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Abstract To evaluate the effect of irradiation with light-
emitting diode (LED; 455 nm) on the viability and synthesis
of dentin matrix proteins by odontoblast-like cells, MDPC-23
cells were cultivated (104 cells/cm2) in 24-well culture plates.
After 12 h incubation in Dulbecco’s modified Eagle’s medium
(DMEM), the cells were submitted to nutritional restriction by
means of reducing the concentration of fetal bovine serum
(FBS) for an additional 12 h. Cells were irradiated one single
time with one of the following energy densities (EDs): 0.5, 2,
4, 10, or 15 J/cm2 and irradiance fixed at 20 mW/cm2. Non-
irradiated cells served as control. After 72 h, cells were eval-
uated with regard to viability (methylthiazol tetrazolium tech-
nique (MTT)), mineralization nodule (MN) formation, total

protein (TP) production, alkaline phosphatase activity
(ALP), and collagen synthesis (Sircol), n=8. The data were
submitted to Kruskal–Wallis and Mann–Whitney tests
(p>0.05). There was no statistical difference between the vi-
ability of cells irradiated or not (control), for all the EDs.
However, an increase in TP was observed for all the EDs
when compared with the control group. A reduced ALP ac-
tivity was seen in all irradiated groups, except for the ED of
0.5 J/cm2, which did not differ from the control. There was no
difference between the irradiated groups and control regarding
collagen synthesis, with the exception of the ED of 10 J/cm2,
which inhibited this cell function. Significant reduction inMN
occurred only for the EDs of 0.5 and 2 J/cm2. The single
irradiation with blue LED (455 nm), irradiance of 20 mW/
cm2, and energy densities ranging from 0.5 to 15 J/cm2

exerted no effective biostimulatory capacity on odontoblast-
like cells.
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Introduction

Concern about the negative effects of restorative procedures
on the dentin-pulp complex has intensified the search for ma-
terials and techniques with the purpose of stimulating pulp
repair [1]. Some of the materials used in restorative dentistry
not only exert no biostimulatory action on pulp tissue but also
present a certain level of toxicity to its cells [2, 3]. Based on
that premise, there is still the need for the development of new
materials and techniques that favor the repair of the dentin-
pulp complex after caries removal and cavity preparation yet
without promoting further cell death and tissue loss as seen for
calcium-hydroxide-based materials.
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Photobiomodulation has been extensively studied in
in vitro and in vivo experimental designs, as a treatment for
several diseases [4, 5]. Positive results have been demonstrat-
ed after the irradiation of fibroblasts, osteoblasts, rat muscle
cells, and human epithelial cells with light-emitting diodes
(LEDs) [6–8]. In view of these evidences, one could speculate
that LED could also biostimulate pulp cells and thus favor
pulp repair [9].

Some studies about the therapeutic action of light, in par-
ticular that of the blue spectrum (400–500 nm), have demon-
strated an increase in the mitochondrial activity of human
keratinocytes [10] and gingival fibroblasts [11]. However, lit-
tle is known about the effects of the blue light on pulp cells
[11, 12]. Blue light is routinely used in restorative procedures
for the photoactivation of resin-basedmaterials, such as restor-
ative resins, resin cements, adhesive systems, and resin-
modified glass ionomer cements. If this same light source
was capable of positively interfering with pulp tissue response
and its repair mechanism, it could be used as a therapeutic
adjuvant during restorative procedures for that specific
purpose.

Odontoblasts play an important role in pulp tissue homeo-
stasis and reparative processes [13, 14]. Since these cells are
organized in a single layer covering the internal surface of
coronal and radicular dentin, they are the first cells injured
by the harmful effects generated during the restorative proce-
dures. The evaluation of the capacity of blue LED to exert
some biostimulatory effect on odontoblast-like cells is of great
importance to initially determine the feasibility of this therapy
and also to establish specific parameters that would be capable
of promoting this biostimulation. Therefore, the aim of this
study was to evaluate the effects of irradiation with blue LED
(455 nm) at different energy densities, on the viability of
odontoblast-like cells, and the synthesis of typical dentin ma-
trix proteins by these cells. The null hypothesis tested was that
odontoblast-like cells do not respond to the irradiation with
blue LED producing more pulp repair-related proteins.

