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Objectives: To investigate the effect of 4 different wavelengths of light-emitting diodes (LEDs) irradiation on 
biological response of osteoblast cells (MC3T3-E1) cultured in 3 dimension (3D) collagen type I scaffold. 
Materials and Methods: The MC3T3-E1 were cultured on 3D type I collagen scaffolds and irradiated daily by 
LEDs light with wavelengths of 630, 680, 760 and 830 nm for 42 days at radiant exposure of 3.1 J/cm2 (intensity 
2 mW/cm2). The 3D cultured were subjected to biological tests concerning cell proliferation by DNA assay,  
cell differentiation by alkaline phosphatase (ALP) activity and mineralization by calcium phosphate deposits  
at day 0, 7, 14, 21, 28, 35 and 42. The 3D cultured at day 42 was investigated by scanning electron microscope 
(SEM) to determine the effect of LEDs on cell formation. The mineralization at day 42 in the 3D cultured was 
evaluated from elemental analysis to determine the ratio of calcium and phosphorus of mineralized granule.
Results: Statistical analysis revealed a significantly higher rate of cell proliferation (p<0.05) in all irradiated 
cultures in comparison with the controls. The 630 and 680 nm groups yielded a higher number of cells than the 
760 and 830 nm (p<0.05). Cell differentiation, obtained from ALP activity, was increased significantly after 680, 
760 and 830 nm irradiation (p<0.05) but decreased after 630 nm irradiation. However, only 680 nm group had 
significantly greater mineralization than controls (P<0.001) at the end of the experimental period.
Conclusions: The results demonstrate that osteoblastic-liked cells respond to LEDs irradiation differently 
depending on wavelengths, from 630 to 830 nm, in proliferation and differentiation. To enhance bone 
mineralization, 680 nm peak irradiated is more effective than those of 630, 760 and 830 nm.
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Introduction 

 Photobiomodulation is a non-pharmacological 
therapeutic resource that is clinically accepted as 
an adjunctive tool in regenerative medicine and 
dentistry. Photobiomodulation uses low level light 
irradiated (LLLI) by a laser or LEDs to provide 
visible or near-infrared light to modulate cell 
response. LLLI was reported to be able to modulate 

inflammation and edema, relief pain, promote cell 
proliferation, and healing of hard and soft tissue 
lesion [1-4]. The acceleration of bone regeneration 
has recently attracted major interest in the field of 
tissue engineering because it helps facilitate a bone 
fracture healing processes such as accelerate 
bone regeneration in midpalatal suture after in 
surgical assisted rapid maxillary expansion 
(SARME) and rapid maxillary expansion (RME)  
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[5, 6] promote alveolar bone repair after tooth 
extraction [7], assist osseointegration of implants 
by enhance the functional attachment of titanium 
implants to bone and promotes bone healing and 
mineralization [8], and assist bone remodeling 
during orthodontic movement of teeth [9-11]. With 
regard to bone synthesis, photobiomodulation 
was reported to increase osteoblast activity and 
decrease osteoclast number, by inducing alkaline 
phosphatase (ALP), osteopontin, and bone 
sialoprotein expression [12]. However some study 
reported that low level light therapy (LLLT)  
with GaAlAs laser had no effect on the rate of 
orthodontic tooth movement [13, 14].
 T h e  L L L T  w a v e l e n g t h s  u s i n g  f o r 
photobiomodulation are in the range of 630  
904 nm [9, 10, 13-18]. It was reported that  
different wavelength, visible red and invisible 
infrared rang (IR), affects the cell with different 
primary mechanism. Visible light was reported to 
induce photochemical reaction in the mitochondria, 
while the IR involves in photophysical reaction in 
cell membrane. However, both wavebands increase 
cell proliferation through the activation of the 
mitochondrial respiratory chain resulting in the 
increase of reactive oxygen species (ROS), and 
adenosine triphosphate (ATP) or cyclic AMP, and 
finally initiating a signaling cascade which 
promotes cellular proliferation [19]. According to 
the action spectra for biological responses such 
as the stimulation of growth, and DNA and RNA 
synthesis, several wavelengths are suggested to 
be optimal for LLLT, at around 400, 620, 680, 760, 
and 820 nm [20]. Some of these peaks are identifiable 
with cytochrome C oxidase in the mitochondria, 
which is a photoacceptor responsible for various 
cellular responses. According to the biphasic dose 
response or Arndt-Schulz curve, LLLT showed 
different modes of cell reaction at different levels 
of energy density both in vitro and in animal 
experiments [21]. It was reported that laser therapy 
significantly increased the bone nodules in a 
dose-dependent manner, and that cell proliferation 
and alkaline phosphatase (ALP) activity were 

