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Abstract

:

Background: A significant clinical technology enabling the use of stem cells in dentistry is Photobiomodulation (PBM). The current study aimed to investigate various PBM treatment variables on human dental pulp stem cell proliferation, survival, and changes in cell cycle progression. Methods: Human third molar samples were collected, and human Dental Pulp Stem Cells (hDPSCs) were isolated, expanded, seeded, and cultured in media containing 0, 1, 5, or 10% FBS. PBM treatments using an 810 nm diode laser at various doses were performed 24, 48, and 72 h after seeding. Cell proliferation and apoptosis were assessed. A two-way ANOVA test was performed among all treatment groups, followed by multiple comparison tests (Tukey’s test) performed between each treated group and its control untreated group. Results: After 24 h, only cells cultured in 10% FBS showed a significant (p < 0.005) increase in the proliferation rate of cells treated with T7 (0.4 W × 10 s). After 48 h, hDPSCs cultured in both 5% and 10% FBS showed a significant (p < 0.005) increase in the proliferation rate of cells treated with T7 (0.4 W × 10 s) as compared to the untreated control. After 72 h, only cells cultured in 10% FBS showed a significant increase in the proliferation rate of the cells treated with T9 (1 W × 3 s) (p < 0.005) and T7 (0.4 W × 10 s) (p < 0.00005). Conclusions: Low-power laser therapy at a wavelength of 810 nm induced hDPSC proliferation at the following parameters: power output 0.4 W, irradiance 0.5 W/cm2, fluence 0.416 J/cm2, exposure time 10 s.
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1. Introduction


The use of mesenchymal stem cells (MSCs) to replace conventional therapeutic regimes in tissue engineering and regenerative medicine has been the subject of growing interest in the medical and dental fields [1]. Regenerative medicine has been focusing on directing the differentiation of stem cells into lineage-specific, functional cells that can promote tissue repair and organization [2]. With the advent of modern tissue engineering concepts and the discovery of dental stem cells, stem cell therapy and pulp tissue regeneration have been evolving for years to replace the shortcomings of dental materials and the pitfalls of traditional therapeutic approaches in dentistry [3].



Mesenchymal stem cells (MSCs) are multipotent cells that can be derived from various tissues including bone marrow, dental pulp, adipose tissue, and umbilical cord, to name a few. These cells possess the ability to self-renew and differentiate into multiple cell types depending on the specific in vitro conditions provided [4]. Dental pulp stem cells (DPSCs) are an excellent source for pulp regeneration [5]. It was demonstrated in the literature that different types of extracellular matrix (ECM) scaffolds—with and without growth factors—can induce the odontogenic differentiation of DPSCs [5,6]. Enamel, which is the only mineralized tooth tissue derived from the dental epithelium, does not have any regenerative capabilities. However, the other mineralized periodontal and dental tissues, including dentin, pulp, cementum, periodontal ligament, and alveolar bone, are formed from neural crest-derived dental ectomesenchyme and have varying degrees of regenerative capability. This capability is believed to be partially due to the presence of stem cells [7]. All dental tissues are subject to traumatic injuries and caries infection [3]. Current clinical dentistry focuses on restorative and endodontic therapies that have several limitations based on eventual biomaterial failure [2,8]. Therefore, dental bioengineering research has focused extensively on pulp regeneration and dentinogenesis to understand and clinically promote the formation and mineralization of the pulp–dentin complex [9]. The reparative capacity for dentin has important implications, especially with the current emphasis on minimally invasive conservative interventional strategies. However, the progress in these bioengineering approaches in vitro has not been actively implemented into clinical practice.