Methods and materials

Immortalized cells of odontoblastic lineage isolated from rat
dental papilla (MDPC-23) were cultivated in Dulbecco’s mod-
ified Eagle’s medium (DMEM; Gibco, Grand Island, NY,
USA) culture medium, containing 10 % fetal bovine serum
(FBS; Gibco), 100 IU/mL penicillin, 100 μg/mL streptomy-
cin, and 2 mmol/L glutamin (Gibco), until an adequate num-
ber of cells were obtained to conduct this study. Confirmation
of odontoblastic phenotype is very important to ensure that
cells maintain its phenotype through passages. Thus, before
each experiment, cells are thawed and odontoblastic pheno-
type is confirmed by evaluation of alkaline phosphatase activ-
ity (ALP) activity and mineral nodule formation. The cells

were seeded (104 cells/cm2) in 24-well culture plates and in-
cubated in a humid atmosphere with 5 % CO2 and 95 % air, at
37 °C for 12 h. After this period, the DMEM was aspirated
and a new DMEM supplemented with only 0.5 % FBS was
kept in contact with the cells for additional 12 h, with the
purpose of promoting cellular stress due to nutritional deficit
[15, 16]. Immediately before beginning irradiation, this cul-
ture medium was replaced with a phosphate-buffered saline
(PBS) solution. This was done because a measurement per-
formed with a transmittance spectrograph USB2000 (Ocean
Optics, San Diego, CA, USA), with an interface elaborated in
the software program Lab View, revealed a high coefficient of
absorption of the dye present in the DMEM (over 5 %) for
irradiation at the wavelength of 455 nm.

For irradiation of the MDPC-23 cells, a LED table [9]
device was used, which had 24 diodes of the indium gallium
nitride (InGaN) type, which emits light in the wavelength
established at 455 nm. When activated, each diode emits a
light that irradiates individually at the base of each well of
the culture plate in which the cells were cultivated. In this
study, the irradiance (power density) emitted was established
at 20 mW/cm2 [17]. The total irradiation power was dosed,
taking into consideration the loss of optical power due to the
presence of the acrylic at the base of the wells in the plates.

The energy densities (EDs) selected for this study were 0.5,
2, 4, 10, and 15 J/cm2, according to previous researches con-
ducted in different types of cells [6, 11, 12, 18–24]. Since the
time of irradiation varied according to the ED, due to the fact
that the irradiance was fixed, a corresponding control group
was delineated for each ED (Table 1), in which the cells were
kept out of the incubator for the same period of time than the
corresponding irradiated group. For the control groups, the
same sample manipulation procedures were performed, in-
cluding the positioning of the cells on the LED table; however,
the diodes were not activated. Immediately after proceeding
with the single irradiation of the cells, the PBS was replaced
with a new culture medium supplemented with 0.5 % FBS.
Cell viability, total protein production, alkaline phosphatase
activity, and collagen synthesis were performed 3 days after
irradiation, while for the formation of mineralized nodules’
assay, the cells were maintained for 7 days in culture prior
the analysis. The Bn^ represents the number of samples for
each group (number of replicates), according to each method-
ology. Each test was repeated two times, in duplicate.

Cell viability analysis (MTTassay)

For this evaluation, the methylthiazol tetrazolium technique
(MTT assay) was used, which determines the activity of the
succinate dehydrogenase enzyme produced by the mitochon-
dria present in the cells. For this purpose, 900 μL of culture
medium (DMEM) associated with 100 μL MTT solution
(Sigma-Aldrich, St Louis, MO, USA; 5 mg/mL in PBS) was
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applied on the cells, and these were incubated in a humidified
oven at a temperature of 37 °C for 4 h. After this, the MTT
solution was aspirated and replaced by 700 μL of the acidified
isopropanol solution (0.04 N HCl), to dissolve the formazan
crystals resulting from the cleavage of the methylthiazol tet-
razolium salt by the succinate dehydrogenase enzyme of the
viable cell mitochondria. Three aliquots of 100 μL from each
well were transferred to a 96-well plate (Costar Corp.,
Cambridge, MA, USA). Cell viability was evaluated at 570-
nm wavelength in an enzyme-linked immunosorbent assay
(ELISA) reader (Thermo Plate, Nanshan District, Shenzhen,
China).