higher in the early stages of cellular proliferation [22]. 
 Compared to lasers, light-emitting diodes 
(LEDs) are light-weight, low heat generation  
and cost–effective. Although their output is  
not monochromatic as laser diode, they are 
quasimonochromatic, deliver output power over  
a few nanometers. Moreover, they can be made to 
produce multiple wavelengths and can be 
arranged in order to get large and flat arrays 
allowing treatment of a large area [23] Evidence 
showed that treatment with lasers and LEDs with 
the same irradiation parameters promotes similar 
photobiologic effects [24, 25]. Therefore, LEDs 
offer a cost-effective alternative to lasers for 
photostimulation. However, the contradictory 
results in the literatures may originated from  
the complexity of illumination parameters such as 
wavelength, power density, energy, time, and 
frequency of application in each study.
 2D cell culture showed a limited cell growth 
which prevents a long term study and does  
not represent the physiological cell-cell and  
cell-extracellular matrix (ECM) interactions found 
in real tissues [26]. 3D cell culture was reported to 
be more accurately resemble the in vivo situation 
[27, 28]. The objective of this study was to compare 
the effect of visible red range (630 and 680 nm) 
and near infrared (760 and 830 nm) range on 
MC3T3-E1 cells cultured on 3D collagen I scaffold.

Materials and methods

Culturing and Cell seeding on 3D collagen scaffolds 
 The murine osteoblast- l ike cel l  l ine, 
MC3T3-E1 was cultured in complete medium 
consisted of α-MEM supplemented with 10% fetal 
bovine serum (FBS), 1% antibiotics cocktail 
(10,000 U/ml penici l l in and 10,000 µg/ml 
streptomycin and 1% Amphotericin B (250 µg/ml). 
The cell was carried out in a humidified incubator 
at 37°C with 5% carbon dioxide (CO2). The culture 
medium was changed every 3-4 days.
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 To seed the scaffolds with cells, the collagen 
(Type I) scaffolds were punched into cylinder-
shape with a 10 mm diameter and 2 mm thickness, 
and then sterilized with ethylene oxide. A confluent 
cell was trypsinized and re-suspended to a 
concentration of 7.316 x105 cells/ml. A cell suspension 
of 0.38 ml was then seeded onto the scaffolds. 
Five 48-well plates containing scaffolds were 
incubated for 24 hours to allow attachment of the 
cell to the scaffold. Then, the complete medium was 
replaced by 0.38 ml of the osteogenic medium, 
which composes of complete medium plus 100 nM 
dexamethasone, 10 mM β-glycerophosphate and 
50 mg/ml ascorbic acid. The osteogenic medium 
was changed every other day. 

Light irradiation
 Three LEDs panels were designed and 
constructing by calculating the inter-distance 
space of LEDs with Mathemetica version 9.0.0 
(Walfram Research, USA) to irradiate the equal 
energy over the 48-well plates placed in dark 
environment. The material used for the LEDs lamp 
was aluminum-gallium-arsenide (AlGaAs) and had 
an emission wavelength centered at 630, 680,  
760 and 830 nm with the half width of 20, 25, 30 
and 35 nm, respectively. To irradiate to the cell 
seeded scaffold, the LED panel with 1.5 cm inter-
distance space of LED was fixed perpendicularly 
above each culture well-plate at a distance of  
6 mm in a dark box to protect environment light 
during irradiation. The irradiance intensity of every 
LEDs panel was set to 2 mW/cm2 by adjusting the 
voltage; operated at 27.5 V for 630 nm; 27 V for 
680 nm; 17 V for 760 nm; and 13.7 V for 830 nm. 
The utilized energy density was 3 J/cm2 which was 
regulated by the time period of 25 minute. The 
cultures were irradiated as daily dose for 42 days. 

Biological assessments
The cell seeded scaffolds were compared among 
5 conditions including control groups concerning 
cell proliferation, alkaline phosphatase (ALP) 

activity and ability to form calcium phosphate 
deposits at day 0, 7, 14, 21, 28, 35 and 42. At each 
time interval, the scaffolds were harvested and 
washed 5 times in PBS and homogenized in  
30 mM sodium citrate-buffered saline solution 
(SSC) (pH 7.4) containing 0.2mg/ml sodium 
dodecylsulfate (SDS) at 37 °C for 1 hour to break 
the cell membrane in order to obtain cell lysate.

