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Abstract
AIM: To investigate low intensity laser irradiation phototherapy (LILIP) on the proliferation, mineralization and degradation of dental pulp constructs.

[bookmark: OLE_LINK34][bookmark: OLE_LINK35]METHODS: Stem cells from human exfoliated deciduous teeth (SHED) were grown to confluence and seeded on collagen scaffolds to create dental pulp constructs. LILIP was delivered to the dental pulp constructs using an 830 nm GaAIAs laser at an output power of 20 mW. The LILIP energy density was 0.4, 0.8, 1.2, and 2.4 J/cm2. After 8 d, the cell proliferation and degradation within the dental pulp constructs were measured using histologic criteria. After 28 d, the effect of LILIP on SHED mineralization was assessed by von Kossa staining. 

RESULTS: SHED proliferation within the dental pulp constructs varied after exposure to the 0.4, 0.8, 1.2, and 2.4 J/cm2 LILIP energy densities (P < 0.05). The maximum proliferation of SHED in nutrient deficient media was 218% after exposure to a 1.2 J/cm2 LILIP energy density. SHED grown in nutrient deficient media after exposure to a 0.4, 0.8, and 1.2 J/cm2 LILIP energy density, proliferated by 167–218% compared to the untreated (non-LILIP) control group (P < 0.05). SHED exposed to a 0.4, 0.8, and 1.2 J/cm2 LILIP energy density, and grown in optimal nutritional conditions and proliferated by 147%–164% compared to the untreated (non-LILIP) control group (P < 0.05). The exposure of SHED to the highest LILIP energy density (2.4 J/cm2) caused a reduction of the cell proliferation of up to 73% of the untreated (non-LILIP) control (P < 0.05). The amount of mineral produced by SHED increased over time up to 28 d (P < 0.05). The 0.8 and 1.2 J/cm2 LILIP energy densities were the most effective at stimulating the increased the mineralization of the SHED from 150%–700% compared to untreated (non-LILIP) control over 28 d (P < 0.05). The degradation of dental pulp constructs was affected by LILIP (P < 0.05). The dental pulp constructs grown in optimal nutritional conditions exposed to a 0.8 J/cm2 or 1.2 J/cm2 LILIP energy density had 13% to 16% more degradation than the untreated (non-LILIP) control groups (P < 0.05). The other LILIP energy densities caused a 1% degradation of dental pulp constructs in optimal nutritional conditions (P > 0.05).

CONCLUSION: LILIP can enhance or reduce SHED proliferation, degradation and mineralization within dental pulp constructs. LILIP could promote the healing and regeneration of dental tissues.

© 2013 Baishideng. All rights reserved.
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INTRODUCTION
Regenerative endodontics procedures are biologically based procedures that are used to replace the damaged dentin and root structures of teeth as well as cells of the pulp-dentin complex[1]. Regenerative endodontic procedures are: root canal revascularization, apexogenesis, apexification, partial pulpotomy, direct pulp capping, stem cell therapy and dental pulp contructs[1]. Endodontic regenerative procedures are widely expected to become more common in coming decades[2]. The increased usage of regenerative therapies is likely because of the discovery of dental stem cells, the use of improved treatment protocols, and the availability of new technologies[1]. The success of regenerative endodontic procedures is dependent on stimulating the proliferation and mineralization activity of stem cells from human exfoliated deciduous teeth (SHED) and other dental stem cells[3]. Previous research has demonstrated pulp healing and regeneration by adding growth factors to increase dental pulp stem cells activity[4]. No previous research has investigated the possibility of using lasers to increase SHED proliferation, mineralization or degradation of scaffolds.
Lasers are beneficial for some dental treatments, such as oral surgery[5], endodontics[6], periodontology[7], and restorative dentistry[8]. Low intensity laser irradiation phototherapy (LILIP) can change cell activity[9]. LILIP has been used in the treatment of dentin hypersensitivity, gingivitis, periodontitis, and to heal oral ulcers[10,11]. In response to LILIP, fibroblast cells can increase their rate of proliferation by 300% to 600%[12]. In response to LILIP, epithelial cells cultured in a nutritionally deficient state can dramatically increase their rate of proliferation[13]. LILIP can be effective in stimulating the proliferation and mineralization activity of osteoblasts and fibroblasts[12-14]. LILIP can increase the proliferation of dental pulp stem cells (DPSCs), as indicated by measuring their cell mitochondrial activity using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay[15]. Regenerative endodontic procedures require SHED proliferation, mineralization and degradation of scaffolds if they are delivered into teeth as a dental construct[16,17] to attempt to regenerate teeth. However, the SHED responses to LILIP have not been evaluated. Consequently, there is a need to investigate the effects of LILIP on SHED proliferation, mineralization, and scaffold degradation, to identify its optimal and injurious effects, prior to its potential use as part of future regenerative endodontic procedures. The aim of this research was to investigate the effects of LILIP on the proliferation and mineralization SHED, and the degradation of dental pulp constructs. 