Total protein production

Total protein production was performed in accordance with
the Read and Northcote [25] protocol, which has been used in
various cell irradiation studies [26, 27]. Cell lysis was per-
formed by adding 1.0 mL of 1 % sodium lauryl sulfate
(Sigma-Aldrich), at room temperature, for 40 min. The sam-
ples were then homogenized and 1 mL of Lowry reagent
solution (Sigma-Aldrich) was added to all the samples, which
were incubated at ambient temperature for 20 min, followed
by the addition of 500 μL of Folin’s solution and Ciocalteu’s
phenol reagent (Sigma-Aldrich), and then maintained for
30 min. Three aliquots of 100 μL were transferred to a 96-
well plate and submitted to absorbance analysis at 655 nm in
an ELISA reader (Thermo Plate, Nanshan District, Shenzhen,
China). The total protein dosage (n=8) was calculated by
means of a standard curve, containing known concentrations
of bovine albumin (Sigma-Aldrich). The mean readout for the
three aliquots was computed and the data used in statistical
analysis.

Alkaline phosphatase activity

Alkaline phosphatase activity was determined according to
the protocol of the Alkaline Phosphatase Kit (Labtest
Diagnóstico S.A., Lagoa Santa, MG, Brazil). This assay was
originally developed for pure plasma evaluation; however, it
has been adapted for in vitro studies as a method to evaluate
ALP activity of odontoblast-like cells, osteoblasts, and other
types of cells, demonstrating the feasibility of this method for
in vitro cellular analysis [28]. In the same way as for the
quantification of total protein, the cells were lysed in 1.0 mL

of 1 % sodium lauryl sulfate (Sigma-Aldrich), at room tem-
perature, for 40 min. Fifty microliters of substrate (22 mmol/
L) sodium thymol-phthalein monophosphate and 500 μL of
buffer solution (300 mmol/L, pH 10.1) were added in tubes,
followed by incubation in water bath at 37 °C for 2 min. Next,
50 μL of each sample were added, which were incubated for
10 min. After this period, 2 mL of color reagent (94 mmol/L
sodium carbonate and 250 mmol/L sodium hydroxide) was
added. The absorbance of the samples was determined in a
spectrophotometer (Thermal Plate) at the wavelength of
590 nm. Alkaline phosphatase activity (n=8) was calculated
using the standard curve with known concentrations of ALP
and normalized by the total protein values found in each
sample.

Collage synthesis assay (Sircol red)

Collagen synthesis analysis was performed using the colori-
metric SIRCOL Collagen Assay Kit (Biocolor, County
Antrim, Northern Ireland, UK), in accordance with the man-
ufacturer’s recommendations. Succinctly, 1 mL of Sircol red
was added to each 100-μL fraction of the sample solution,
followed by incubation for 1 h under agitation at 450 rpm
(Thermomixer comfort–Eppendorf AG, Hamburg,
Germany). The samples were centrifuged at 12,000 rpm for
10 min, and the supernatant was discarded. Immediately af-
terward, 750 μL of ice-cold acid-salt wash reagent solution
was applied, in order to wash the samples and eliminate un-
specific aggregations. The samples were centrifuged again at
12,000 rpm for 10 min. After this period, 1 mL of alkali
reagent was added in order to solubilize the pellet formed.
After complete solubilization, 100 μL of the solution was
collected and plated in triplicate in a 96-well plate for readout
in a spectrophotometer at 555 nm (Thermo Plate). The colla-
gen concentration of each sample was determined bymeans of
a standard curve with pre-determined concentrations of
collagen.