DNA analysis 
 100 µl of cell lysate, was transferred to 96-well 
plate and added with 100 µL Hoechst 33258 
working solution (Sigma). DNA was measured 
using a fluorescence microplate reader with 
excitation filter 365 nm and emission filter 450 nm 
(Bio-Tek instruments, Abcoude, The Netherlands). 
DNA standard curve was also made from 105 to 
106 cells/ml. 

ALP activity
 20 µl of cell lysate was transferred to 96-well 
plate and subsequently added with 100 ml of 
substrate solution (p-nitrophenyl phosphate).  
The plate was incubated for 15 min at 37 °C.  
The reaction was stopped by adding 80 µl of  
stop solution (0.02 M NaOH). The plate was read 
at 405 nm (Bio-Tek instruments, Abcoude,  
The Netherlands). 

Calcium content
 Calcium content in the samples was measured 
by the ortho-cresolphthalein complexone (OCPC) 
method and was measured for absorbance at 570 nm 
(Bio-Tek instruments, Abcoude, The Netherlands) [29].

Scanning electron microscopy (SEM) observation
 At day 42, the 3D cell seeded scaffold was 
harvested and rinsed with PBS for 5 min and then 
fixed with 2.5 % glutaraldehyde solution in PBS at 
4 ºC for 1 hour. After that, the scaffold was washed 
with PBS for 10 min and immersed in 1% osmium 
tetroxide for 1 hour at room temperature for post-
fixation. After washing with PBS, samples were 
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subsequently dehydrated by serial dilution of 
ethanol aqueous solutions and then dried in a 
critical point dryer. After coating with layer of gold, 
SEM was performed with beam energies of 6 to 25 
kV. Moreover, energy dispersive spectrometry 
(EDS) analysis (Oxford Instruments, USA) was 
also performed to determine the chemical 
composition of calcium nodule in the ECM. 

Statistical analysis
 All data were expressed as means ± standard 
deviation, and analyzed by a Kruskal-Wallis test 
and Mann-Whitney test for pair-comparison. A 
statistical threshold of p<0.05 was used to indicate 
whether there were statistical significances among 
different groups. The analyses were performed 
with SPSS 20.0 software (SPSS, Chicago, IL). 

Results 

Effect of LED on cellular proliferation
 The proliferation rate was measured through 
the cellular DNA content at different culture  
time and presented as a proliferation profile of 
MC3T3-E1 in 3D collagen scaffold in figure 1. 
Overall, LLLR produced a statistically significant 
increase in MC3T3-E1s proliferation (p<0.05) 
compared to control cells at culture time. In controlled 
group, cell numbers increased rapidly from day 0 
(24 hours after cell seeding), and then reached  
a stationary phase at day 14. However, all irradiated 
group showed delay during the peak of cell 
proliferation (day 21). 
 At day 1 and 7, the mean proliferation rate of 
MC3T3-E1 in irradiated groups was enhanced 
1.24-1.40 times in relation to control group with 
statistically different (p<0.001). However, there 

were no statistically significant differences among 
irradiated groups for these periods at al l 
wavelength. After day14 and day 21, there were 
statistically significant differences among the 
irradiated groups. At day 14, the 630 nm and 680 
nm groups presented higher proliferation rate than 
those of 760 nm and 830 nm groups. At day 21, 
the cell growth was enhanced 1.70 times by  
630 nm LED, 1.82 times by 680 nm LED, 1.36 
times by 760 nm LED, and 1.30 times by 830 nm 
LED in relation to control group. After 21 days,  
the proliferation rate of all cultures decreased with 
the significantly higher rate in the irradiated groups 
when compared to the control (p<0.001) till the 
end of the experiment. Only 680 nm group showed 
the significantly difference when compared to the 
other irradiated groups (p<0.05) 

