4915200 744961 
 Mean 3503472 744961 
 SD 2275295 1480008 
 Diff. 0.081 

1 9,24 3,05 Labeled surface with 
Nano FluoSpheres® (%) 2 1,85 6,69 
 3 1,69 10,98 
 4 1,33 3,14 
 5 1,74 2,06 
 6 2,19 4,48 
 7 1,74 2,47 
 8 2,9 3,55 
 9 1,52 0,7 
 10 3,23 4,12 
 Mean 2,743 4,124 
 SD 2,36 2,88 
 Diff. 0.064 

 

Table 3. Descriptive statistics in the whole sample of considered animals (n = 20). Diff: significance of the 
differences in the percentage of labelled tissue between control and laser group. SD: standard deviation. 

 

 

No statistical differences were observed between groups; microscopic analysis of tumour 

vasculature highlighted a normalization of tumour vessels in the HPLT-1 group, with an 

increased number of structured arteries, and a lower index of Nano FluoSpheres®, consistent 

with decreased vessel dilatation and permeability. Laser treated tumours showed less ectasic 

and consequently less permeable vessels. In the same group, 3D reconstruction highlighted a 

more defined vascular network, with absence of Nano FluoSpheres® leakiness in the 

background (Figure 14).  
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CONTROL GROUP

 

HPLT-1 GROUP

 
Figure 14. 3D reconstruction of tumour vessels network perfused  

by Nano FluoSpheres® in the control and HPLT-1 group. 
 

 

Neither tumour growth nor tumour angiogenesis increased after laser therapy and, contrary to 

our expectations, laser seemed to isolate tumours, thus decreasing dysplastic areas, bordering 

and confining the neoplastic fields. 

These results, together with clinical evidence of improved healing of infectious mucosal 

lesions after laser therapy, led us to consider the immune system as a possible target of laser. 

Therefore, we started investigating whether laser treatment could somehow stimulate the 

immune system. 

 

To start addressing this issue, we examined the role of different cytokines (TNFα, IFNα, 

IFNγ, IL-6, MMP-9 and VEGFα), known to modulate the immune response during tissue 

healing. No statistically significant differences in the expression levels of IFNα, IFNγ, IL-6 

and VEGFα were found between groups. The results of the qPCR, as mean concentrations 

and SD of the triplicate, are reported in Figures 15 and 16. 
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Figure 15. TNFα expression in the control group (any detection was found in the HPLT-1 group). 

 
 

In the HPLT-1 group a complete absence of TNFα expression was recorded, while its 

presence was abundant in the CG. Since TNFα is a proinflammatory cytokine involved in the 

initiation and progression of several malignancies, its complete absence in the HPLT-1 group 

could be related to the results highlighted by the histological analysis, where a noteworthy 

decrease in tumour invasiveness and progression was detected in the HPLT-1 group. 

 

 

Figure 16. MMP-9 expression in the HPLT-1 group compared to the control group. 
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Concerning the MMP-9 expression, this enzyme was much more abundant in the HPLT-1 

group (2.01) than in the CG. Consistent with the previous results, the selective MMP-9 in a 

number of experimental studies has shown potent antitumourigenic activities.56,57,58,59,60  

These antitumourigenic activities may be attributed to the generation of antiangiogenic 

fragments, such as angiostatin, tumstatin, and endostatin. Moreover, the increase in MMP-9 

expression in the HPLT-1 group is consistent with the idea of the immune system 

involvement: MMPs play a crucial role in the local immune regulation at several levels. 

MMPs can shed chemokines from cellular membranes, modify soluble chemokines to alter 

their localization patterns or activity, and facilitate immune cell migration by basal membrane 

proteolysis.61,62 

 

Considering the remaining tested cytokines, the small number of evaluated animals could 

probably have affected the statistical power and larger groups will be probably needed to 

reach significant differences between groups. 
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2. CORRELATION OF THE OBTAINED RESULTS TO THE CLINICAL NBI 

FIBERSCOPE 

 
The angiogenesis analysis performed on mice, trough the use of Nano FluoSpheres®, was 

also performed in vivo with the assistance of a new promising technique, the NBI. All 

animals (n = 30) euthanized to perform the complete histological analysis, already described, 

were evaluated acquiring images both under white and NBI light (Figure 17). According to 

the set inclusion criteria, a total of 185 dysplastic and neoplastic lesions were included in the 

present analysis.  
 

 
Figure 17. Mice tongues images acquired with the NBI technique. 

 

The distribution of all lesions according to the 4 histopathological categories is reported in 

Table 4; it was used as reference standard and subsequently compared to the images 

evaluation by the raters.  

Stage % (n) 

D1 24.3% (45) 

D2 24.9% (46) 

D3 21.6% (40) 

K 29.2% (54) 

Total 100% (185) 

Table 4. Distribution of each lesion stage according to the reference standard (histology).  
D1, mild dysplasia; D2, moderate dysplasia; D3, severe dysplasia; K, neoplasia. 
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The mean percentage of full agreement between raters and reference standard was 72.5% (n = 

134), whereas the kappa coefficient, presented as mean (95% CI), was 0.74 (0.63-0.84).  

The full diagnostic accuracy analysis for the raters is summarized in Table 5. In particular, all 

the diagnostic parameters were calculated as mean (95% CI) for each lesion stage: the 

sensitivity ranged from 0.57 (0.2-0.94) for stage D3 to 1 (1-1) for stage D2, the specificity 

from 0.85 (0.77-0.92) for stage D2 to 0.99 (0.96-1.01) for stage K, the positive LHR from 

6.54 (3.96-10.78) for stage D2 to 65.04 (9.28-456.02) for stage K, the PPV from 0.32 (0.11-

0.52) for stage D2 to 0.96 (0.87-1.04) for stage K, the NPV from 0.78 (0.68-0.88) for stage 0 

to 1 (1-1) for stage D2, and the accuracy from 0.82 (0.75-0.9) for stage 0 to 0.98 (0.95-1.01) 

for stage K. 
 

Stage Parameter Mean (95% CI) 

D1 Sensitivity 0.59 (0.35-0.82) 
 Specificity 0.95 (0.89-1) 
 Positive LHR 10.88 (3.87-30.57) 
 PPV 0.71 (0.48-0.95) 
 NPV 0.91 (0.84-0.97) 
 Accuracy 0.88 (0.81-0.95) 
D2 Sensitivity 1 (1-1) 
 Specificity 0.85 (0.77-0.92) 
 Positive LHR 6.54 (3.96-10.78) 
 PPV 0.32 (0.11-0.52) 
 NPV 1 (1-1) 
 Accuracy 0.86 (0.79-0.93) 
D3 Sensitivity 0.57 (0.2-0.94) 
 Specificity 0.94 (0.89-0.99) 
 Positive LHR 9.6 (3.31-27.85) 
 PPV 0.44 (0.12-0.77) 
 NPV 0.96 (0.92-1) 
 Accuracy 0.91 (0.85-0.97) 
K Sensitivity 0.96 (0.87-1) 
 Specificity 0.99 (0.96-1) 
 Positive LHR 65.04 (9.28-456.02) 
 PPV 0.96 (0.87-1) 
 NPV 0.99 (0.96-1) 
 Accuracy 0.98 (0.95-1) 

 
Table 5. Diagnostic accuracy parameters after raters’ evaluation for each considered lesion (n = 185).  
D1, mild dysplasia; D2, moderate dysplasia; D3, severe dysplasia; K, neoplasia; LHR, likelihood ratio;  

PPV, positive predictive value; NPV, negative predictive value. 
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Concerning sensibility and specificity rates, related to the raters’ evaluations, the present 

study indicates that NBI is an efficient aid both to detect dysplastic and neoplastic oral 

lesions. Furthermore, this technique demonstrated its peculiarity to highlight with high score 

indexes (positive LHR, PPV, NPV, accuracy) the submucosal vascularization. 