One of the major novel technologies capable of modulating stem cell proliferation and differentiation with potent clinical implications in dentistry is laser photobiomodulation (PBM). Lasers have been popular in clinical dentistry and can be used for both surgical and non-surgical applications based on the power used. High-power lasers involve using high power levels to vaporize or ablate tissues, promote blood coagulation to stop bleeding, and disinfect tissues, primarily relying on the photothermal effects [10]. In contrast, lasers at low power involve using electromagnetic or photochemical processes to achieve therapeutic benefits without causing cellular damage or death [11]. Using the appropriate dose, low-power lasers have been noted to stimulate biological cells to invoke physiological responses to improve local blood circulation, regulate cell functions, and promote immunological functions, wound healing, hair growth, and tissue regeneration while reducing pain and inflammation [4,10,11]. The role of PBM therapy in dental and oral tissue regeneration is gaining much attention as a non-invasive biophysical modality when used in conjunction with growth factors and scaffolds [2,4,8].



Despite their popular clinical usage, there is surprisingly little information on the precise biological responses and safety of PBM parameters, potentially contributing to the inconsistencies in its clinical efficacy [11]. Moreover, the complexity of the PBM dose demonstrates a biphasic dose–response (Arndt–Schultz) curve where low doses appear to have beneficial therapeutic effects, while higher doses are harmful (phototoxic) [12,13]. This specific phenomenon is potentially attributed to excessive inadvertent dosing that does not cause harm but appears to negate potential therapeutic benefits. A major lack of consistency in the critical parameters defining PBM therapy dosing, namely fluence, irradiance, and time, is a lack of attention to the individual photon energies at given wavelengths which will hinder the development of robust PBM treatment protocols [14]. Moreover, previous studies demonstrated that when the cultured cells are grown in a culture medium supplemented with reduced fetal bovine serum (FBS) concentrations (nutritional-deficient culture media), the growth rate of the cell cultures is diminished, which makes the growth effect of PBM therapy on such cultured cells noticeable [4].



Thus, a critical need in this field of PBM for pulp regeneration is to investigate precise laser dose thresholds for clinical use. Thus, controlling critical parameters affecting the therapeutic PBM variables will evoke certain biological responses. This motivated the current study, where we investigated various PBM treatment variables on human pulp stem cell proliferation, survival, and changes in cell cycle progression.




2. Materials and Methods


2.1. Human Sample Collection


Samples were collected from healthy donors aged 18, 19, and 21 years, following approval from the Institutional Review Board Cell Therapy Center, (IRB/06/2018). Human dental pulp stem cells (hDPSCs) extracted from human third molars of the same donor were pooled together and considered to be one biological sample. In the current study, there were three different biological samples (from three different donors).




2.2. Dental Pulp Stem Cell Culture and Expansion


HDPSCs were isolated by using the explant method, as described previously [15]. Briefly, the disinfection of teeth was performed for 5 min incubation time, washing the extracted teeth with phosphate-buffered saline (PBS, Gibco, Waltham, MA, USA) containing 10% penicillin/streptomycin and 1% amphotericin B three times; following that, pulp tissue was collected from teeth by excavating them with a handpiece. Then, the pulp was fragmented into very small pieces, and the derived pieces were cultured in a 6-well culture plate with alpha minimum essential medium (MEM) medium (a-MEM, Gibco, Waltham, MA, USA) supplemented with 10% FBS (Hyclone, Conshohocken, PA, USA), 2 mM L-glutamine, 100 mg/mL streptomycin, 100 units/mL penicillin, and 0.25 mg/mL amphotericin B (All Invitrogen, Waltham, MA, USA). The derived cells were incubated in a CO2 incubator at 37 °C, then the culture medium was changed two times per week until the monolayer reached 70–80% confluence. The derived cells were observed under an inverted microscope (Zeiss, Oberkochen, Germany).




2.3. Characterization of hDPSCs


2.3.1. Expression of MSC Surface Markers


For the expression of mesenchymal stem cell (MSC) surface markers, hDPSCs at passage 3 (P3) were collected using 0.25% trypsin EDTA (Gibco, Waltham, MA, USA). Then, the cells were stained with the human MSC characterization kit (BD stem flow kit, BD Biosciences, Franklin Lakes, NJ, USA) containing the following fluorescein-labeled antibodies: FITC CD90, PE-CD44 PerCP-Cy5.5 CD105, APC CD73, and PE-negative cocktail (which contains the following hematopoietic stem cell markers: HLA-DR, CD19, CD45, CD19, CD11b, and CD34), as well as their isotype controls as per the manufacturer’s recommendations. Following that, the cells were centrifuged at 300× g for 5 min, followed by re-suspension with phosphate-buffered saline (PBS). The expression profile was analyzed by FACS DIVA software version 7, using FACS Canto II (BD, Biosciences, Franklin Lakes, NJ, USA).