Effect of LED on cellular differentiation
 The alkaline phosphatase (ALP) activity,  
a marker of early osteoblast differentiation, was 
investigated by quantitative analysis and results 
were shown in figure 2. At day 1, there were no 
statistically significant differences between  
non-irradiated and irradiated groups. The irradiated 
group present the maximum value that significantly 
greater (1.41 to 1.47 folds) than the control on day 
14 (p<0.05) and decreased. However, it is still 
higher than control during the next 2 weeks except 
the 630 nm group that presented lower value than 
controlled group (p<0.001). Among irradiated 
groups, the 680 nm, 760 nm and 830 nm groups 
presented a significantly higher ALP activity than 
630 nm group. On day 21, control group reached 
the highest value. On day 28, ALP activity started 
to decreased through day 42, except for control 
group and 760 nm groups that showed rebound 
value of on day 42.
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Figure 1 The effect of the wavelength of LED irradiation on the percentage of MC3T3-E1 cell proliferation when 
compare to control. (* p<0.05 630 nm and 680 nm, § p<0.05 630 nm and 680 nm compare to control)
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Figure 2 The effect of the wavelength of LED irradiation on the alkaline phosphatase (ALP) activity of MC3T3-E1s 
when compare to control. (# p<0.05 630 nm compare to control, * p<0.05 680 nm compare to control, § 
p<0.05 760 nm compare to control, + p<0.05 830 nm compare to control)
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Effect of LEDs on cellular mineralization
 In additional to the ALP that is an early maker 
in the osteoblastic differentiation, the calcium 
deposition is a late stage marker of bone formation. 
The cellular mineralization was investigated by 
determines the total calcium content and shown in 
figure 3. After irradiation 24 hour, the calcium 
content of light stimulated cultures and control 
cultures were lower and did not differ significantly. 
At day 7 and 14 marked accumulation of calcium 
was detected with higher value in irradiated groups 
than controlled group that indicate a mineral 
formation. After 14 days, the calcium content of 
760 nm and 830 nm groups was similar to controls 
and then significantly decreases to lower amount 
than control at day 28. The 630 nm group showed 
a significantly increase from day 14 to 28 (p<0.001) 
but no statistically significant different can be 
found after 35 and 42 days of incubation while 680 
nm group revealed a significant enhancement 
until the late stages of culture (p<0.001). 
 The significant increase in the ALP levels 
during the second week suggested that more cells 
were shifting to a differentiated stage. Formation of 

mineral deposits occurred following the maximal 
ALP activity, earlier and greater in 680 nm cultures. 
Comparison of the results presented in figures 2 
and 3 showed that ALP activity increased and rapidly 
decreased significantly at day 14 accompanied 
with the high level of calcium content 1 week after that. 
This finding suggests the effectiveness of LEDs at 
680 nm in enhancing early onset of bone formation.

Effect of LEDs on microstructure of 3D structure
 Microstructure of scaffolds up to day 42 of 
all sample were observed by SEM and shown in 
figure 4. The scaffold had an interconnected porous 
structure with the pore size range of 50-150 µm 
and the porosity around 96%. The cultured scaffold 
both controlled and irradiated group that were 
shown in figure 5 demonstrated that cell grown on 
scaffold surface were flattened with dendritic 
formation. The ECM bridging the scaffold pores 
forming the ECM network within the porous 
structure. Cells appear to adhere to the scaffold 
through three dimensional extensions, gradually 
filling in pores as proliferation proceeds.

Figure 3 Calcium content of MC3T3-E1 after light irradiation when compare to control. (# p<0.05 630 nm, * p<0.05 
680 nm, § p<0.05 760 nm, and + p<0.05 830 nm compare to control)
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Figure 4 Morphology of MC3T3-E1 cells cultured under different wavelength of LED irradiation for 42 days.



150   M Dent J 2019 August; 39 (2): 143-152

Rochaya Chintavalakorn, et al

Discussion

 Biochemical mechanisms underlying positive 
effects of LLLI has not been completely understood 
[30]. Karu et al. also suggested that wavelength, 
dose, and intensity played an important role on the 
cell respond [31]. In the case of LLLI laser, it was 
reported that cultured cells were affected by 
wavelength, dose and intensity [30].
 This study investigated the effects of LEDs 
wavelengths (630 nm, 680 nm, 760 nm and 830 nm) 
on the proliferation, differentiation and mineralization 
of osteoblast-like cell lines in 3D type I collagen 
scaffold. It was found that LEDs irradiation can 
stimulate osteoblast-like proliferation. All irradiation 
wavelengths showed significantly higher proliferation 
rate than the control. In addition, 680 nm irradiation 
showed the highest proliferation rate about 1.54 folds 
higher than non-irradiated proliferation rate. The 
higher cell proliferation of the LEDs groups can be 
caused by the activation of the mitochondrial 
respiratory chain and the initiation of cellular signaling 
by LLLI as reported by previous study [20]. The visible 
LLLI seems to have more effect on the activation of 
the mitochondrial respiratory chain [19] than IR 
counterpart, as evidenced by a higher proliferation 
observed in 630 nm and 680 nm than 760 and 830 
nm. Our finding is consistent with the previous report 
that the visible, infrared, and ultraviolet (UV) LLLI from 
laser light can promote the cell proliferation. The 
visible spectrum, ranging from 600–700 nm, showed 
the highest effect [32]. This suggested that the LEDs 
are as effective as the laser for using in the light 
source for the LLLI process. Moreover, the magnitude 
of the LLLI effect on cell proliferation depends on the 
physiological state of the cell at the time of irradiation 
[22]. Khalid et al. suggested that to obtain the 
maximum proliferation of cells, cell cultures should be 
20% confluent at the time of irradiation to obtain the 
maximum yield from LLLI [33]. The energy density 
should keep between 0.05 and 10 J/cm2 for bio-
stimulation to prevent bio-inhibitory effects that may 
occur when the energy density above 10 J/cm2. 
 The effect of irradiation on cell differentiation 
was observed by monitoring ALP activity, a marker of 
normal bone cell activity. ALP activity was increased 