MATERIALS AND METHODS
Cell cultures
The SHED was donated under a material transfer agreement with the National Institutes of Dental and Craniofacial Research (Bethesda, MD). Rat fibroblast L929 cells (ATTC, Manassas, VA) were used as a control treatment group cell line. The SHED were cultured in Dulbecco’s modified Eagles medium (DMEM; BD Biosciences, Franklin Lakes, NJ) supplemented with 10% or 2.5% fetal bovine serum (FBS) (HyClone, Logan, UT) and 1% gentamycin and amphotericin antibiotic supplement. Cell cultures were maintained at 37°C in a humidified atmosphere of 5% CO2 with the culture media being replenished every second day. Confluent cultures of SHED were collected by trypsinization (0.25% trypsin/EDTA; Mediatech, Inc., Herndon, VA). 

Preparation of three-dimensional scaffolds for cell culture
Three-dimensional collagen scaffolds (Collacote; Zimmer Dental, Carlsbad, CA) were cut into 2 × 2 mm2 sheets. Each scaffold was soaked in Hanks’ balanced salt solution (HBSS; Cellgro, Herndon, VA) and stored at 4°C. Before use, the HBSS was replaced by culture medium. The scaffolds were incubated in DMEM at 37°C for 30 min before application of the cells to equalize culture conditions and temperature between the scaffolds and cells.

Creation of dental pulp constructs
The SHED were added to the scaffolds in fresh aliquots; each scaffold was seeded with a million (×106) cells to create dental pulp constructs[16,17]. The L929 (×106) cells were also applied to the scaffolds as a control treatment. The scaffolds were maintained in 6-well culture plates (BD Biosciences, Franklin Lakes, NY) containing 5 mL of culture media. The DMEM culture media was removed and replenished every 2 d. After 8 d of cell culture, the dental pulp constructs were transferred to 96-well plates. 

Laser irradiation of dental pulp constructs
Laser irradiation was delivered with Gallium-Aluminum-Arsenide (GaAlAs) laser (Asah Medico Uni-Laser, Hvidovre, Denmark). The irradiations were performed in contact with the plate base using the punctual irradiation mode in a 0.252 cm2 area[15]. The 830 nm laser was applied with output power setting of 20 mW. The laser device was calibrated using laser power meter (Model OPM-572; Sanwa, Tokyo, Japan). The clear base of a well from 96-well plate was separated and the laser power output was measured after the laser passed through the base to determine the exact energy density on the cells. This measurement was repeated three times and the average was calculated. The energy density was applied using 6, 12, 18, and 36 s of irradiation time. The energy density was calculated using the following formula: 


Energy density (J/cm2) =	

Vital staining of SHED in dental pulp constructs
During the cell culture of the dental pulp constructs, 0.0016% neutral red dye (JT Baker, Phillipsburg, NJ) cell viability marker was added to the DMEM in order to stain the vital cells dark red[1]. The SHED and L929s were cultured for 8 d on the collagen scaffolds, with 10 culture replicates for each of the constructs treatments. For each cell type, the experimental groups were: lased 6 s with 0.4 J/cm2, lased 12 s with 0.8 J/cm2, lased 18 s with 1.2 J/cm2, and lased 36 s with 2.4 J/cm2. The control for this investigation was including constructs without irradiation.