2.3.2. Multi-Lineage Differentiation


For multi-genic differentiation potential, osteogenic and adipogenic differentiation were evaluated as previously described [16]. Briefly, the derived DPSCs were induced for osteogenic and adipogenic differentiation for 21 days.



Following 21 days of adipogenic and osteogenic differentiation, an Oil red stain (Sigma, Oliver Township, MI, USA) was used to detect the formation of oil droplets, and an Alizarin red stain (Sigma, Oliver Township, MI, USA) was used to detect the formation of calcium deposits.





2.4. Photobiomodulation Therapy


PBM treatments were performed using a GaAlAs laser diode at 810 nm (QuickLase, Ramsgate-Kent, UK) under a standardized setup of parameters, as described previously (Khan et al., 2015 [11]) (Table 1).




2.5. Cell Proliferation Assay (MTT Assay)


A total of 6000 h DPSCs at passage 5 (P5) were seeded into a 96-well plate (TPP, Trasadingen, Switzerland) and cultured in media containing 0, 1, 5, or 10% FBS. After 24 h of seeding, cells were divided into nine experimental groups other than the control group (no laser treatment). Each monolayer culture in each group received laser treatment once according to different laser parameters (power and time). Laser treatments were performed in continuous wave (CW) mode at 10 mm from the monolayer culture with media removed during treatments. The laser probe was continuously moving in a slow circular motion on top of the cells, with the beam perpendicular to cell monolayers with minimal ambient light.



Culture media were added to the treated cells as follows; 1, 5, or 10% FBS. Proliferation was measured at 24, 48, and 72 h using Cell-Titer 96R Non-Radioactive Cell Proliferation Assay (Promega, Madison, WI, USA).




2.6. Cell Death (Apoptosis or Necrosis) Assay


To determine the cytotoxic effect of laser treatment on hDPSCs, an apoptosis assay was performed. First, hDPSCs were seeded in 6-well plates with a seeding density of 2 × 105 cells/well for 24 h. Next, cells in groups T6 to T9 were exposed to laser treatments in various serum conditions for 48 h (Table 1). Cells were then trypsinized, centrifuged, collected, and washed with PBS. After that, cells were centrifuged and stained with Annexin-V-FITC and propidium iodide (PI) according to the manufacturer’s instructions (apoptosis kit, Bioscience, Rolla, MO, USA). Stained samples were kept on ice in the dark for 10 min before analysis using BD FACS Canto II flow cytometer instrument (BD, Franklin Lakes, NJ, USA). Data were analyzed and interpreted using FACS DIVA software version 8 (BD Biosciences, Franklin Lakes, NJ, USA).




2.7. Cell Cycle


To determine the effect of PBM on hDPSC growth, cell-cycle analysis was performed to examine the effect of laser treatment on cell-cycle progression. First, hDPSCs were seeded in 6-well plates with a seeding density of 2 × 105 cells/well for 24 h. Next, cells in groups T6 to T9 were exposed to laser treatments in various serum conditions for 48 h (Table 1). Cells were then trypsinized, centrifuged, collected, and washed with PBS. After 48 h, cells were harvested and pelleted by centrifugation, then cells were fixed by adding 200 µL of 100% absolute methanol for 30 min. Following fixation, cells were centrifuged and washed twice with cold PBS. Then, cells were stained with 300 µL of fluorochrome solution containing 4 µg/mL PI and 2 µg/mL RNASe A (Invitrogen, San Diego, CA, USA) for 30 min in the dark at room temperature; following that, 200 µL of cold PBS were added to the samples. Finally, samples were analyzed with FACS DIVA software version 8, using BD FACS Canto II flow cytometer instrument (BD, NJ, USA). Data interpretation was performed using Flowlogic software version 7.3 (Inivai, Melbourne, Australia).