Mineralization nodule formation (alizarin red test)

For this protocol, the cells were maintained in culture medium
containing 10 mM β-glycerophosphate, and 2 mM ascorbic
acid (Sigma-Aldrich), supplemented with 0.5 % FBS. The
analysis was done on the seventh day of culture, after the
irradiation. For this purpose, the cells were fixed in 70 %

Table 1 Physical parameters of LED and irradiation time according to energy doses (EDs)

Type of diode Irradiance Wavelength Energy densities (J/cm2)

InGaN (indium, gallium, and nitride) 20 mW/cm2 455 nm 0.5 2 4 10 15

Irradiation time 25 s 1 min 40 s 3 min 20 s 8 min 20 s 12 min 30 s
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ethanol for 1 h and afterwards washed with distilled water for
5 min. Next, the alizarin red (Sigma-Aldrich) solution was
added, which was maintained under agitation for 20 min.
The samples were then washed twice with distilled water for
5 min and were submitted to quantitative analysis by means of
solubilization of the nodules. For this purpose, 1 mL
cetylpyridinium chloride (Sigma-Aldrich) was added to solu-
bilize the nodules formed and the solution was maintained
under agitation for 15 min. After verifying the homogeneity
of the solution, three aliquots of 100 μL from each well were
transferred to a 96-well plate (Costar Corp., Cambridge, MA,
USA). Mineral nodule formation was evaluated in a manner
proportional to the absorbance determined at 562 nm in an
ELISA reader (Thermo Plate). The mean of the three aliquots
was calculated, and the resultant data were used for statistical
analysis (n=8).

Statistical analysis

All the absorbance values were transformed into percentage
considering the non-irradiated control group of each energy
density as being 100 %. Then, irradiated and non-irradiated
groups within each energy dose were compared using the
Mann–Whitney statistical test. Then, because the absorbance
values were transformed into percentage of the controls, the
energy densities could be directly compared among them (ir-
radiated cell groups) by the application of the Kruskal–Wallis
test complemented by the Mann–Whitney test using the ad-
justed significance when the null hypothesis of equality
among the groups was rejected. All the statistical inferences
were considered at the level of significance of 5 %. The SPSS
23.0 software (IBM, Chicago, IL, USA) was used to perform
the statistical analysis.

Results

Cell viability analysis (MTTassay)

The viability of the MDPC-23 cells irradiated with blue LED
delivering different energy densities in comparison with non-
irradiated cells may be observed in Fig. 1a. Irrespective of the
energy density used to irradiate the cells, no effect on cell
viability was detected. When the energy densities were com-
pared among them, no statistically significant differences be-
tween the doses were observed either, with regard to
biomodulation of cell viability (Fig. 1a).

Total protein production

Total protein production by MDPC-23 cells either irradiated
with blue LED, or not, at different energy densities is present-
ed in Fig. 1b. All the energy densities resulted in a significant

increase in total protein production. Although all the energy
densities stimulated total protein production by the MDPC-23
cells, the highest values were obtained with irradiation at the
doses of 0.5 and 2 J/cm2, without difference between them
(Fig. 1b).

Alkaline phosphatase activity

Analysis of alkaline phosphatase activity by the MDPC-23
cells in comparison with non-irradiated cells demonstrated
that with the exception of the energy density of 0.5 J/cm2,
which did not differ from the control, all the other densities
resulted in significant reduction in the activity of this protein
(Fig. 1c). The greatest reduction was observed when the cells
were irradiated with 15 J/cm2, followed by the energy densi-
ties of 2, 4, and 10 J/cm2, without difference among these
latter densities (Fig. 1c).

Collagen synthesis (Sircol red assay)

Collagen synthesis by the MDPC-23 cells submitted to LED
therapy at the selected parameters was significantly reduced
(21 %) in comparison with the control when they received the
ED of 10 J/cm2, while all the other doses had no effect on this
cell activity; that is, they were comparable with the control, in
which the cells were not irradiated. When comparing the en-
ergy densities, 4 J/cm2 presented the highest collagen produc-
tion values (increase of 18 %), followed by the doses of 2 and
15 J/cm2, without difference between them (Fig. 1d).

