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Abstract 
Angiogenesis play an important role in determining the biostimulation of bone regeneration, either in new bone and blood vessel formation. Human umbilical cord cell (HUVEC) is the important effector cell in angiogenesis, which are indispensable for osteogenesis and their heterogeneity and plasticity. However, there are very few studies about the effects of HUVEC on diode laser stimulated-regulated osteogenesis. In this study, we used diode laser as a model biostimulation to examine the role of HUVEC on the laser stimulated osteogenesis. Several bone formation-related proteins were also significantly up regulated by the diode laser stimulation, indicating that HUVEC may participate in the diode laser stimulated osteogenesis. Interestingly, when human mesenchymal stem cells (hMSCs) cultured with HUVEC-diode laser-treated, the osteogenesis differentiation of hMSCs was significantly promoted, indicating the important role of HUVEC in diode laser-enhanced osteogenesis. Adequately activated HUVEC are vital for the success of diode laser-stimulated hard tissue regeneration. These findings provided valuable insights into the mechanism of diode laser-stimulated osteogenic differentiation, and a strategy to optimize the evaluation system for the in vitro osteogenesis capacity of laser treatment in periodontal repair. 
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1. Introduction
Laser is classified as light amplification by stimulated involves the modification of the environment to stimulate existing bacteria capable of bioremediation [1]. It is believed that the main structures responsible for absorption of light are proteins and their photo-biomodulation involve reactions in receptor on cell membrane and organelles, which would generate affected the behavior of cellular metabolism [1,2]. Beyond the common effects of laser stimulation as improving tissue regeneration in skin, mucosa, and anti-inflammatory, due to its greater penetrating power is also used in inflammatory diseases of the joints, to treat muscle injuries, to repair peripheral nerves and to promote hard tissue regeneration [3-5]. The laser light was used in many fields including medical, industrial, and the military. In the clinical, there are several commercial lasers, including diode, CO2, and erbium (Er):yttrium aluminum garnet (YAG) lasers [6,7]. For some otorhinolaryngological indications, fiber controlled diode lasers are preferred over conventional laser systems for reasons of practicability [8]. In recent year, certified medical 1,470 nm diode laser system has been introduced clinically [8,9]. Due to its absorbance profile within human tissue, the system is expected to offer both ablative and coagulative tissue effects. In addition, some studies shown that lasers affect cell proliferation, collagen synthesis and reduce inflammation [6,10]. In addition, the laser light can promote periodontal cell differentiation and it has potentially be used to enhance periodontal tissue regeneration [5,6].
Human umbilical vein endothelial cells (HUVEC) and other endothelial cells contribute to osteogenic through the secretion of a wide range of regulatory biomolecules, such as osteoprotegerin (OPG) [11], vascular endothelial growth factor (VEGF) [12] and bone morphogenetic proteins (BMP-2) [13]. These cytokines, growth factors, and hormones result in an imbalance between osteoblast and osteoclast activities and can result in skeletal abnormalities, such as osteopetrosis and osteoporosis [14]. In addition, it is well known that bone remodeling is regulated by the replacement of old bone with new bone through sequential osteoblastic bone formation and osteoclastic resorption [15]. The selective and cultivation differentiation of human mesenchymal stem cells (hMSCs) could supply further understanding of this important progenitor of multiple type tissue and the potential of novel therapeutic methods for the restoration of injured or unhealthy tissue [16]. Given the important roles of HUVEC in the bone formation, some studies have analyzed the interactions between laser treatment and HUVEC. However, these studies are focused on either the inflammatory contributions or the differentiation into osteoclasts under various laser treatment. 
It has recently been reported that the osteogenesis of hMSCs is greatly promoted by being co-cultured with HUVEC in 3D scaffolds [17-19]. These studies have confirmed that the extent of cell-cell communication between hMSCs and HUVEC in a co-culture system in combination with secreted cytokines, such as BMP, VEGF and fibroblast growth factor (FGF), may increase the osteogenic differentiation of hMSCs. Interestingly, a paracrine effect through osteogenic factors has also been observed in the indirect contact co-culture of macrophage cells and bone cells in previous studies [20-22]. However, implantation of a host inflammatory and immune reaction generally described as the foreign body response. Several pro-inflammatory cytokines secreted by HUVEC are immediately up-regulated post-injury in the presence of a foreign materials [23,24]. These soluble growth factors are recognized by the same cells in autocrine, and neighboring cells in paracrine [24]. HUVEC and hMSCs during bone formation via soluble autocrine and paracrine signals as well as juxtacrine signals associated with direct cell-cell contacts [20].
The diode laser treatment is well recognized as the osteoconductive stimulation and has been widely used for clinical dentistry regeneration application. Although there are many studies about the in vitro and in vivo osteogenesis of diode laser, the effect of diode laser treatment on the cellular behavior of HUVEC is unclear, and the effect of HUVEC on laser-coordinated osteogenesis of hMSCs has not been demonstrated. Therefore, the aim of this study, the diode laser is used as a model to investigate the interactions between laser-treatment and HUVEC, and to further reveal whether HUVEC participate in the laser-stimulated osteogenesis of hMSCs.