2.8. Statistical Analysis


All experiments were run in triplicate in three different biological samples of DPSCs (n = 3). The results are expressed as means ± standard deviations. The results were analyzed by GraphPad Prism (Version 9, Boston, MA, USA) and Microsoft Windows Excel to determine the statistical differences among all assays. For the cell proliferation assay (MTT assay), cell cycle, and cell death analysis, using the software SPSS Statistics for Windows, Version 16.0 (SPSS Inc., Chicago, IL, USA). A two-way ANOVA test was performed among all treatment groups, followed by multiple comparison tests (Tukey’s test) performed between each treated group and its control untreated group; significance assumed for (p < 0.05).





3. Results


3.1. Characterization of hDPSCs


The morphological appearance of the derived DPSCs is very similar to MSC appearance; DPSCs possess fibroblastic-like morphology and a spindle-to-elongated cell body shape, Figure 1A.



Following the International Society for Cellular Therapy (ISCT) guidelines, we first characterized our primary cells for surface marker expression using FACS and their differentiation potential into multilineages [17]. We observed that hDPSC-derived cells demonstrated a high expression level of MSC surface markers, CD44, CD73, CD105, and CD90, and were negative for the expression of hematopoietic stem cell markers (Negative cocktail: CD19, CD34, CD11b, CD45, and HLA-DR) (Figure 1B,C).




3.2. Cell Proliferation Assay (MTT)


The effects of various treatment (laser power and exposure time) conditions on DPSC proliferation under different serum conditions were assessed at 24, 48, and 72 h. At 24 h, cells cultured in 1% FBS in the T1 group showed a significant difference when compared to the control untreated group (p < 0.05) (Figure 2).



For 5% FBS, cells treated with the treatments T5 (0.1 × 10 s), T3 (0.1 × 20 s), and T1 (0.1 × 30 s) showed a significant decrease in the cell growth rate when compared to the control untreated group (p < 0.05). For 10% FBS, a significant increase in the proliferation rate of cells treated with T7 (0.4 × 10 s) was detected (p < 0.05), whereas the following treatments showed a statistically significant decrease in the proliferation rate of treated cells: T1 (0.1 × 10 s), T2 (0.2 × 15 s), T3 (0.1 × 20 s), T4 (0.2 × 12 s), and T5 (0.1 × 10 s) (p < 0.05). Cells cultured in serum-free media (SFM) did not show any significant difference among treated groups.



After 48 h, DPSCs cells cultured in 5% FBS showed a significant increase in the proliferation rate of cells treated with T7 (0.4 × 10 s) and T6 (0.3 × 10 s) was observed when cells compared to the control untreated group ((p < 0.05) and (p < 0.05), respectively), while T5 (0.1 × 10 s), T3 (0.1 × 20 s), and T1 (0.1 × 30 s) showed a significant decrease in the cell growth rate when compared to the control untreated group (p < 0.00005). For 10% FBS, a significant increase in the proliferation rate of cells treated with T7 (0.4 × 10 s) was detected (p < 0.05), whereas the following treatments showed a statistically significant decrease in the proliferation rate of treated cells: T1 (0.1 × 10 s), T2 (0.2 × 15 s), T3 (0.1 × 20 s), T4 (0.2 × 12 s), and T5 (0.1 × 10 s) (p < 0.05). For 1% FBS and SFM, no significant difference was observed among treated groups, Figure 3.