Histology of dental pulp constructs
The dental pulp constructs were removed from cell culture and fixed by submerging them in a 10% neutral-buffered formalin (BDH Chemicals, Poole, UK) solution for 24 h. All the tissue constructs were then dehydrated in a graded series of alcohols from 70% to 100%. The constructs were then embedded in paraffin wax blocks and cut into serial histologic sections of 5-µm thickness using a microtome. The histology sections were then mounted onto glass slides and covered with a cover slip using adhesive.

Pathohistometric analysis of tissue constructs
The numbers of stained neutral red SHED were counted as the number of vital metabolically active cells within each of the dental pulp constructs[16]. The cells were counted using pathohistometric analysis, the numbers of cells per microscope field with 5 random microscope fields being counted per specimen using a light microscope (Vista vision, VWR Scientific, West Chester, PA) at ×200 magnifications with a reticule[18]. Construct degradation was measured as an area of scaffold that no longer existed using a light microscope at ×200 magnifications with a reticule.

Assessment of mineralization capacity of SHED
SHED and L929s were cultured and treated with LILIP using the same energy density and 6, 12, 18, and 36 s of irradiation time which was described previously. The SHED and L929s cells were incubated with DMEM mineralization induction media, supplemented with 10 mmol/L sodium β-glycerophosphate (Sigma, St. Louis, MO, United States), for 28 d. The mineralization was assessed by a von Kossa staining (Diagnostic BioSystems, Pleasanton, CA)[19]. The mineralized cultures were fixed with 10% buffered formalin for 30 min. Subsequently, they were washed and stained with von Kossa silver and exposed to ultraviolet light for 30 min. Then cells were treated with 5% sodium thiosulfate for 2 min and washed again. The mineralization capacity of each cell line was determined and compared by measuring the density of mineral nodules formed in each cell type using the tagged image format (tif) image for manipulation in Adobe Photoshop (Adobe Systems, San Jose, CA). Mineralization was measured in three random areas of each specimen.

Statistical analysis
The data were analyzed using an analysis of variance statistical test, followed by Scheffe’s multiple comparison tests between treatment groups (Statview, SAS Institute Inc., Cary, NC). A P value of P < 0.05 was considered statistically significant.  

RESULTS
LILIP output power and energy density
The output power setting of 20 mW of the GaAlAs laser was measured by the laser energy meter as 16.83 mW reaching the SHED through the plastic base of the 6 well plates. After applying the LILIP energy density for 6, 12, 18, and 36 s, the energy density was calculated using a formula to be 0.4, 0.8, 1.2, and 2.4 J/cm2. 

Nutritionally deficient fetal bovine serum concentration for SHED
Prior to experimentation a pilot study of the effects FBS concentrations (10%-1%) within the DMEM culture media found that a 2.5% FBS concentration, was the minimal concentration of FBS necessary to avoid SHED death and reduced cell proliferation. The 2.5% FBS concentration met the criteria[12,13,15] to be the conditions of SHED nutritional deficit, and the 10% FBS concentration was the optimal nutritional condition.

SHED proliferation following LILIP
A pilot study revealed that the maximum SHED responses were seen 8 d or more following exposure to LILIP, consequently the SHED responses in this present study were measured 8 d after exposure to LILIP. SHED proliferation within the dental pulp constructs varied after exposure to the 0.4, 0.8, 1.2, and 2.4 J/cm2 LILIP energy densities (P < 0.05). The maximum proliferation of SHED in nutrient deficient FBS media was 218% after exposure to a 1.2 J/cm2 LILIP energy density. SHED grown in nutritional deficient media after exposure to a 0.4, 0.8, and 1.2 J/cm2 LILIP energy density, proliferated by 167–218% compared to the untreated (non-LILIP) control group (P < 0.05). SHED exposed to a 0.4, 0.8, and 1.2 J/cm2 LILIP energy density, and grown in optimal nutritional conditions and proliferated by 147–164% compared to the untreated (non-LILIP) control group (P < 0.05). The exposure of SHED to the highest LILIP energy density (2.4 J/cm2) caused a reduction of the cell proliferation of up to 73% of the untreated (non-LILIP) control (P < 0.05). The nutrient deficient (2.5%) FBS culture media and optimal (10%) FBS culture media had little effect on the loss of SHED proliferation following exposure to the highest (2.4 J/cm2) LILIP energy density (P > 0.05). The loss of proliferation (62%) of L929 was less than the loss of proliferation (73%) of SHED after exposure to the highest (2.4 J/cm2) LILIP energy density (Figure 1).