Mineralization nodule formation (alizarin red test)

Irradiation at the doses of 0.5 and 2 J/cm2 resulted in a sig-
nificant reduction in mineralization nodule formation in
comparison with the control, while the dose of 15 J/cm2 in-
creased deposition of these nodules. The dose of 2 J/cm2

resulted in the worst results, followed by the dose 0.5 J/
cm2. The doses of 4, 10, and especially 15 J/cm2 were the
energy densities that least interfered with the deposition of
mineralized nodules byMDPC-23 cells (Fig. 1e), whichwas
positive in the case of 15 J/cm2.

�Fig. 1 a Viability, b total protein production, c alkaline phosphatase
activity, d collagen synthesis, and e mineralized nodule deposition by
MDPC-23 cells submitted to a single irradiation with blue LED
delivering different energy densities (J/cm2). Boxes represent 50 % of
the data of each group. The bottom and top lines of each box represent
the percentile 75 and percentile 25, respectively, while the horizontal line
inside the box represents the median, n= 8. The maximum and minimum
values of each group are represented by the brackets below and above the
box, respectively. —*—Within each energy density, groups connected by
the asterisk are statistically different (Mann–Whitney, p< 0.05). aLetters
allow comparisons among the energy densities for the irradiated groups.
Groups represented by different letters are statistically different (Mann–
Whitney, p< 0.05)
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Discussion

The light generated by LEDs in the blue spectrum is routinely
used for photoactivating resin-based dental materials.
Although there are reports in the literature about the effects
of this light on tissue functions [4, 29], only scanty data is
found about the effects of blue LEDs on pulp cell metabolism
[30]. The direct irradiation of cells with LED, as performed in
the present study, intended to reproduce a clinical situation
where the pulp tissue is exposed. On the other hand, in the
study developed by Turrioni et al. [30], the authors evaluated
the LED irradiation through a dentin barrier, simulating deep
dentin cavities where the remaining dentin thickness is ex-
tremely thin (less than 0.5 mm). In the present study, a range
of energy densities from 0.5 to 15 J/cm2 was used.
Furthermore, the irradiance was lower (20 mW/cm2) than
the one used in the transdentinal study (88 mW/cm2) [30]
because cells were irradiated directly. However, since the ir-
radiance was fixed, the higher the energy density, the longer
the time needed to reach that density. The irradiation time
varied from 21 s to deliver 0.5 J/cm2 up to 12 min and 30 s
for the energy dose of 15 J/cm2. Although longer periods of
irradiation would be clinically impractical, they were included
as part of the screening process to find an energy dose capable
of biostimulating the odontoblast-like cells. Further studies
should also vary the irradiance. That was not performed in
the present study due to limitations imposed by the irradiation
device (LED table).

The energy densities used in this study were selected based
on the results of some studies [6, 11, 12, 18–24], although they
all vary in terms of physical parameters, using wavelengths
from 380–500 to 855±20 nm, irradiance at 550 and 40 mW/
cm2, and energy densities ranging from 2 to 120 J/cm2. Cell
lineages also differed from the one used in this study. Some
cell lineages investigated were normal human epidermal
keratinocytes (NHEKs), oral squamous carcinoma cells
(OSC2), Balb mouse fibroblasts (Balb), and primary cultures
of primary teeth (HDPC) [19, 24]. As mentioned before,
Turr ioni e t a l . [30] evaluated the t ransdent ina l
photobiomodulation of odontoblast-like cells using different
energy densities (4 and 25 J/cm2), irradiance of 88 mW/cm2,
and LED at different wavelengths (450, 630, and 840 nm).
The authors observed that the overall performance of the in-
frared and red LEDs was more effective than the blue LED.
However, it was also seen that the blue LED (450 nm) deliv-
ered at the energy density of 4 J/cm2 resulted in higher cell
viability compared to the infrared LED (840 nm).

The cell viability results demonstrated that one single irra-
diation with blue LED did not influence the activity of the
succinate dehydrogenase enzyme (SDH) in MDPC-23 odon-
toblast-like cells. As the purpose of using this light source
would be right after the cavity preparation, or prior to a direct
pulp capping or pulpotomy, it would be unfeasible to perform

multiple irradiations. A triple irradiation was, however, capa-
ble of promoting an increase (10 to 20 %) in SDH activity for
the cell lineages WI-38 and NHEK when compared with non-
irradiated cells [31]. However, in the same study, other types
of cells (Balb/c 3T3, HGF, MCF-7, and OSC-2) presented
suppression of SDH activity, a fact that reinforced the concept
of the specificity of the physical parameters for each cell lin-
eage in particular.