After 72 h, cells cultured in 5% FBS showed a significant decrease in the proliferation rate of cells treated with T6 (0.3 × 10 s) (p < 0.05), T5 (0.1 × 10 s) (p < 0.05), T3 (0.1 × 20 s (p < 0.05), T2 (0.2 × 15 s) (p < 0.05), and T1 (0.1 × 30 s) (p < 0.05), compared to the control untreated group. For 10% FBS, T9 (1 × 3 s) (p < 0.05) and T7 (0.4 × 10 s) (p < 0.05) showed a significant increase in the proliferation rate of the treated cells, whereas the following treatment showed a significant decrease in the growth rate of treated cells: T5 (0.1 × 10 s) (p < 0.05), T4 (0.2 × 12 s) (p < 0.05), T3 (0.1 × 20 s) (p < 0.05), T2 (0.2 × 15 s) (p < 0.05), and T1 (0.1 × 30 s) (p < 0.05). For 1% FBS and SFM, no significant difference was observed among treated groups, Figure 4.




3.3. Cell Death Analysis


Cell death analysis for apoptosis or necrosis was performed in hDPSCs treated with various laser treatments (Groups T6 to T9) cultured under different serum (0, 1, or 5%) conditions after 48 h using flow cytometry. These groups were selected according to their data in the previous experiment as treatment groups from T6 to T9 showed the highest and most significant proliferation rates when compared to their control groups (p < 0.05).



For cell death analysis, interestingly, none of our treatment groups demonstrated any significant differences compared to the untreated control group. Remarkably, no significant difference in the percentage of healthy and apoptotic/necrotic cells was detected among all treatment groups (T6 to T9) compared to the control untreated group, Figure 5.




3.4. Cell Cycle


To examine if PBM treatments impact cell cycle progression, hDPSCs treated with various laser treatments (Groups T6 to T9) cultured under different serum (0, 1, or 5%) conditions were analyzed after 48 h of treatment by flow cytometry, Figure 6. As shown in Figure 7, our data analysis demonstrated that there is a significant increase in the number of cells arrested in the S phase for DPSCs treated with T6 and cultured in 1% FBS compared to their control untreated cells (p < 0.05). Meanwhile, for cells cultured in 5% FBS, cells treated with T8 and T9 showed a significant decrease in the number of cells in the S phase compared to their control untreated group (p < 0.05), concluding that these parameters were able to enhance the progression of treated cells in the cell cycle to the second stage (G2M). Moreover, it was noted there were no significant changes in individual cell cycle phases in any of the PBM-treated groups when cells were cultured in SFM.





4. Discussion


There have been recent reports on the accumulating evidence for the use of photobiomodulation (PBM) therapy in stimulating several biological responses in dental pulp stem cells to regenerate dentin [8,18,19,20]. However, these reviews pointed to a major lack of consistency in the critical parameters defining the PBM dosing that has generated uncertainties and inconsistencies in clinical outcomes. Due to a lack of information regarding a well-defined set of parameters concerning laser PBM’s effect on hDPSCs, the current study examined the key parameters such as the power output, time, irradiance (power density), and fluence (energy density). This study aimed to bridge the gap in knowledge by investigating the effects of PBM treatments on hDPSC proliferation, cell death, and cell cycle to outline optimal parameters for clinical regenerative protocols. We generated and characterized primary cell culture studies from human-extracted teeth and performed studies in varying serum conditions from normal (10% serum) versus stress-induced (0 to 5% serum) to mimic clinical scenarios of cells following pulp damage.



The present study revealed that the 810 nm wavelength at 0.4 W for 10 s was more effective in stimulating hDPSC cell growth when compared to other treatment settings. These results were consistent in 5% and 10% FBS after 24, 48, and 72 h. Optimizing parameters in this preliminary study required various settings to standardize variables as indicated by Khan and Arany’s analysis and as stated by “Arndt-Schultz Law” [11,12,13]. For instance, although T6 and T9 yielded the same dose (0.3125 J/cm2), the biological response of the cells behaved differently; after 48h, DPSCs cultured in 5% FBS in T6 (0.3 × 10 s) showed a significant increase in the proliferation rate of cells when cells compared to the control untreated group, while after 72 h, cells in the same group T6 showed a significant decrease in the proliferation rate compared to the control untreated group, and cells in group T9 (1 × 3 s) showed a significant increase in the proliferation rate of the treated cells. These current findings, which demonstrate the non-reciprocity effect of laser photobiomodulation on cells, confirm previous reports that demonstrated the non-linear effect of laser photobiomodulation; even if the energy density is the same (inverse linear relationship between irradiance and time), the changes in biological endpoint will not necessarily be equal [21].