2. Materials and Methods
2.1 Cell culture
Human mesenchymal stem cells and human umbilical vein endothelial cells were obtained from Bioresources Collection and Research Center (BCRC, Taiwan). Cells were cultured in T-25 cultured flasks with different medium (hMSCs: StemPro® MSC SFM basal medium requires supplementation with StemPro® MSC SFM xenoFree supplement; HUVEC: Medium 200 (Gibco) supplementation with low serum growth supplement), which were comprised of L-glutamine, and penicillin–streptomycin mixture. All cells were subculture by successive passaging at a 1:3 ratio until they were used for experiments (passages 3–8). 

2.2 Fabrication of cell co-cultured device 
The 3D printed cell co-cultured devices were designed using AutoCAD 2013 software (Autodesk, Inc., San Rafael, CA). The 3D CAD model was created using software and saved as stereolitography (.stl) file allowing direct import into the printer software (Fig. 1A). The co-cultured devices were printed on a Connex 500 printer (Stratasys, Edina, MN, USA) using biocompatible material (Objet Med610, Stratasys) (Fig. 1B).

2.3 Cytotoxicity
To compare the cytotoxicity of hMSCs and HUVEC between tissue culture plate (TCP) and 3D printed device (3DP), the cells were resuspended in 48 well (GeneDireX) with a DMEM for 1, 2, and 3 days. After different culture times, cell viability was evaluated by the PrestoBlue® assay (Invitrogen, Grand Island, NY). Briefly, at the end of the culture period, the medium was discarded and the wells were washed with cold PBS twice. Each well was filled with medium with a 1:9 ratio of PrestoBlue® in fresh DMEM and incubated at 37°C for 30 min. The solution in each well was transferred to a new 96-well plate. Plates were read in a multi-well spectrophotometer (Hitachi, Tokyo, Japan) at 570 nm with a reference wavelength of 600 nm. The results were obtained in triplicate from three separate experiments for each test.

2.4 HUVEC viability
After HUVEC culture on 3DP device for 1 day, then treatment with diode laser system (SIROLaser Advance, Sirona Dental Systems GmbH, Bensheim, Germany) that emits energy at 980 nm for 1 w, 0.002s with 1, 2, and 3 times. And, we controlled the diameter of the laser spot was 5 mm. After different culture times, cell viability was evaluated by the PrestoBlue® assay (Invitrogen, Grand Island, NY). Briefly, at the end of the culture period, the medium was discarded and the wells were washed with cold PBS twice. Each well was filled with medium with a 1:9 ratio of PrestoBlue® in fresh DMEM and incubated at 37°C for 30 min. The solution in each well was transferred to a new 96-well plate. Plates were read in a multi-well spectrophotometer (Hitachi, Tokyo, Japan) at 570 nm with a reference wavelength of 600 nm. The results were obtained in triplicate from three separate experiments for each test.