These results point out that NBI should be the standard examination both for patients referring 

to clinicians for the presence of an oral lesion and for the periodical follow up of patients with 

previous diagnosis of potentially malignant diseases or oral SCC.  
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3. ASSESSMENT OF LASER SAFETY IN ONCOLOGICAL FIELDS: DIFFERENT 

EFFECT OF LASER IN CELL CULTURE AND IN VIVO  

 
The in vitro analysis aimed at testing different laser protocols on different cell lines 

(fibroblasts, endothelial and smooth muscle cells), which reside within the tumour 

microenvironment and could therefore modulate cancer behaviour. In this way, we wanted to 

assess the redundancy of the various laser protocols in increasing/decreasing metabolic 

activation and proliferation of these cells. 

A similar approach was applied to osteosarcoma and melanoma tumour cells, which were also 

used for in vivo experiments, with the specific aim of understanding whether laser light might 

differentially impact on cancer cell growth in vitro and in vivo, where other cell types can 

heavily influence tumour progression. 

 

!
Human Skin Fibroblast 

!
Considering that laser therapy prompts faster wound healing and that fibroblasts play a key 

role in this process, by secreting multiple growth factors, producing extracellular matrix and 

actively participating in the formation of granulation tissue, we started our investigations 

using human skin fibroblasts.  

LPLT-3 (660 nm), characterized by lower tissue penetration compared to the 800 nm and 905 

nm (deep red wavelengths) but higher tissue penetration compared to the near infrared 

wavelength (970 nm), increased cell metabolism at the earliest time point, but eventually lost 

this ability at the later time points. Similar results were obtained using the 800 nm wavelength, 

characterized by a higher power associated to a higher energy density (MPLT-6), which 

appeared to be more efficient 24 hours after laser therapy, but not later on. Comparable results 

have also been obtained with the 905 nm and 970 nm wavelengths, for which the greater 

results at the earliest time point were induced by the highest power and energy densities 

settings. At the later time point, the most energetic protocols, which showed the better results 

at the earlier time point, completely reverse their trend. The blue wavelength also appeared 

efficient 24 hours after the laser therapy, while 48 hours later did not show any significant 

difference compared to the CG. 

 

Figures 18 and 19 summarize all the obtained results. 
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Figure 18. HSF: ATPlite 24 hours after the laser therapy. 

 

 
Figure 19. HSF: ATPlite 48 hours after the laser therapy. 

 

To analyze whether cellular senescence could influence the response to laser therapy, we 

decided to test four different laser protocols on HSF at P4 and P7 (results are reported in 

Figures 20 and 21). In the CG the ATPlite content was equivalent at both passages, whereas a 

difference between the two different cell types was observed using the 660 nm wavelength 
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and 970 nm combined with a lower power density (LPLT-5 and HPLT-4). On the contrary, 

the noteworthy and statistically significant increase in cells metabolism obtained with the 

protocols associated to the higher wavelength and power densities (HPLT-5 and HPLT-6), 

remained stable in both tested cell groups.  
 

 
 

Figure 20. HSF at P4: ATPlite 6 hours after the laser therapy. Data are shown as mean ± SD. Statistically 
significant difference between HPLT-5 and HPLT-6 with the control group were shown  

by the Mann-Whitney test (*p=0.047 and §p=0.041, respectively). 
 

 

 
 

Figure 21. HSF at P7: ATPlite 6 hours after the laser therapy. Data are shown as mean ± SD. Statistically 
significant differences within each laser group and the control were detected (*p < 0.05, Mann-Whitney test). 

 

A cell viability test was performed both to HSF and HUVEC lines: the principal aim of this 

analysis was the assessment that the employed laser protocols could not elicit cytotoxic 
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effects. Moreover, we also wanted to verify whether the increase metabolism was associated 

to an enhance in the number of viable cells.  

The result of the cell viability assay is reported in Figures 22 and 23. The combined effects of 

the two tested wavelengths (660 nm and 970 nm), exploiting the lower power densities (10 

mW/cm² and 20 mW/cm²), increased the number of viable cells by 212.5%, differing 

significantly from the CG. The highest decrease in the number of non-viable cells again was 

obtained with the combination of LPLT-5 and HPLT-4 protocols.  

 
Figure 22. HSF: cell viability 2 hours after the laser therapy. 

 

 
Figure 23. HSF: cell viability 24 hours after the laser therapy. 
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Human Umbilical Vein Endothelial Cells 

To study the laser effect on endothelial viability, we used HUVEC cells. Figure 24 shows the 

effect of HPLT associated to a low power density (20 mW/cm2) and with the two laser 

protocols combining the properties of a higher (660 nm) and lower (970 nm) laser tissue 

penetration with an increase of 200% and 260% in cell viability. The number of viable 

endothelial cells depends on rising power density of radiation. Finally, combining the lower 

fluence with the higher power density exploiting the 970 nm wavelength and the two different 

laser protocols (LPLT-5 + HPLT-4) any non-viable cell was detected. 

 

 

Figure 24. HUVEC: cell viability 2 hours after the laser therapy. 
 

 

At the later time point (24 hours after the irradiation, Figure 25) the highest number of non-

viable cells was observed in the CG, compared to all laser protocols. Whereas the 

combination of low power density with high energy dose (HPLT-4) or high power density 

with low energy dose (HPLT-5) noteworthy increase the number of viable cells, as well as 

combining the properties of the two laser protocols (LPLT-5 + HPLT-4). 
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Figure 25. HUVEC: cell viability 24 hours after the laser therapy. 
 

 
 
Human Coronary Artery Smooth Muscle Cells 

The rationale in the employment of HCASMC was the detection of the laser effect on the 

smooth muscle cells that reside within the wall of arterial vessels in the deeper layers. Since 

we appreciated the increase in the number of SMC+ cells in the mouse model of OM after the 

laser therapy, we assessed their metabolism in vitro, when cultured in 96- and 24-well. In the 

first experimental setting (cells plated on 96-well acrylic supports), we found that both laser 

regimens, but most effectively HPLT-4 protocol (+18.00%), slightly increased ATP content 

24 hours after irradiation (Figure 26). No significant changes in cell metabolic activity were 

observed at later time points up to 5 days after irradiation (not shown), indicating absence of 

toxicity of laser treatment.  