Regarding wavelength, our findings are in line with previous studies, where an infrared 810 nm wavelength laser demonstrated the capability for cell biostimulation and proliferation on hDPSCs [2,17,18,19]. Infrared light was chosen because its penetration through tissue is maximal in this wavelength range due to lower scattering and absorption by tissue chromophores [21]. The effectiveness of photobiomodulation on the target tissues is dependent on a combination of parameters such as wavelength, laser power, power density (irradiance), energy density (fluence), and exposure time [22]. The current study aimed to standardize the different variables to use them as a starting point for further studies. Laser power of 0.4 W for 10 s resulted in significant cell proliferation in comparison to other treated and control groups for cells cultured in 10% FBS. As demonstrated in Table 1, the power density was 0.5 W/cm2 and the energy density was 0.416 J/cm2. These results, although disagreeing with other results which revealed that the energy density ranging between 1 and 5 J/cm2 is optimal to achieve an optimal biological effect in different cells [22,23], cannot be compared due to the differences in the studies’ settings. Moreover, the power density of 0.5 W/cm2, which was optimal in our study for cell proliferation, was considered the optimal therapeutic dose in other studies, although with different settings and purposes [24,25].



Although continuous mode rather than pulsed mode was used in this study, the apoptosis assay, which was performed to determine the cell death modality of hDPSCs treated with different laser treatments for 48 h by flow cytometry, did not show any significant difference compared to the control untreated groups, and the number of healthy cells was similar among all treated groups and their control untreated groups. The credit for minimizing the phototoxic effect of the laser dose and preventing thermal damage to the treated cells goes to a previous communication between the authors and Dr. Arany regarding the burning of the cells. The continuous steady motion during treatment kept the distance between the probe fiber tip and the cell layer in the bottom of a clear plate well constant at 1 cm, minimizing the induction of any thermal detrimental phototoxic effects on the treated cells [11,14,26]. The current study precisely demonstrated the mode of laser application and the parameters utilized to facilitate comparison with any future studies and upcoming results. since it is well established that the bio-stimulatory effect of low-power laser is influenced by several combined parameters [27]. Recent studies in the field of photobiomodulation therapy on stem cells are shifting toward understanding the precise molecular mechanism involved in the process [2]. Identifying the mode of action, the molecular mechanism, and the side effects before transferring the in vitro studies to clinical practice is fundamental. Tissue engineering and regenerative therapy will replace and bypass the limitations of the conventional therapeutic regimes in both medical and dental fields [1,2,27]. Moreover, it would be interesting in the future to test photobiomodulation in combination with other compounds such as ozone application [28] and probiotics [29] to evaluate possible combined therapeutic strategies.



The limitations of the current study are as any other in vitro studies which do not accurately recapitulate the pathophysiology of human cells in vivo. More sophisticated investigations should be performed in the future to lead to a deeper insight into this era. The wide variety of laser devices in the dental market forms another challenge with clinical implications. Further optimization will therefore be required to achieve the optimal effects desired. Nonetheless, the detailed mechanisms underlying the photobiomodulation process remain undetermined and require further research to demonstrate the direct link between photobiomodulation and stem cell biology.