2.5 The inflammatory protein of HUVEC
After HUVEC culture on 3DP device for 1 day, the culture medium was removed and treatment with diode laser (1 w, 0.002s, 1 and 2 times). Cells without treatment with diode laser was used as a control. After cultured for different time-points, the cell lysates of all groups was analysis IL-1, TNF-α, and IL-10 proteins by enzyme-linked immunosorbent assay kit (ELISA, Invitrogen). 

2.6 The osteogenic protein secretion from HUVEC
After HUVEC culture on 3DP device for 1 day, the culture medium was removed and treatment with diode laser (1 w, 0.002s, 1 and 2 times). Cells without treatment with diode laser was used as a control. After treatment for different time-points, OPG, MMP-3, and VEGF protein released from cells were determined by ELISA kit (Invitrogen) following the manufacturer’s instruction. The protein concentration was measured by correlation with a standard curve. All experiments were done in triplicate.

2.7 The proliferation of hMSCs co-cultured with diode laser-tread HUVEC 
After hMSCs and HUVEC culture on 3DP device for 1 day, the culture medium was removed and HUVEC treatment with diode laser (1 w, 0.002s, 1 and 2 times). The hMSCs cultured without HUVEC was used as a control. At the end of the culture period, the medium was discarded and the wells were washed with cold PBS twice. The proliferation of hMSCs was evaluated by PrestoBlue® assay.

2.5 Effects of HUVEC with diode laser on the osteogenic differentiation of hMSCs 
Cells were seeded in co-cultured device at a density of 4 x 10 cells per well for 1 day, and the culture medium was removed and HUVEC treatment with diode laser (1 w, 0.002s, 1 and 2 times). The detection of bone-related gene [alkaline phosphatase (ALP), bone sialoprotein (BSP), and osteocalcin (OC)] and protein expression (ALP, OC) of hMSCs cells at the end of the culture period. Total RNA of all four groups was extracted using TRIzol reagent (Invitrogen) after 3 days and analyzed by RT-qPCR. Total RNA (500 ng) was used for the synthesis of complementary DNA using cDNA Synthesis Kit (GenedireX) following the manufacturer’s instructions. RT-qPCR primers (Table 1) were designed based on cDNA sequences from the NCBI Sequence database. SYBR Green qPCR Master Mix (Invitrogen) was used for detection and the target mRNA expressions were assayed on the ABI Step One Plus real-time PCR system (Applied Biosystems, Foster City, California, USA). Each sample was performed in triplicate. 
In addition, the ALP activity was determined after cell cultured for 7 days. The process was as follows: the cells were lysed from dish using 0.2 % NP-40, and centrifuged for 10 min at 2000 rpm after washing with PBS. ALP activity was determined using p-nitrophenyl phosphate (pNPP, Sigma) as the substrate. Each sample was mixed with pNPP in 1 M diethanolamine buffer for 15 min, after which the reaction was stopped by the addition of 5 N NaOH and quantified by absorbance at 405 nm. All experiments were done in triplicate. The OC protein released from cells were determined by ELISA kit (Invitrogen) following the manufacturer’s instruction. The protein concentration was measured by correlation with a standard curve.

2.6 The mineralization of hMSCs 
The accumulated calcium deposition after 7 and 14 days was analyzed using Alizarin Red S staining, as in a previous study [25]. In brief, the cells were fixed with 4% paraformadedyde (Sigma-Aldrich) for 15 min and then incubated in 0.5% Alizarin Red S (Sigma-Aldrich) at pH 4.0 for 15 min at room temperature in an orbital shaker (25 rpm). After the cells were washed with PBS, photographs were observed using an optical microscope (BH2-UMA, Olympus, Tokyo, Japan) equipped with a digital camera (Nikon, Tokyo, Japan) at 200x magnification. To quantify the stained calcified nodules after staining, samples were immersed with 1.5 mL of 5% SDS in 0.5N HCl for 30 min at room temperature. After that, the tubes were centrifuged to 5,000 rpm for 10 min and the supernatant was transferred to the new 96-well plate (GeneDireX); absorbance was measured at 405 nm (Hitachi).

2.7 Statistical Analysis
A one-way variance statistical analysis was used to evaluate the significance of the differences between the groups in each experiment. Scheffe’s multiple comparison test was used to determine the significance of the deviations in the data for each specimen. In all cases, the results were considered statistically significant with a p value < 0.05.