SHED mineralization following LILIP
The amount of mineral produced by SHED varied 28 d after exposure to 0.4, 0.8, 1.2, and 2.4 J/cm2 LILIP energy densities (P < 0.05). SHED produced (106–255%) more mineral than L929 cells (P < 0.05). The amount of mineral produced by SHED increased over time up to 28 d (P < 0.05). The 0.8 and 1.2 J/cm2 LILIP energy densities were the most effective at stimulating the SHED to produce minerals over 28 d (P < 0.05) (Figure 2). The 0.8 and 1.2 J/cm2 LILIP energy densities increased the mineralization of the SHED from 150–700% compared to untreated (non-LILIP) control SHED.

SHED degradation of constructs following LILIP
The degradation of dental pulp constructs was affected by LILIP (P < 0.05). The dental pulp constructs grown in optimal nutritional conditions exposed to a 0.8 J/cm2 or 1.2 J/cm2 LILIP energy density had 13% to 16% more degradation than the untreated (non-LILIP) control groups (P < 0.05). The other LILIP energy densities were less effective at causing the degradation of dental pulp constructs (Figure 3).

DISCUSSION
Regenerative endodontic procedures are successful because SHED and other dental stem cells can regenerate dentin and dental-pulp tissues[20]. The stimulation of SHED to increase proliferation, mineralization and scaffold degradation can be important to ensure that endodontic healing is quick and effective. This is the first investigation of using LILIP to control SHED proliferation, mineralization and construct degradation. This is also the first investigation to determine the optimal and injurious ranges of LILIP energy densities to enhance and inhibit the activity of a dental stem cell line. 
The GaAlAs laser was used with an output power setting of 20 mW, but the laser energy meter measured only 16.83 mW reaching the SHED through the plastic base of the 96 well plates. The loss of 15.9% of the laser energy was factored into the energy densities (0.4, 0.8, 1.2, and 2.4 J/cm2) of this present study. A limiting factor in some previous laser studies[15,21-23] is that the energy densities reaching the cells were not measured by a meter, and so it is not clear what actual energy density was used.  In this study, the LILIP parameters (wavelength, power output, irradiated area), were kept constant, except the irradiation times (6, 12, 18, and 36 s, and their corresponding energy densities (0.4, 0.8, 1.2, and 2.4 J/cm2). The GaAlAs laser wavelength was 830 nm, which is ideal for LILIP[22,23], but low energy compared to other laser types.  
The effect of LILIP has been studied on several cell types[12-14]. A previous study found that LILIP can increase the proliferation of DPSCs, by measuring their cell mitochondrial activity using the MTT assay[15]. However, it is not clear what the precise change in the rate of DPSCs proliferation was, or if the 20 mW and 6 s of LILIP energy density[15] was the most optimal, since no other energy densities were investigated, or if DPSCs and SHED used in this present study, share similar responses to LILIP. 
The present study discovered that the LILIP energy density could enhance or reduce SHED proliferation and degradation within dental pulp constructs. SHED proliferation increased following exposure to 0.4, 0.8, and 1.2 J/cm2 LILIP energy densities following culture in both the optimum and nutrient deficient FBS conditions. After prolonged exposure to 2.4 J/cm2 LILIP energy density, the proliferation of SHED was inhibited. The results indicate that a 1.2 J/cm2 LILIP energy density is optimal to enhance SHED proliferation. This is consistent with previous research demonstrating that LILIP can stimulate cell proliferation in a narrow energy range, and with low energy density[24]. Excessive LILIP energy densities can inhibit cell proliferation[12,23]. The range of energy densities in this current study which could enhance or reduce SHED activity is in accordance with the Arndt-Shultz Law[25]. The Arndt-Shultz Law predicts that a small amount of laser or other source of energy will increase physiological activity, and that a larger amount of the energy will kill cells[12,23]. In this study, the energy stimulation range was between 0.4–1.2 J/cm2 and the energy inhibition occurred at a 2.4 J/cm2 energy density.
SHED are beneficial for regenerative endodontics because they can differentiate into mineralizing cells which can regenerate teeth[26]. In the von Kossa staining part of the present study, the SHED treated with mineralization induction media, we observed to deposit substantial amounts of mineral nodules (black color). The formation of mineral nodules suggests that the SHED differentiated into an odontoblast-like type of cell[27]. The SHED had a greater capacity for mineralization than the control L929 cultures. All the cell cultures showed ascending mineralization percentages from 14–28 d regardless the cell line or the FBS concentrations. The cultures supplemented with optimal FBS concentration showed higher percentages of mineralization than the stressed cultures. This indicates that nutrient deficient SHED has a lower capacity for mineralization, suggesting that a nutrient deficit can reduce cell mineralization activity. 
	The molecular mechanism whereby LILIP can increase cell activity is reported to be its ability to increase the concentration of calcium in the cytoplasm from the mitochondria[9,28,29]. Consequently, the calcium transported into the cytoplasm can increase the rate of cell mitosis and improve cell proliferation. Further research is needed to identify how the molecular mechanisms of cells can be targeted to cause them to proliferate, differentiate and mineralize, as an alternative to the traditional use of growth factors for this purpose [4].
In conclusion, a 1.2 J/cm2 energy density of LILIP enhances SHED proliferation, dental pulp construct degradation, and mineralization. These results are significant because SHED and other dental cell proliferation, dental pulp construct degradation, and mineralization are needed to make regenerative endodontics quick and effective. Future clinical research is needed to more completely identify the regeneration benefits of using LILIP, such as following the accidental exposure of the dental pulp, Cvek pulpotomy, tooth revascularization and regeneration.  
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Figure 1 Bar chart of the stem cells from human exfoliated deciduous teeth proliferation within the dental pulp constructs with different low intensity laser irradiation phototherapy energy densities and different fetal bovine serum concentrations. LILIP: Low intensity laser irradiation phototherapy;  FBS: Fetal bovine serum.
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Figure 2 Bar chart of the mineralization percentages of stem cells from human exfoliated deciduous teeth cultures with different low intensity laser irradiation phototherapy energy densities and different fetal bovine serum concentrations. LILIP: Low intensity laser irradiation phototherapy;  FBS: Fetal bovine serum.
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Figure 3 Bar chart of the degradation within the dental pulp constructs with different low intensity laser irradiation phototherapy energy densities and different fetal bovine serum concentrations. LILIP: Low intensity laser irradiation phototherapy;  FBS: Fetal bovine serum.