Figure 6 SEM micrographs and diagramed illustrations 
of EDS analysis performed 42 days after 
seeding of MC3T3-E1 on 3D collagen scaffold.

 The cell distribution on the top of the scaffold 
after irradiation appears to be denser in 630 nm and 
680 nm group than 760 nm and 830 nm group. The 
630 nm and 680 nm irradiation groups showed sheet-
like material and fibril which represented ECM 
development on the collagen scaffold with dense 
regular layer of flat and spinocellular cells and 
relatively little ECM on the collagen scaffold. The cells 
exhibited the contact with each other and adhering 
firmly to the matrix. 
 The round granule depositions, which indicate 
the mineralization, were found in all groups as 
observed in figure 5. These results were supported by 
the amplified mineralization evident from the Energy 
Dispersive Spectroscopy (EDS) analyses that indicated 
the component of calcium, phosphorus carbon, and 
oxygen in round granule as shown in figure 6. EDS 
analysis revealed that mineral granule was calcium 
phosphate.

Figure 5 Mineralization deposits of 3D collagen scaffold 
seeded with MC3T3-E1s.
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in MC3T3-E1 after 680 and 830 nm LEDs irradiation at 
a dosage of 3 J/cm2. This increase suggested that the 
irradiation may stimulate early osteoblast maturation. 
The results are consistent with those observed by 
Stein et al. who also found an increased in osteoblast 
ALP activity after 830 nm laser irradiation [34]. By contrast, 
Khadra et al. reported a GaAlAs laser LLLI which was 
irradiated only one time where they did not observe 
any cell differentiation effect after treatment. This 
suggested that the prolong irradiation is necessary for 
the LLLI process [35]. 
 Results concerning ALP activity showed that 
levels of the enzyme were low in the first week but 
increased significantly during the second week, 
reaching maximal levels around day 14 in LEDs 
irradiation and at day 21 in non-irradiated cultures, 
then decreased after 3rd week to the same level as the 
control. This suggested that LEDs irradiation showed 
a transient effect on ALP activity. The significant 
increase in the ALP levels during the second week 
suggested that the cells were shifting to differentiated 
stage. Formation of mineral deposit occurred following 
the maximal ALP activity. 
 The morphology of the 3D cultured cell of LEDs 
LLLI group showed a higher density than non-
irradiated group. The scaffold that was exposed to 
630 nm and 680 nm showed higher cell density than 
those of 760 nm and 830 nm. The SEM images were 
in good agreement with proliferation rate where a 
higher proliferation was observed in 630 nm and 680 
nm. The EDS analysis showed the calcium to 
phosphorous ration of 1.8 which slightly higher than 
the mineralized bone. This ratio indicated the formation 
of hydroxyapatite which is the main mineral component 
of calcified bone matrix.
 This study revealed that specific LEDs 
wavelength effects on biological action. Some devices 
combine a red with a near infrared wavelength on the 
basis that the combination of two wavelengths can 
have additive effects and allow the device to be more 
broadly utilized to treat more diseases with one 
device [36]. Further study is suggested in order to 
address the effective parameters of LLLI on bone 
regeneration in clinical setting including treating with 2 
or more combination wavelength.

Conclusion 

 The present study showed that osteoblast-like 
cells responded to LEDs irradiation is a wavelength-
dependent. The specific LEDs wavelength has its 
own specific ability on biological action. Our study 
shown that LEDs can enhance cell proliferation  
at all wavelength. Visible red range (630 and  
680 nm) showed a higher proliferation than near-
infrared range (760 and 830 nm) after day 7. For 
enhancing bone mineralization and calcification, 
LEDs irradiation at the 680 nm group is more effective 
than those of 630 nm, 760 nm and 830 nm. For the 
differentiation, 680 nm, 760 nm and 830 nm showed 
early differentiation at first 2 weeks, all groups showed 
the same ALP activity level at the end of the study. 
Further studies are necessary to investigate the most 
effective parameters of LLLI on bone regeneration in 
clinical setting.
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