Results obtained plating the cells on 24-well plates showed a noteworthy decrease in ATP 

content 6 hours after laser therapy with the LPLT-5 protocol (-82.76%), but an increase in cell 

metabolism was recorded with the HPLT-6 protocol set at the highest fluence and power 

density (+41.65%, Figure 27).  

The differences between the two experimental settings could be attributed to an increased loss 

of energy density directly proportioned to the amount of medium set in the plastic well.63 
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Figure 26. HCASMC: ATPlite at different time points (cells seeded in 96-well plates).  
Data are shown as mean ± SD. No statistically significant differences were found  

between each laser group and the control (Kruskal-Wallis test).  

 

 

 
Figure 27. HCASMC: ATPlite 6 hours after the laser therapy (cells seeded in 24-well plates). Difference 

between HPLT-6 and control group is close to significant level at p=0.061 (Mann-Whitney test). 
 

 

Interestingly we quantified cell metabolism and viability using the AlamarBlue assay; since 

the irreversible reaction of resazurin to resorufin is proportional to aerobic respiration, we 

expected to obtain an increased absorbance in the laser treated groups. The most significant 

increase in the AlamarBlue signal was found using the LPLT-5 at the first time point 
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HPLT-4 

(+119.46%; Figure 28), while the HPLT-4 protocol did not demonstrate any ability in cell 

absorbance increase over time. 

Figure 29 shows some images of HCASMC 2 and 24 hours after the LPLT-5 and HPLT-4 

therapies.  

 

Figure 28. HCASMC: the AlamarBlue assay measured the absorbance 2 and 24 hours after the laser therapy  
(cells seeded in 24-well plates). Data are shown as mean ± SD. No statistically significant differences  

were evidenced between the control and each laser group (Kruskal-Wallis test).  
 

 

 
Figure 29. HCASMC images acquired with the microscope 2 and 24  

hours after the laser therapy (cells seeded in 24-well plates). 
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Consistent with the previous results, we found that both laser regimens, but most effectively 

HPLT-4 compared with the LPLT-5 protocol, promoted DNA synthesis, assessed as BrdU 

incorporation, a prerequisite for cell proliferation, in vascular HCASMC (Figure 30, 

published by Ottaviani et al.13). 

 

 
Figure 30. Quantification of the number of BrdU+ HCASMC (%) in the absence of treatment  
(control group, white columns) and after exposure to LPLT-5 (black columns) or to HPLT-4 

 (gray columns) at the time points indicated (2, 6 and 24 hours). Data are shown as mean ± SD.  
*p < 0.05 versus control group (Kruskal-Wallis test). Am J Pathol. 2013 Dec;183(6):1747-57. 

 
 
 
 
Neonatal Rat Ventricular Myocytes  

 

Since the laser therapy demonstrated its biostimulating effects on different cell lines involved 

in wound healing (fibroblasts, endothelial and smooth muscle cells), we wanted to assess their 

efficacy even on ventricular myocytes, which my open the way to other experimental 

approaches in the cardiovascular field. 

No statistically significant differences were detected among groups 2 and 24 hours after the 

laser therapy, while the highest increase was recorded at the second time point (6 hours): both 

protocols MPLT-7 and MPLT-8, based on 800 nm wavelength, which guarantee a higher 

tissue penetration in vivo, differing only on the set power density (100 mW/cm2 and 500 

mW/cm2) induced a 163.59% and 143.35% increase in the ATP content compared to the CG, 

respectively (Figure 31). 
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Figure 31. NRVM: ATPlite content measured 2, 6 and 24 hours after the laser therapy.  

Data are shown as mean ± SD. A statistically significant difference was evidenced between the  
control and both laser groups at the second time point (Kruskal-Wallis test: *p < 0.030).  

 

 
We moved on assessing the behaviour of cancer cells when directly irradiated with a laser 

beam, set at different laser power and energy densities. Three of the employed protocols have 

subsequently been tested also in vivo to assess whether the interaction between light and 

tissue could elicit a different biological response in a more complex multicellular environment. 

 

 

 

Human Bone Osteosarcoma Epithelial Cells 

 

No statistically significant increase in cell metabolism was observed in this cell line. At 24 

hours after the laser irradiation, two laser protocols employing 800 nm wavelength and high 

fluence combined both with lower and higher powers (100 mW/cm2 and 1 W/cm2) increased 

cellular metabolism compared to the CG. Among all the employed wavelengths this is the 

most penetrating one.  

At the later time point, the 905 nm wavelength with low fluence (3 J/cm2), combined with 

different power densities (500 mW/cm2 and 1 W/cm2) and 800 nm associated to low power, 

showed a higher efficacy compared to the remaining tested groups (Figures 32 and 33).  
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Figure 32. U2OS: ATPlite content measured 24 hours after the laser therapy. Data are shown as mean ± SD.  
No statistically significant differences were evidenced among groups (Kruskal-Wallis test).  

 
 
 

 
 

Figure 33. U2OS: ATPlite content measured 48 hours after the laser therapy. Data are shown as mean ± SD.  
No statistically significant differences were evidenced among groups (Kruskal-Wallis test).  
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Mouse B16F10 Melanoma Cell 

 

The second cancer cell line that has been tested in vitro was B16F10 melanoma cell, since 

these cells could be injected for subsequent in vivo evaluation.  

Figure 34 shows the ATP content 24 and 48 hours after the laser therapy. Similarly to the 

results obtained on U2OS cell line, no statistically significant increase occurred in any laser 

group, despite a slightly increase by 20.42% and 29.75% compared to the CG was registered 

using both MPLT-7 and HPLT-7 protocols. At the later time point, the HPLT-7 showed the 

highest effect (+18.25%).  

 

 
 

Figure 34. B16F10: ATPlite content measured 24 and 48 hours after the laser therapy. Data are shown as mean 
± SD. No statistically significant differences were evidenced among groups (Kruskal-Wallis test).  

 
 

 

Therefore, the same tumour cells were injected subcutaneously in a mouse model to assess the 

effect of laser irradiation on tumour xenograft.  
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In vivo laser irradiation of B16F10 melanoma cells implanted on C57BL/6 mouse 

The present tumour xenograft model allowed us to clearly detect and precisely measure the 

tumour growth before and after the laser therapy; moreover, masses excision was 

reproducible and precise in all animals groups since the border between tumour and 

surrounding health tissue (essential for the immunohistochemical staining and for the 

detection of the different cells and cytokines enhance by laser therapy) was distinctly visible. 

All the animals presented a visible tumour mass 10 days after the injection of B16F10 cells 

(Figure 35). The measurement of mice weight over time is summarized in Figure 36. 

 

 

Figure 35. Female C57BL/6 mice injected at the dorsal subcutaneous level with B16F10 melanoma cells. 
 