Control	0.56518000000000002	0.34771000000000035	1.04644	0.55293000000000003	0.53900999999999999	1.9300800000000089	14	21	28	14	21	28	0.44670000000000026	0.77000000000000435	3.2732999999999999	0.51670000000000005	0.93670000000000064	4.7699999999999996	0.4 J/cm2	0.69349000000000094	0.68695000000000095	0.35553000000000001	1.53884	1.38795	2.95912	14	21	28	14	21	28	0.93330000000000002	1.2	3.8	1.6733	2.21	4.8499999999999996	0.8 J/cm2	0.19672000000000014	0.28792000000000245	3.0795499999999967	0.8882800000000004	0.81450999999999996	0.91537000000000002	14	21	28	14	21	28	2.4299999999999997	2.9499999999999997	5.0999999999999996	2.9966999999999788	4.7433000000000014	6.89	1.2 J/cm2	0.64501000000000064	0.52849000000000002	1.62666	1.34314	1.43228	0.93054000000000003	14	21	28	14	21	28	1.4166999999999892	3.55	6.1467000000000001	2.1467000000000001	6.9533000000000014	8.99	2.4 J/cm2	2.5170000000000012E-2	0.33501000000000325	1.7372699999999905	0.23755999999999999	1.0171699999999904	1.3077099999999913	14	21	28	14	21	28	0.28670000000000001	1.2232999999999878	2.63	0.83670000000000433	1.4666999999999903	5.91	Stressed                                                Optimal

Mineralization Percentage (%)

21

oleObject1.bin

image2.wmf

oleObject2.bin

image3.gif




image4.png




image5.png




image6.gif




image8.gif




image9.gif




image1.wmf
(

)

(

)

(

)

2

PowerwTimes

Areacm

´