5. Conclusions


Despite the study limitations, it was possible to conclude that treating hDPSCs by infrared wavelength (810 nm) at the given parameters (0.4 W, 10 s, 0.5 W/cm2, 0.416 J/cm2) and study setting showed no cell necrosis and induced cell proliferation. Further studies still need to be performed to better optimize these parameters and laser photobiomodulation protocols. However, this study, which is performed for the first time in our stem cell center in Jordan, is certainly a brick in the era of tissue engineering related to the regenerative pulp therapy field.
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Figure 1. Characterization of Dental Pulp Stem Cells (DPSCs). (A) Morphological appearance of DPSCs at day 7 of primary extraction. (B) Flow cytometric histograms for the analysis of the expression of mesenchymal stem cell (MSC) surface marker expression on the derived hDPSCs; flow cytometric histograms show that DPSCs are positive for CD90, CD44, CD73, and CD105, and negative for expression of hematopoietic stem cells surface markers (Negative cocktail = CD19, CD34, CD11b, CD45, and HLA-DR). Grey histograms represent the isotype control for each marker, while red histograms represent the expression of the marker. (C) Adipogenic and osteogenic differentiation of the derived DPSCs (Scale Bar = 10 µm). 
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Figure 2. Cell proliferation assay (MTT) was performed on different low-power laser treatment groups after 24 h of laser treatment. A two-way ANOVA test was used to calculate the significant difference of the treated groups compared to the control untreated group. a: significance of 1% FBS, b: significance of 5% FBS, c: significance of 10% FBS, d: significance of SFM (p < 0.05). O.D. = optical density. 
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Figure 3. Cell proliferation assay (MTT) was performed on different low-power laser treatment groups after 48 h of laser treatment. A two-way ANOVA test was used to calculate the significant difference of the treated groups compared to the control untreated group. b: significance of 5% FBS, c: significance of 10% FBS (significance: p < 0.05). O.D. = optical density. 
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Figure 4. Cell proliferation assay (MTT) was performed on different low-power laser treatment groups after 72 h of laser treatment. A two-way ANOVA test was used to calculate the significant difference of the treated groups compared to the control untreated group. b: significance of 5% FBS, c: significance of 10% FBS (significance: p < 0.05). O.D. = optical density. 
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Figure 5. Cell death analysis of DPSCs treated with various PBM parameters under different serum conditions for 48 h. Samples were stained with Annexin/PI and analyzed by flow cytometry. 
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Figure 6. Flow cytometric analysis of the cell cycle of dental pulp stem cells (DPSCs) treated with various PBM parameters under different serum conditions, 1% FBS, 5% FBS, and serum-free medium (SFM), for 48 h. Samples were prepared by staining cells with Propidium Iodide (PI) and analyzed by flow cytometry. 
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Figure 7. Statistical analysis of cell cycle phases (G2M, S, and G0G1) of DPSCs treated with different parameters of PBM under different serum conditions (A) 1% FBS, (B) 5% FBS, and (C) serum-free medium (SFM) for 48 h. A two-way ANOVA test was used for statistical analysis. (* p < 0.05). 
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Table 1. Photobiomodulation therapy (810 nm) was used in the treatment of hDPSCs (6-well and 96-well plates) at different laser power levels and different exposure time intervals, after 24 h of seeding to perform MTT assay (groups T1–T9) and apoptosis assay (groups T6–T9).
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	Treatment Group
	Power (W)
	Time (s)
	Energy (J)
	Spot Size (cm2)
	Irradiance (W/cm2)
	Surface Area (cm2) (6 or 96-Well Plate)
	Fluence (J/cm2)





	T1
	0.1
	30
	3
	0.8
	0.125
	1.086
	2.76



	T2
	0.2
	15
	3
	0.8
	0.25
	1.086
	2.76



	T3
	0.1
	20
	2
	0.8
	0.125
	1.086
	1.84



	T4
	0.2
	12
	2.4
	0.8
	0.25
	1.086
	2.21



	T5
	0.1
	10
	1
	0.8
	0.125
	1.086
	0.92



	T6
	0.3
	10
	3
	0.8
	0.375
	9.6
	0.3125



	T7
	0.4
	10
	4
	0.8
	0.5
	9.6
	0.416



	T8
	0.8
	3
	2.4
	0.8
	1
	9.6
	0.25



	T9
	1
	3
	3
	0.8
	1.25
	9.6
	0.3125
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