 
 

Figure 36. Mice weight during experimental time course. Significant differences over time within each group 
(Friedman test): LPLT-6  (p=0.036) and MPLT-13 (p=0.014). No statistically significant differences were 

evidenced among the groups within each time point (Kruskal-Wallis test). 
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No statistically significant differences among groups were observed in mice weight before 

starting the laser therapy. From day 11 to day 14 the three different laser protocols were 

applied, and the progressive increase in tumour mass volume in the various groups is shown 

in Figure 37. The greater difference comparing laser and control groups was observed during 

the fourth laser session (day 14) and during the last experimental day (day 15). Despite the 

low number of animals used for the present analysis, at day 15, the difference among the 

groups was close to the significance. Consistent with those results a concomitant increase in 

tumour weight was observed in the CG, while on the contrary, accordingly with the 

macroscopic tumour dimension, a noteworthy lower tumour weight was detected in all laser 

groups, as summarized in Table 6.  

 

Figure 37. Mice tumour volume from day 11 to 15. Data are shown as mean ± SD. Grey column: control group; 
green column: LPLT-6; orange column: MPLT-13; red column: HPLT-7. All the differences over time within 

each group are significant (Friedman test, p<0.018, at least). No statistically significant differences were 
evidenced among the groups within each time point (Kruskal-Wallis test); to note that difference among the 

groups at Day 15 is close to significant level at p=0.094. 
 

 
 

Tumour weight (gr) 
Treatment 

Mean SD 

Control group 1.4319 0.5371 

LPLT-6 0.8877 0.8269 

MPLT-13 0.7644 0.4288 

HPLT-7 0.6497 0.1992 

 
Table 6. Mice tumour weight on day 15. Data are shown as mean ± SD. 

Difference among the groups is not statistically significant (Kruskal-Wallis test: p > 0.05). 
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Macroscopic analysis was confirmed and complemented by a detailed histological analysis. 

First, we quantified tumour infiltration by inflammatory cells. The LPLT-6 and the CG 

showed a strong positive (2+) and a moderate (1+) presence of histiocytes (the CD68kp1 stain 

did not discriminate between macrophage or a dendritic cell) infiltration at the dermal, 

perilesional and intralesional level (Figure 38), respectively.  

 

 
 

Figure 38. Presence of melanoma cells invaded by histiocytes in the LPLT-6 group (left side, 10X 
magnification) and in the control group (40X magnification) highlighted with the CD68kp1 stain. 

 

 

In addition to the macroscopic differences in tumour growth, the peri-tumoural tissue, which 

it has been clearly defined with the immunohistochemical staining (later described), of all 

laser groups appeared strictly adherent to the tumour mass and to the adjacent muscle tissue, 

with a lower abundance of necrotic areas.  

The perilesional and intralesional infiltrates revealed a score 2+ in the CG, while in all laser 

groups it was moderate (1+); analyzing the dermal infiltration, the lowest score (+/-) was 

attributed to the MPLT-13.  

Figures 39 and 40 highlight the difference between the laser groups (Figure 39), where the 

tumour cells infiltration is less extended compared to the CG (Figure 40), in which no healthy 

tissue was detected around the tumour mass (Figure 41).  
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Figure 39. Dermal, perilesional and intralesional infiltrates (CD68kp1 stain)  

in LPLT-6 and HPLT-7 groups (2.5X magnification). 
 

 

 
Figure 40. Dermal, perilesional and intralesional infiltrates  
(CD68kp1 stain) in the control group (2.5X magnification). 

 

 

Figure 41. The evidences of tumour infiltration in the control group,  
with absence of health surrounding tissue (2.5X magnification). 
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A second histological analysis, even more specific and appropriate for the detection of 

melanoma cell infiltration, was performed using Melan-A staining. The histological sections 

exposed to the higher wavelength showed a clear reduction in neoplastic infiltration of the 

dermal and epidermal tissue compared to the CG (Figure 42). 

 

 

Figure 42. Higher neoplastic infiltrate in the control group (left), compared to the  
HPLT-7 group (right). Melan-A staining (10X magnification). 

 

Immunohistochemical staining was of crucial importance to define which cells migrated to 

the tumour and adjacent tissues in response to laser treatment. Since we hypothesized the 

presence of lymphocytes and dendritic cells, we selected the following markers: CD4, CD8, 

CD25 and CD1a.  

Lymphocytes were abundantly recruited by the MPLT-13 and HPLT-7 protocols (score 2+) 

compared to the LPLT-6 and CG (score +/-). In particular, in the area surrounding the tumour 

we observed a greater number of CD4+ and CD8+ cells in the MPLT-13 sample and CD4+, 

CD8+ and CD25+ cells in the HPLT-7 sample.  

 

Figure 43 shows a clear difference among groups for the tested antibodies. 
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Figure 43. Immunohistochemistry for CD4, CD8 and CD25: it highlights a higher number of positive cells in 
MPLT-13 and HPLT-7 (10X magnification) than in LPLT-6 and control group (2.5X magnification). 

 

 

Epidermal dendritic cells were stained using an antibody anti-CD1a. A higher concentration 

of CD1a positive cells was clearly detectable in the dermis of the CG (2+ score), compared to 

all laser groups (+/- score), as shown in Figure 44.  
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Figure 44. Immunohistochemistry for CD1a: it highlights a higher number of positive cells in dermis and 
hypodermis of the control group (D and E: 10X magnification), compared to LPLT-6 (A: 10X magnification),  

to MPLT-13 (B: 20X magnification) and to HPLT-7 (C: 10X magnification) groups. 
 

 

However, when analyzing the border between tumour and surrounding tissue, dendritic cells 

were massively found in close proximity to the tumour, as they wanted to "wrap" it, upon 

laser irradiation. These cells created a sort of dividing bundle between healthy and tumour 

tissues in all laser groups, with a clearly detectable edge in the HPLT-7 group (2+ score), a 

less demarcate line in LPLT-6 and MPLT-13 (1+ score) and a complete absence in the CG (- 

score).  
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Figure 45. Immunohistochemistry for CD1a: it highlights the presence of a dividing line between  
health tissue and tumour in HPLT-7 (A: 20X magnification), MPLT-13 (B: 10X magnification)  

and LPLT-6 (C: 10X magnification) compared to the control group (D: 10X magnification). 
 

 

Similar to what performed in the oral carcinogenesis mouse model, we analyzed the 

expression of a panel of cytokines involved in the immune response, to confirm the activation 

of the immune system.  

The expression of the following cytokines was analyzed in all samples (n = 16): TNFα, IFNα 

and IFNγ. TNFα expression was not expressed in any group. In contrast, IFNα was 

homogeneously expressed in all samples with no statistically significant differences (not 

shown).  