3. Results
3.1 Cytotoxicity of 3D printed substrate
The cell viability of hMSCs (Fig. 1C) and HUVEC (Fig. 1D) was similar (p > 0.05) between the 3DP substrate and TCP after cultured for different time-points. It means the 3D printed co-cultured device is the biocompatibility material. 

3.2 HUVEC viability
HUVEC were treated with the diode laser for various times (1, 2, and 3 times) for different days. The results showed that the HUVEC viability was similar (p > 0.05) between the diode laser-treatment for 1 times groups and Ctl (Fig 2) for all time-points. Interesting, the cell proliferation of HUVEC treated with diode laser for 2 times was significantly increased than other groups. PrestoBlue® analysis showed that the overall metabolic activity of most groups with laser-treatment increased in a time-dependent manner. However, the viability of HUVEC in the presence of laser-treatment for 3 times significantly decreased than all groups (p < 0.05).

3.3 Inflammatory protein expression of HUVEC
The inflammatory protein of TNF-α (Fig 3A) was showed no significant change after diode laser stimulation with HUVEC. On the contrary, IL-1 (Fig 3B) was down regulated significantly with the treatment with diode laser for 1 and 2 times (p < 0.05). The anti-inflammatory protein IL-10 expression was showed similar trend after stimulation (Fig. 3C).

3.4 Osteogenic protein secretion from HUVEC
OPG, MMP-3, and VEGF proteins secretion were up regulated by the stimulation of diode laser (p < 0.05) (Fig 4). The OPG, MMP-3, and VEGF secretion from HUVEC cells with laser-treated for 2 times were promoted 44%, 31%, and 34% (p < 0.05) than Ctl. In addition, these proteins were increased in a time-dependent manner.

3.5 The proliferation of hMSCs in co-cultured system
Fig. 5 shows the proliferation of hMSCs cultured with laser treated HUVEC on co-cultured system after culture for 1, 2, and 3 days. The hMSCs tend to increase with culture time from 1 to 3 days. Such enhanced efficiency of hMSCs proliferation with laser-treated HUVEC compared to hMSCs alone is consistent with the enhanced trend in the amount of cytokines release from HUVEC. Furthermore, cell proliferation of hMSCs was significantly (p < 0.05) promoted with HUVEC-laser treatment for 1 and 2 times.

3.6 Osteogenic differentiation of hMSCs
In the present study, the mRNA expression of ALP (Fig. 6A), BSP (Fig. 6B) and OC (Fig. 6C) in hMSCs was detected to be improved by co-cultured with laser treated-HUVEC, especially in 1 and 2 times group (p < 0.05). Because of the extended time of HUVEC-later treatment, the expression of ALP mRNA on hMSCs was up-regulated with HUVEC for 3 days. The expression of BSP and OC was up-regulated from day 3 and 7 with laser-treated HUVEC. Both ALP quantitative activity (Fig. 7A) and OC (Fig. 7B) assays showed that the ALP and OC were promoted by HUVEC-laser treated for 1 times at day 3. At day 7, though ALP activity and OC of hMSCs were up-regulated cultured with HUVEC. Moreover, the secretion of OC from hMSCs cultured with laser treated-HUVEC for 0, 1, and 2 times was significantly increased 5.3%, 17.1%, and 25.4% (p < 0.05) than Ctl. Alizarin Red S staining showed evidence of calcium deposition and nodule formation. Mineralized nodules formation was observed in all groups at day 14 (Fig. 8A). In addition, the calcium deposits are found in the body, particularly in the hard tissues. Fig. 8B demonstrates that the quantified calcium content increased after 14 d of differentiation. More distinct nodules were observed in hMSCs stimulated by HUVEC with laser-treatment relative to cell alone (p < 0.05). The calcium deposits in HUVEC-laser treated for 2 time groups were the highest among the other groups. The formation of calcium phosphate salts or mineral deposits is the primary function of the osteoblast cells.