Although the LED irradiation was not capable of increas-
ing the cell viability, total protein production was increased
after irradiation. That was true for all the energy densities,
although the lower doses (0.5 and 2 J/cm2) were the most
efficient. It is known that light absorption by cells varies ac-
cording to the wavelength used for irradiation [32].
Wavelengths between 400 and 500 nm may positively affect
tissues due to the elevated absorption of this wavelength by
flavines [33, 34], whereas wavelengths higher than 500 nm
are better absorbed by the cell cytochrome C-oxidase [35]. In
the present research, the wavelength of 455 nm was used to
irradiate MDPC-23 cells, which indicate that the blue light
interacted directly with the flavines. However, when cells
are irradiated by light in the spectrum below 500 nm, depend-
ing on the physical parameters of the light source, the flavines
may suffer photoreduction and thus trigger the formation of
free radicals [33]. It is known that free radicals (oxygen reac-
tive species) interfere in the metabolism or even cause irre-
versible cell damage [33]. That could explain the results ob-
tained in the present study since the increase of protein pro-
duction could be related to oxidative stress-induced proteins
such as heat shock proteins rather than alkaline phosphatase
and collagen [12, 36].

Alkaline phosphatase and type I collagen are essential pro-
teins in dentin matrix formation and its subsequent minerali-
zation. ALP is an enzyme expressed by cells that participate in
the mineralization process, as is the case of odontoblast-like
cells [37]. In spite of the increase in total protein production,
the reduction or maintenance in alkaline phosphatase activity
was observed in this study for all the EDs. Although using a
different wavelength of the visible spectrum (647 nm), an
increase in the activity of this enzyme was observed in the
osteogenic activity of mesenchymal cells when irradiated with
LED, at low energy densities of 0.093, 0.279, and 0.836 J/cm2

[21]. However, in the mentioned study, the cells were main-
tained in an osteogenic medium and they were not submitted
to nutritional restriction as were the cells in our study. Even in
the face of this unfavorable condition, the MDPC-23 cells
maintained their ALP activity when irradiated with the lowest
ED of blue LED (0.5 J/cm2).

Collagen production by the odontoblast-like cells was not
affected by LED irradiation, with the exception of the dose of
10 J/cm2, at which significant reduction in the production of
this protein was seen. Since the presence of collagen and al-
kaline phosphatase is directly related to dentin matrix

528 Lasers Med Sci (2016) 31:523–530



mineralization, the formation of mineralization nodules was
also not biostimulated. Indeed, a reduced deposition of min-
eralized nodules was seen for the higher energy densities (10
and 15 J/cm2), ratifying the fact that the increase in total pro-
tein is related to the synthesis of other proteins instead of the
synthesis of collagen and ALP.

Overall, a single irradiation with blue LED light at the
wavelength of 455 nm applied at distinct EDs on pulp cells
in culture was not capable of increasing cell viability, ALP
activity, or collagen synthesis. Therefore, the null hypothesis
that odontoblast-like cells do not respond to the irradiation
with blue LED producing more pulp repair-related proteins
was not rejected. The lack of cell biostimulation, or even the
inhibition of cell functions, was more clearly observed with
the increase in EDs. As the increase in ED is directly related to
the time of irradiation, it is possible to suggest that the longer
the time of irradiation, the higher the level of free radical
formation [12], which may have interfered negatively in the
metabolism of the MDPC-23 cells.

Conclusion

According to the methodology used in this study, it was pos-
sible to conclude that a single irradiation with blue LED at the
wavelength of 455 nm, irradiance of 20 mW/cm2, and energy
densities ranging from 0.5 to 15 J/cm2 does not have an effec-
tive capacity for the biostimulation of MDPC-23 odontoblast-
like cells.
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