A relevant difference was detected among groups in the expression of IFNγ, a cytokine with 

peculiar immunostimulatory and immunomodulatory properties. LPLT-6, compared to the 

CG, induced a 20-fold increase in its mRNA. A slight increase in its expression was also 

found in MPLT-13 and HPLT-7 protocols (Figure 46). The absence of tumour invasion in the 

laser groups is consistent with the immune cell activation at the border of the melanoma mass, 

as indicated by the present qPCR tissue analysis. 
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Figure 46. IFNγ expression in the laser groups compared to the control group (red line). 

 
 

Since several results pointed toward a potent activation of the immune system by laser 

therapy, its role was also explored on a BM-DC line in vitro and in a mouse model of dorsal 

wound healing in vivo.  

         LPLT-6                MPLT-13            HPLT-7 
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4. LASER EFFECT ON THE IMMUNE SYSTEM ACTIVATION 

 

The activation of dendritic cells was analyzed in vivo by staining tumour samples with anti- 

CD1a antibodies; to further characterize the effect of laser on these cells we moved to a cell 

culture system based on primary dendritic cells harvested from the bone marrow. 

 

 

Bone Marrow Dendritic cells laser irradiation  

!
The same laser protocols exploited in vivo (LPLT-6, MPLT-13 and HPLT-7) were also 

applied on cultured BM-DC to explore the effect of laser on cell metabolism. The amount of 

intracellular ATP was measured either in the presence or in the absence of LPS 

(supplemented either before or after laser therapy), followed by ELISA quantification of 

TNFα and IFNγ. In baseline conditions, BM-DC metabolism was slightly increased by the 

laser therapy (16.81%, 21.70% and 31.49% in LPLT-6, MPLT-13 and HPLT-7 groups), 

compared to the CG, with no statistically significant differences (Figure 47).  

 

 
Figure 47. BM-DC: ATPlite content 24 hours after the laser therapy. Data are shown as mean ± SD.  

Differences among protocols are not statistically significant (Kruskal-Wallis test). 
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In the presence of LPS (Figure 48) a slight increase in ATP content (13.70%) was observed in 

the LPLT-6 compared to the CG, while a decrease in the ATP content was registered in 

MPLT-13 compared to the CG (-20.04%).  

No variation concerning cell metabolism were detected with the HPLT-7 protocol, the values 

of which remained comparable to the CG (-0.48%).   

 

 
Figure 48. BM-DC: ATPlite content after the laser therapy and the addition with LPS. Data are shown  

as mean ± SD. Differences among protocols are not statistically significant (Kruskal-Wallis test). 
 

 

 

In the third condition (Figure 49), when applying LPS after laser treatment, no statistically 

significant differences among groups were observed.  
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Figure 49. BM-DC: ATPlite content after the addition with LPS and the laser therapy. Data are shown  

as mean ± SD. Differences among protocols are not statistically significant (Kruskal-Wallis test). 
 
 
 
 
While these results indicate that dendritic cell metabolism is not significantly influenced by 

laser, more interesting data were obtained by measuring the concentration of TNFα and IFNγ 

by ELISA. Since we were particularly interested in understanding which cells might respond 

to laser therapy applied on our patients using the 970 nm wavelength, as well as to reproduce 

in cell culture the most interesting results obtained in vivo, we focused our attention on 

MPLT-13 and HPLT-7 protocols.  

 

Figures 50, 51 and 52 report the TNFα concentration for each considered condition.  

 

The addition of LPS after the laser therapy caused a decrease in TNFα concentration in the 

HPLT-7 group (8.432 ng/ml) while no significant variation was observed in the MPLT-13 

group (15.344 ng/ml).  

On the contrary, LPS supplementation before laser therapy decreased TNFα expression in the 

MPLT-13 group (6.893 ng/ml) compared to the CG (23.45 ng/ml).  
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Figure 50. TNFα expression after laser therapy. Data are shown as mean ± SD.  

Differences among protocols are not statistically significant (Kruskal-Wallis test). 
 
 
 

 
Figure 51. TNFα expression after laser therapy and LPS administration. Data are shown as mean ± SD.  

Differences among protocols are not statistically significant (Kruskal-Wallis test). 
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Figure 52. TNFα expression after administration of LPS and laser therapy. Data are shown as mean ± SD. 

Difference between MPLT-13 and control group is significant at *p=0.039 (Kruskal-Wallis test). 
 

 

We then tested the concentrations of IFNγ: Figure 53 shows the results the ELISA 24 hours 

after the laser therapy without the administration of LPS. The most impressive data were 

obtained in the HPLT-7 group, which registered a 2-fold increase in IFNγ. 

 

 

 
Figure 53. IFNγ expression after the laser therapy. Data are shown as mean ± SD. 
Differences among protocols are not statistically significant (Kruskal-Wallis test). 
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Exposure to laser therapy before the addition of LPS seemed to further increase the effect of 

laser irradiation: this time the HPLT-7 protocol induced a 20-fold increase in the IFNγ 

concentration compared to the CG. Moreover, in this condition, even the second tested laser 

protocol induced the release of this cytokines after laser exposure, albeit at a lower extent. In 

contrast, when the LPS supplementation was administered before the laser therapy, 

differences between CG and laser groups were not significant.  

A summary of all obtained results is reported in Figures 54 and 55. 

 

 
Figure 54. IFNγ expression after laser therapy and LPS supplementation. Data are shown as mean ± SD.  

The difference between the control and the HPLT-7 groups is significant at *p=0.028 (Kruskal-Wallis test). 
 

 

 
Figure 55. IFNγ expression after LPS supplementation and laser therapy. Data are shown as mean ± SD. 

Differences among protocols are not statistically significant (Kruskal-Wallis test). 
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Dorsal mouse wound and laser irradiation 

 

Finally, we set up a wound-healing model, to further investigate the effect of laser the 

immune system activation in a different experimental setting. In this case, the 2 protocols 

routinely employed in the clinics for the treatment of skin wounds (LPLT-1 and HPLT-1) 

were tested, since the 800 nm wavelength has a too deep penetration capacity and thus 

appears poorly suitable for the treatment of superficial lesions. 

 

A cutaneous wound was created on the back of all mice. Animal weight did not undergo 

statistically significant modifications among groups and during the experimental time points. 

In all groups we measured the expression of Collagen IV, IL-10, FSP1, TGFβ and TNFα, 

normalized to the housekeeping gene RPL-37.  

At the earliest time point (17 hours, Figure 56) the expression of IFNγ increased with the use 

of the more penetrating wavelength compared to the CG. 

 

 

Figure 56. IFNγ expression 17 hours after laser therapy. Data are shown as mean. 
 

 

In contrast, IL-2 was more expressed upon application of the more superficial wavelength and 

higher power and energy density (2.83) 50 hours after laser therapy, compared to the CG 

(Figure 57).  
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Figure 57. IL-2 expression 17 and 50 hours after the laser therapy. Data are shown as mean.  
Green column: LPLT-1; red column: HPLT-1. 

 

 

Expression of both IFNα and IFNβ (Figures 58 and 59) was tested at early and late time 

points: at the first time point a slightly increase in IFNα was detected in both laser groups 

compared to the CG, while IFNβ was significantly more abundant in the LPLT-1 (3.17) than 

in the HPLT-1 group (1.59).  