4. Discussion
Dental caries is one of the most common chronic disorders throughout the world [26]. In the oral environment, there were several types stem cells include dental pulp stem cell, periodontal ligament stem cells, mesenchymal stem cells and stem cells from the apical papilla [27-29]. Gronthos et al. was first proved that stem cells isolated from adult dental pulp tissue could be cultured in vitro, and this type of cell could differentiate into osteoblasts and could form dentine-like tissue [30]. The hMSCs are thought to be multi-potent cells that have the ability to proliferate extensively, which can replicate maintain the potential to differentiate into various cell types in vitro, including bone, cartilage, and fat [19,31].  In addition, several studies have showed the use of angiogenic growth factors such as VEGF and FGF-2 in promoting osteogenesis during dentin/pulp regeneration [32,33]. Thus, the endothelial cells play an important role in the interaction between bone regeneration and angiogenic differentiation. HUVEC belongs to the human endothelial cell line with great abilities to differentiate toward vascular tube. During the incubation period, HUVEC populating in this 3DP substrate exhibited a satisfying growth status as expected.  Therefore, diode laser can simulate the significant proliferation of HUVEC. HUVEC and other endothelial cells were both expressed OPG. Analysis of human tissues showed that endothelial cells in normal surrounding tissue express OPG. There is a strong positive correlation between endothelial OPG expression and ER expression [11]. Previous study had shown that VEGF release (MMP-dependent) results in the formation of a more regular vasculature compared with passive VEGF release via diffusion [12].
Several studies on multi-type cell co-cultured have been proved to achieve promoted cellular differentiation-related expression that deeply relies on the interactive biological stimulation between cells [34]. For example, during the bone regeneration process, osteoblast differentiation can be stimulated by introducing a blood vessel forming cell system that in the meanwhile can be stimulated by surrounding osteoblast−ECM environment to develop into blood vessel formation [35]. Therefore, this interaction also existed between hMSCs and diode laser-treated HUVEC in our modular system and promoted cell-specific differentiation. The effects are commonly attributed to an inflammatory response and diode laser stimulation. While these effects are undoubtedly important, our results further revealed that in response to the diode-laser stimulation, leading to the secretion of osteoinductive proteins and anti-inflammatory cytokines from HUVEC, which promoted the osteogenesis of hMSCs. These findings demonstrate that HUVEC participated and made important contributions to the diode-laser stimulated osteogenesis. Although HUVEC have been confirmed to be involved in the osteogenesis, there is still no consensus on which phenotype is more useful for the osteogenic differentiation. In the current study, immune response was evaluated by measuring the expression of TNF-α, IL-1 and IL-10, and HUVEC decreased IL-1 expression when irradiated with diode-laser as compared to those in the control environment. IL-1 is the early “immune” cytokine identified to be involved in the control of bone regeneration and promoted pre-osteoclast cell behavior. It is also a typical example of multifunctional cytokines that are activated by environmental stress [36]. In addition, IL-1 activation of the iNOS pathway in cells, and iNOS is only expressed in responses to inflammatory stimuli [37]. Similar studies have shown that inflammatory responses to laser irradiation was shown to inhibit prostaglandin E2 and IL-1β production and gene expression; the inhibition of the prostaglandin E2 and IL-1β might be of therapeutic value [38].
During bone formation, the endothelial cells participate in both ends, via secreting relating cytokines. They may contribute osteoinductive and osteogenic cytokines (BMP2, VEGF) to promote osteogenesis, but also assist inflammatory and fibrous agents (TNF-α, VEGF, TGF-β) to increase pathological fibrosis [38]. In present results, HUVEC played an important role in regulating osteogenesis. Possible effects of HUVEC in the process of diode-laser promote osteogenesis are summarized in Fig. 9. The diode-laser stimulated HUVEC were result in the down-regulation inflammatory cytokines (IL-1). The laser stimulated HUVEC also up-regulated OPG, MMP-3, and VEGF protein secretion. Osteogenic differentiation is generally accompanied by the production of ALP, BSP, OC, and in vitro mineralization [39]. In the early stage of bone formation progress, ALP played a major role in the initiation of osteogenic differentiation, and ALP expression was up regulated after the start of differentiation. As an example, ALP protein expression of hMSCs was similar to gene expression [40]. The explanation for the low number of increments seen in ALP activity with culture time may be an indicator of the cell progressing into biomineralization. OC is the most abundant non-collagenous bone-matrix protein and is secreted at the late stage in osteoblast differentiation and mineralization [41]. The hMSCs cultured with laser treatment-HUVEC demonstrated significantly increased BSP and OC expression levels with increased treatment time compared to those without HUVEC. The results of the current study consistently indicated that the presence of diode-laser-stimulated HUVEC was effective in supporting the differentiation of hMSCs and strongly enhanced a biological response in cells through the production of bone formation-relative proteins [42]. Therefore, initiation of the osteogenesis effect could be observed after cellular inflammation lessened. It is reasonable to assume that the alveolar bone had good osteogenesis abilities on the diode laser treatment.
The confirmation that HUVEC behavior actively during the osteogenic differentiation caused by diode laser is meaningful. Inadequately activated HUVEC will influence failure of bone formation, leading to undesired inflammatory fibrosis. The HUVEC should be taken into consideration for evaluating the in vitro osteogenic capacity of diode laser-treatment therapy. At low-power densities, the energy fluence range from 1 to 10 Jcm−2, and frequently, the photochemical interactions can influence the biostimulation of soft tissues. In dental practice, the orthodontist treatment is an increasingly daily occurrence. From our present study, the diode laser can be used a non-invasive, painless and a non-thermal therapy that repaired tissue functionality through its biostimulation, regenerative and anti-inflammatory effects. Moreover, we provide that although most diode laser increased the cytokine secretion from HUVEC to influence behavior of hMSCs. Consequently, diode laser alters cell signal transduction and outcomes through similar mechanoreceptors and signaling effectors in cells, and it is therefore deduced that common signaling mechanisms are involved in laser-transduction pathways.