At the later time point the more superficial and energetic laser protocol was effective in 

increasing the expression of IFNα, while a comparable increase in IFNβ expression was 

measured in both laser groups. 

 

 
Figure 58. IFNα and IFNβ expression 17 hours after laser therapy. Data are shown as mean. 
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Figure 59. IFNα and IFNβ expression 50 hours after the laser therapy. Data are shown as mean. 
 

When assessing other inflammation markers, a noteworthy increase in IL-6 expression 

(Figure 60) was registered at the later time point (50 hours) with the application of the more 

superficial wavelength and higher power and energy density (2.96).  

Interestingly IL-6 was not detected in the same laser group at the first time point (17 hours). 

 

 Figure 60. IL-6 expression 17 and 50 hours after the laser therapy. Data are shown as mean. 
 

At the later time point (50 hours) Collagen I, Collagen III, PDGFβ and MMP-9 were also 

examined (Figures 61 and 62). Collagen I expression increased remarkably using the more 

superficial and energetic laser protocol (2.83), while Collagen II was similarly up-regulated in 

both laser groups compared to the CG. 
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  Figure 61. Collagen I and III expression 50 hours after the laser therapy. Data are shown as mean. 
Green column: LPLT-1; red column: HPLT-1. 

 

Figure 62. PDGFβ and MMP-9 expression 50 hours after the laser therapy. Data are shown as mean.
Green column: LPLT-1; red column: HPLT-1. 
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 A similar trend was observed in IFNβ expression. It slightly increased in both laser groups 
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Figures 63 and 64 schematically show the trend in the variation of both cytokines in all 

groups and in both experimental procedures. For completeness we also report the GAPDH 

trend analysis, used to normalize the expression data (Figure 65). 

 

 
 

Figure 63. IFNα expression in the absence and in the presence of a dorsal wound. Data are shown as mean. 
 

 

 

 

 
 

 
Figure 64. IFNβ expression in the absence and in the presence of a dorsal wound. Data are shown as mean. 
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Figure 65. GAPDH expression in the absence and in the presence of a dorsal wound. Data are shown as mean.
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DISCUSSION
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In the most recent years, the number of patients bearing tumour of the oral cavity has been 

progressively increasing worldwide.64 Besides surgery, radiotherapy and chemotherapy are 

often employed in treatment of oral cancer. As a consequence of the interaction of radiation 

and drug therapy, these cancer patient often suffers from OM, whose incidence varies 

significantly depending on the drugs and treatment regimens used.65,66 OM is characterized by 

severe and painful mucosal ulcerations and can often occur in patients with different solid 

tumours during chemotherapy. One of the recognized promising treatments for OM is laser 

therapy,67 which involves the light stimulation of the tissues using different laser devices and 

settings (wavelengths, fluence, power density, frequency). The interaction between laser and 

tissues is effective in promoting wound healing, decreasing inflammation and reducing pain,14 

as experienced by patients. It is becoming a routine practice in the prevention and treatment of 

OM since encouraging results are being reported worldwide.68 Based on the same beneficial 

effects many other injuries, such as skin erythema or ulcers, can be successfully treated with a 

laser device.  

However, the consequence of the exposure of dysplastic or even cancer cells during a laser 

session, which represents a realistic scenario in most oncological patients,69 have been poorly 

investigated so far. Many Authors have questioned the use of a biostimulating laser therapy in 

case of proliferative and malignant lesions;70 in any case, when treating patients affected by 

head and neck cancer, some remaining tumour cells may accidentally be exposed in the laser 

irradiation field even if macroscopic lesions are not evident.71 

The experiments performed during my PhD and presented in this thesis aimed exactly at 

answering to these crucial and essential concerns, since the laser treatments are really helpful 

for our patients, as most of them start feeling better already a few hours after the first 

irradiation and their quality of life increases significantly over the following days.13,72,73 Based 

on this rewarding experience, we wanted to assess the safety of this procedure. Different laser 

protocols were applied both in vitro, to different cultured cells, and in vivo to mouse 

orthotopic and xenograft cancer models, with the hypothesis that the effect of laser might be 

different in cultured cells and in vivo. 

 

Cell culture is an important method for studying basic biological processes and to understand 

the response of a single cell type to treatments. For the in vitro evaluation, we have 

considered the following cell lines: HSF, HUVEC, HCASMC, NRVM, U2OS and mouse 

B16F10 melanoma cells.  
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The different primary cells considered in this study (fibroblasts, endothelial cells, smooth 

muscle cells and cardiomyocytes) clearly responded differently to the various protocols in 

terms of cell metabolism, vitality and proliferation, indicating that the activation of each cell 

type may specifically require a certain wavelength, power and energy density. Not only, but 

also the senescent status of the cells may influence the response to laser irradiation: for 

instance, HSF at the 4th passage maximally increased their metabolism in response to protocol 

HPLT-5, whereas the same cells at passage 7th responded better to protocol HPLT-6. Of 

notice, the increase in cellular metabolism was not always associated to an increase in cell 

viability: in case of HSF, the simultaneously application of protocols LPLT-5 and HPLT-4 

led to the minimum number of non-viable cells. Similar results were obtained in HUVEC and 

HCASMC, which both resulted more viable and increased ATP content in response to various 

HPLT protocols. Cell proliferation, as assessed by Alamar Blue assay, was also stimulated by 

LPLT-5 and HPLT-4 protocols, at different time points after laser application. NRVM 

promptly responded to MPLT-8, as a significant increased in ATP content was already 

evident 6 hours after the laser therapy, although any comparison could be done among laser 

protocols since only MPLT was applied to this cell type.  

To explore the effect of laser irradiation on cancer cells in culture, we chose the osteosarcoma 

U2OS and the B16F10 melanoma cell lines. Since the latter cells are pigmented, highly 

aggressive and invasive, they also allowed to use them for subsequent in vivo evaluations.  

U2OS cells increased their metabolism in response to both MPLT-13 and λ 905 nm, 6 J, 

500mW/cm2 protocols, albeit the best results were obtained at the earliest and latest time 

points, respectively. In contrast, no significant variations in cell metabolism could be 

documented in cultured melanoma cells, in accordance with the largely non-significant 

findings of other Authors.30,74 

Collectively, these results indicate that cultured cells are generally stimulated better by HPLT 

protocols, although every cell type exhibited a different behaviour. How can we explain the 

differential sensitivity of the various cell types to different laser protocol? A possible 

explanation may stems from the endogenous presence of different porphyrins and 

cytochromes, which may act as the primary laser light receptors. 