5. Conclusion
HUVEC played important roles in the diode laser treatment-induced osteogenesis. The product from diode laser-treated HUVEC inhibits the inflammation and promotes the osteogenic differentiation of hMSCs. Adequately activated HUVEC are vital for the success of diode laser-stimulated hard tissue regeneration. The interaction with endothelial cells, especially HUVEC, should be elucidated when evaluating the in vitro osteogenic capacity of laser treatment in periodontal repair.
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Figure Legends
Figure 1. The hMSCs/HUVEC co-cultured system. (A) The top view and side view of 3D printed substrates. (B) The photograph of 3D printed substrates. (C) The cytotoxicity of hMSCs and HUVEC cells cultured on tissue culture plate (TCP) and 3D printed substrates (3DP).
Figure 2. The PrestoBlue® assay performed for viability HUVEC cells treated with diode laser for different times. *p < 0.05, compared with Ctl.
Figure 3. (A) TNF-α, (B) IL-1, and (C) IL-10 secreted form HUVEC cells after treatment with diode laser for different times. *p < 0.05, compared with Ctl.
Figure 4. (A) OPG, (B) MMP-3, and (C) VEGF secreted form HUVEC cells after treatment with diode laser for different times. *p < 0.05, compared with Ctl.
Figure 5. The PrestoBlue® assay performed for viability of hMSCs cultured with HUVEC cells-treated diode laser. *p < 0.05, compared with Ctl.
Figure 6. Relative mRNA expressions of (A) ALP, (B) BSP, and (C) OC by comparing hMSCs cultured with HUVEC cells-treated diode laser.  *p < 0.05, compared with Ctl.
Figure 7. (A) ALP and (B) OC secretion from hMSCs cultured with HUVEC cells-treated diode laser.  *p < 0.05, compared with Ctl.
Figure 8. (A) Photograph and (B) quantification of calcium mineral deposits by Alizarin Red S assay of hMSCs cultured HUVEC cells-treated diode laser for 7 and 14 days. The scale bar was 100 μm. *p < 0.05, compared with Ctl.
Figure 9. Summary of possible effects of HUVEC cells in the process of the diode laser-treatment inducing osteogenic differentiation of hMSCs.
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