 

When we moved to an in vivo model, assessing the effect of the various protocols on a mouse 

model of oral carcinogenesis, contrary to our expectations, we observed that HPLT did not 

significantly increased neither the number nor the extension of dysplastic (mild, moderate and 
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severe) or of in situ SCC areas. Not only, but laser-treated animals showed a decrease in the 

number of all considered histopathological lesions compared to the control group, albeit the 

number of tested animals (n = 30) was limited, essentially for ethical reason. Even more 

surprisingly, histological morphometric analysis revealed that the laser treatment markedly 

reduced the areas affected by invasive SCC. We could identify a clear difference in the SCC 

behaviour between laser-treated and untreated animals, as in the first case tumours resulted 

“insulated” and surrounded by healthy mucosa, with a huge reduction of dysplastic areas 

close to tumour masses. Finally, we did not detect any enhancement in oral tumour 

angiogenesis upon laser application, an observation that further support the safety of the 

procedure, even in oncological patients that present mucositis/dermatitis, as a side effect of 

anti-cancer treatment. Since these results were totally unexpected and very exciting in terms 

of clinical translatability, we wanted to confirm them in a more aggressive, melanoma mouse 

model, based on the same B16F10 cells used in the in vitro studies. In this case, to better 

compare the in vitro and in vivo results, we decided to employ three different laser protocols, 

based on different wavelengths and selecting among the remaining laser settings the ones that 

allowed us to reach the highest increase in cell metabolism and proliferation during the in 

vitro assay (LPLT-6, MPLT-13 and HPLT-7). At the time of animal sacrifice (day 15), we 

observed a clear difference in tumour size and weight among groups. In general, tumour 

masses grew significantly more in control animals than in laser-treated animals, irrespective 

from the protocol used. Histological analysis further confirmed and characterized the 

differences in tumour behaviour among groups. The highest content of neoplastic cells 

infiltration and invasion of surrounding tissues was registered in the control group, while the 

weakest infiltrate was found in the MPLT-13 group. These results are consistent with a few 

published reports assessing the in vivo behaviour of tumours exposed to laser light, and 

showing that low power and energy doses have no influence on tumour growth, or rather they 

can inhibit it.29,30 As already evidenced in the orthotopic mouse model, in laser-treated groups 

the lower index of tumour invasiveness and infiltration of surrounded tissues was 

accompanied by a notable presence of immune cells (lymphocytes, mastocytes and 

Langerhans cells), as documented by immunohistochemical analysis. The highest 

concentration of CD4, CD8 and CD25 positive cells at the border of the tumour mass was 

induced by MPLT-13 and HPLT-7 protocols. Another important observation concerns the 

behaviour of DC, which were abundantly present in the dermis of the control group, while 

migrated inside the tumour masses in all laser groups, and particularly upon treatment with 

HPLT-7 protocol. Similar to our prior observations, in the laser treated groups immune cells 



!94!

seemed to define a border surrounding the tumour mass, dividing and isolating it from the 

adjacent, healthy tissue.  

Among the mechanisms currently considered to explain the in vivo effect of laser, several are 

known to control tumour growth and may have been variably modulated by laser light: 

growth factor synthesis, 75  modulation of immune cells 76 , 77  and inflammation. 78 , 79  These 

important results hold several implications for both research and clinical practice. Perhaps 

most important aspect of our findings is the net discrepancy between the in vitro and in vivo 

tumour behaviour, indicating that the complex environment of tissues may produce 

unexpected and even opposite reactions compared to the direct effect of laser light on cultured 

cells.  

 

To start exploring the possible activation of the immune system by laser therapy, we assess 

the expression of a panel of immunological markers both on the obtained histological samples 

harvested from laser-irradiated tissues and on primary BM-DC. Since we observed a clear 

activation of DC in vivo in laser-treated tumours and considering that these cells play a 

crucial role in various pathways of the immune response, we directly exposed DC to various 

protocols and measured their cytokine production. DC are sentinels of the organism, acting as 

antigen-presenting cells for T cells, thereby initiating the immune response.80 BM-DC reside 

in a resting or immature state in peripheral tissues, where they can efficiently capture and 

process antigens. When activated by external stimuli, they undergo a differentiation process, 

which results in less antigens-processing capacities and in enhanced expression of MHC and 

co-stimulatory molecules. Afterwards, they migrate into secondary lymphoid organs, where 

they trigger naïve T cells and induce Th1 or Th2 polarization depending on the pathological 

context. Antigen processing and T-cell sensitization are two key events for the development 

of the antitumour immunity. Due to their peculiar characteristics, we wanted to assess their 

response to laser irradiation, to eventually better understand the role of the innate immune 

system in vivo.  

Among all tested cytokines, IFNγ has peculiar immunostimulatory and immunomodulatory 

properties: it is mainly produced by lymphocytes and natural killer cells and plays an 

important role in the adaptive cellular immune response against tumours. In addition, since its 

receptors are ubiquitously expressed, IFNγ can also influence a vast number of non-lymphoid 

cellular responses, i.e. by upregulating the expression of apoptosis-associated proteins.81 As 

such, IFNγ has been considered a promising antitumour drug.82 However, the administration 
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of IFNγ as a recombinant protein is fraught by serious side effects, which result from the high 

dose required to overcome the short half-life of the protein and to achieve significant 

therapeutic effects.83 Our in vivo analysis on melanoma samples showed a noteworthy 

increase in the expression of IFNγ, up to a 20-fold increase in the case of protocol LPLT-6, 

and at a lower extent in the case of protocols MPLT-13 and HPLT-7. In cultured DCs, the 

highest release of IFNγ was detected using the HPLT-7 protocol, when LPS was added after 

the laser therapy.  

As far as the other IFNs are concerned, we obtained interesting results in the in vivo wound-

healing model, consistent with our clinical observation that the laser is effective in promoting 

wound healing and delaying relapsing episodes of infectious diseases. In wounded mice, 

IFNα and IFNβ levels increased both at the early and late considered time points. Comparing 

non injured and injured skin, HPLT-1 was much more effective in the second case, consistent 

with the increased recruitment of immune cells in presence of wound or tissue damage. 

Additional markers of tissue repair appeared up regulated by laser therapy after 50 hours, 

including PDGFβ, Collagen I and Collagen III. These data are in agreement with the laser 

biostimulating effects, as the remodeling and deposition of collagen fibres culminate in 

complete tissue repair and improvement of the injured area.84 Since the identification of 

adequate healing-promoting techniques is highly beneficial for patient care and immediate 

cost reduction, investigating the healing effect of different laser modalities and determining 

their action on collagen fibres during the healing process appears to be of fundamental 

importance promote faster, safer and infection-free scarring, reducing the healing and 

recovery time, and improving patient quality of life at lower costs.85  

In non-pathological conditions, TNFα is involved in the maintenance and homeostasis of the 

immune system. However, TNFα is remarkably up regulated in pathological processes, such 

as chronic inflammation, autoimmunity and, in apparent contradiction to its name, malignant 

disease.86 In our in vivo models, we never detected any expression of TNFα in any group; we 

could study its modulation upon laser irradiation and exposure to LPS in cultured cells. The 

MPLT-13 protocol decreased the expression of this cytokine when the laser therapy was 

performed after exposure to LPS, while the HPLT-7 protocol was more effective in lowering 

TNFα concentration prior to LPS stimulation.  

The establishment of an oral carcinogenesis mouse model was also exploited for the 

investigation of an emerging imaging technology in the field of oral medicine and pathology, 

the NBI. The great interest of all clinicians for this technique comes from the possibility to 
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detect oral cancer at an early stage and follow its progression over time. Other investigators 

have tried to measure its sensitivity and specificity,87,88,89 but without distinguishing among 

different histopathological grades and considering the positive LHR, PPV, NPV and accuracy 

between a reference standard (histology) and the evaluation of expert raters. In the present 

work, the NBI reached the highest values concerning specificity (99%), positive LHR (65.04), 

PPV (96%) and accuracy (98%) in the group of neoplastic lesions, and achieved maximal 

sensitivity (100%) and NPV (100%) in the moderate dysplasia group. To note, even in the 

remaining groups, the considered parameters reached high values. In the clinical practice, the 

early detection of potentially and pre-malignant oral lesions is a key element for the 

implementation of effective therapies. In healthy patients, NBI can guide the biopsy 

highlighting the presence of moderate and severe dysplatic areas. However, the experience of 

the clinicians in acquiring and analyzing NBI images stands as a requisite for the correct use 

of this technique.  

 

In conclusion, the work presented in this thesis entailed the application and comparison of 

different laser protocols, in their capacity to modulate cancer behaviour at the cellular and 

molecular levels. All protocols appeared particularly safe, as they did not show any sign of 

toxicity and, more importantly, they did not enhance tumour growth and invasiveness. We 

observed an opposite effect of laser in vitro and in vitro. Of interest, most of the applied 

protocols demonstrated an immunomodulatory effect and the ability to promote tissue 

regeneration. When transposing these data to the clinical treatment of mucosal or skin lesions, 

the employment of MPLT seems not appropriate, as the reduction of local inflammation and 

the increase of epithelial cells and fibroblasts metabolism and proliferation could be more 

powerfully achieved by the LPLT and HPLT. Since these two latter protocols appear to have 

different cellular and molecular targets, and thus not to be redundant, an interesting 

application of these results will be the assessment of the efficacy of a combined LPLT + 

HPLT, with the idea of widening the spectrum of tissue targets. Moreover, our findings tend 

to indicate that both power and energy density, in addition to wavelength, may significantly 

modulate the cellular and tissue response to laser irradiation, thereby warranting the 

optimization of the protocol. The MPLT, associated to a higher energetic protocol, being 

more effective in deep tissue penetration, could result optimal to stimulate the immune system 

after a pathological stimulus in vivo. Thus, we will start testing its effectiveness in the 

treatment of different mucosal infections, in combination to the more classical HPLT.  
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As a general conclusion, these results point toward the combined delivery of various protocols, 

to simultaneously activate multiple molecular and cellular pathways, and thus exert the 

highest therapeutic activity. 



!98!

 

ONGOING RESEARCH AND FUTURE PERSPECTIVES 

 

In our clinical experience, we have started experiencing the use of blue laser therapy for the 

treatment of bacterial infections at the site of epidermal and mucosal wounds, and in 

particular in case of antibiotic-resistant bacteria. Several patients, affected by viral, bacterial 

or yeast infections were successfully treated with blue laser light (445 nm), to prevent and 

reduce the severity of oral and labial lesions. In most instances, laser therapy significantly 

improved wound sterility and healing, and also increased the interval and reduced the length 

of the relapsing episodes, in the absence of any side effects. Starting from this clinical 

evidence of the capacity of blue laser to counteract viral, bacterial and yeast infections, 

together with the already observed potentiating effect of laser therapy on the immune system, 

we started exploring the therapeutic potential of laser therapy for a series of conditions, in 

which infectious diseases occur as a consequence of immune dysregulation, such as during 

cystic fibrosis (CF). In this condition, the laser could provide a dual therapeutic action: on one 

side, the blue laser could elicit a direct anti-microbial activity, reducing either bacterial 

growth or facilitating the penetration of antibiotic drugs into a bacterial biofilm. On the other 

side, the biostimulating laser protocols (LPLT, MPLT and HPLT) might help to revert the 

paralysis of the immune system occurring in CF patients. Our hypothesis is that laser light 

could resolve excessive inflammation, perhaps promoting the secretion of anti-inflammatory 

cytokines, and simultaneously recruiting innate cells with reparative functions, thereby 

promoting adaptive immunity. 

Thus, the specific aims of our first future project are: 

1) to assess the anti-microbial activity of different blue laser protocols on P. aeruginosa 

biofilms 

2) to investigate the capacity of different laser protocols to stimulate the immune cells 

activation in an in vivo model of wound healing as well as on primary cells 

3) to confirm the therapeutic effect of both anti-microbial and biostimulating treatments, or 

their combination, on in vivo models of biofilm bacterial infection 

4) to develop a flexible bronchoscope for the combination of anti-microbial and 

immunomodulatory effect of laser therapy 
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Moreover, since our preliminary data show that the laser therapy promotes the production of 

IFNγ, while inhibiting TNFα expression both in vivo and in isolated BM-DC, we will explore 

the possible use of laser therapy to boost the immune response upon vaccination. To start 

understanding the molecular mechanisms supporting IFNγ production, BM-DC, untreated or 

exposed to the most performing laser protocols, will be subjected to RNA sequencing, 

possibly followed by High Throughput Screening using a whole-genome siRNA library. 

 

Another important field of research will be the analysis of the molecular and cellular 

mechanisms responsible of the clinical well-documented analgesic effect of laser therapy. To 

this purpose, we will mimic a pain-like condition by exposing tissue ganglia to the 

inflammatory cytokine Nerve Growth Factor (NGF). We will evaluate the effect of laser 

therapy on both acute and chronic pain/inflammation-related events such as: calcium imaging 

with pain receptor agonists and KCl/ATP release, glutamate release with Sarissa sensors, 

ROS production and TRPV phosphorylation. Organotypic cultures will be also exposed to 

laser irradiation to evaluate the induction of tissue survival, regeneration or remyelination 

processes, by staining microglia, neurons and specific receptor subpopulations. 

 

Finally, to confirm the reliability of the obtained results in the clinical practice, the expression 

of different cytokines, already tested in the experiments described in this thesis, will be 

analyzed in a prospective case-control clinical study. The aim will be to quantify the 

expression of different cytokines (TNFα, IFNα, IFNβ, IFNγ) in head and neck cancer patients 

affected by OM undergoing laser therapy. To start, 20 adults and 10 young patients suffering 

from OM, induced by radiotherapy to the head and neck district or chemotherapy, will be 

irradiated with HPLT for 4 consecutive days (T0-T3) and evaluated once a week for 3 weeks 

(T4-T6). At each time point, a saliva sample will be obtained in order to quantify the 

expression of TNFα, IFNα, IFNβ and IFNγ cytokines by ELISA and qPCR. 
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