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Abstract
The aim of the current study was to evaluate the proliferative effect of low-level laser therapy on long-term cryopreserved dental
pulp stem cells (DPSCS) and stem cells from human exfoliated deciduous teeth (SHEDS). The DPSCS and SHEDS were divided
into 2 main groups according to gallium aluminum arsenide (GaAIAs) diode laser irradiation densities as 5 J/cm2 and 7 J/cm2.
Each main group was further divided into 4 groups according to laser irradiation periods as 0, 24, 48, 72 h groups. During the
incubation periods, cells received laser irradiation in every 24 h according to their groups and were put into incubator after
irradiation. Cell groups that were not subjected to laser irradiation were served as control groups. Viabilities of cells were
determined via MTT assay at the end of all incubation periods, and data were statistically analyzed. Laser irradiation demon-
strated significant effects on proliferation rate of DPSCs and SHEDs in comparison with control. Intragroup comparison data of
DPSCS revealed that repetitive laser irradiation for long term (72 h) increased the cellular viability significantly in comparison
with all other treatment groups; however, no significant differences were found when energy densities were compared within
each time interval, except for 48 h group at which irradiation with 7 J/cm2 provided significantly higher cell viability rates of
SHEDS. DPSCs showed significantly higher cellular viability than SHEDs only for the 7 J/cm2 energy density in 72 h. Longer
term (72 h) repetitive laser irradiation with energy densities of 5 and 7 J/cm2 (wavelength of 980 nm) may be recommended to
induce the proliferative effect on long-term cryopreserved DPSCS and SHEDS.
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Introduction

Tissue engineering relies on three necessities for tissue regen-
eration. The components of this triad are scaffold formation,

stem cells, and growth signals [1]. In this context, factors
providing the proliferative effect on dental mesenchymal stem
cells (DMSCS) are largely important in the field of dentistry
[2]. DMSCS are derived from dentoalveolar tissues and exhib-
it a high proliferation capacity with multiple differentiation
potentials such as osteoblasts, adipocytes, odontoblasts, and
chondrocytes [3]. Generally, DMSCS are derived from adult
pulp tissue (DPSCS), human exfoliated deciduous teeth
(SHEDS), periodontal ligaments (PDLSCS), and apical papilla
cells of immature teeth (SCAP) [4–6].

Several studies have reported that undifferentiated stem
cells derived from dental pulp (DPSCS and SHEDS) have a
great differentiation capacity and can be used for the treatment
of necrotic immature permanent teeth [7, 8]. For this purpose,
isolation and cryopreservation of these dental stem cells were
suggested to be very important for individual stem cell thera-
pies. However, their efficiency in in vitro culture was reported
to decrease after thawing processes [9]. Thus, biostimulation
of the in vitro proliferation capacity of stem cells are crucial,
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and current studies focused on the methods for increasing cell
expansion. Treatment with an insulin-like growth factor (IGF-
1) [10], an enamel matrix derivative [11], an epiregulin from
the epidermal growth factor family, Trichostatin A from his-
tone deacetlyase inhibitors [12], and low-level laser therapy
(LLLT) are the aforementioned methods [13].

LLLT is preferred in various clinical conditions to speed up
the regenerative processes of tissues [13]. LLLT shows its
efficacy via the photons provided by laser irradiation which
are absorbed by chromophores of the cells resulting in a
change in their biological activities [13]. In addition,
biostimulative effects of LLLT on tissue responses and cell
growth have been shown. LLLT was also reported to promote
bone formation by increasing the growth factor that is related
with the differentiation of bone cells which in turn stimulates
cell proliferation for dentin-pulp complexes [13]. It has been
also indicated that LLLT had a promotive effect on differen-
tiating various stem cell types such as adipose stem cells, bone
marrow stem cells, or human dental pulp stem cells [13].
Mechanisms of the photostimulatory effect of LLLT can be
explained by twomain reactions. Primary reactions occur after
light absorption via photoreceptors into the cell membrane
and mitochondria. These reactions lead to the regulation of
redox state in the mitochondria to create greater oxidation
and stimulate cellular signaling by secondary reactions [14].

There is little known about the effect LLLT on the prolif-
eration capacity of the DPSCS and SHEDS which exhibit slow
proliferation rates after long-term cryopreservation especially
when the cells intended to be used in stem cell therapies. The
objective of the current study was to evaluate the cellular
proliferative capacity of LLLT on long-term cryopreserved
DPSCS and SHEDS for future tissue engineering therapies.

Materials and methods

This study was approved by the Ethical Board of Near East
University (Number: 2015/34-243).

Thawing and cultivation of DPSCS and SHEDS

DPSCS were isolated and fully characterized according to the
criteria proposed by Dominici et al. [15]. For this purpose,
isolated cells were characterized according to the surface an-
tigens (CD90, CD73, CD105, CD44, CD34, CD45, CD11b,
CD14, CD19, CD79, HLA-DR) (BD, Biosciences, USA).
After characterization studies, cells were differentiated into
different tissues, and their stem cell characteristics were veri-
fied by investigating differentiated tissues under microscope.
Isolated and fully characterized DPSCS were cryopreserved
according to liquid nitrogen cryopreservation (controlled rate
method) protocol. Cells were first trypsinized and then centri-
fuged at 1000 rpm for 5 min. Cells were then put into medium

consisting of 90% fetal bovine serum (FBS) (Gibco, Visp,
Switzerland) and 10% dimethylsulphoxide (DMSO). Cells
were put into − 20 °C for 1 h and − 80 °C for 24 h and put
into liquid nitrogen tank (− 196 °C) until being used.
Cryopreserved DPSCs (passage 2) stored in liquid nitrogen
for 24 months were used in the present study.

Previously isolated and characterized SHEDs were cryo-
preserved according to a rapid freezing protocol [16]. Cells
isolated and characterized were firstly trypsinized and centri-
fuged at 1000 rpm for 5 min. Centrifuged cells were trans-
ferred into freezing media consisting of 90% FBS and 10%
DMSO. Cells were later transferred directly into − 80 °C and
kept there until being used (rapid freezing method). SHEDs
used in this study were incubated in − 80 °C for 24 months.
Firstly, cryopreserved DPSCS and SHEDS were thawed at
37 °C, and cell suspensions were centrifuged for 5 min at
1000 rpm. Following the centrifugation, thawed cells were
transferred into 25 cm3 flasks and cultured in DMEM/F12
(Gibco, Switzerland) medium, supplemented with 10% FBS,
2 mM glutamine, 100 U/mL of penicillin, and 100 μg/mL of
streptomycin (Gibco, Visp, Switzerland) at 37 °C in a humid-
ified atmosphere of 5% CO2.The cells were subcultured every
2 days. After reaching 80% of confluence, cells were
trypsinized by Trypsin-EDTA (Capricorn, Germany) at
37 °C for 10 min and extended to passage 3. The cells from
passage 3 were used in the study for both of cell types.

Experimental design

A schematic illustration of the study design was presented in
Fig. 1. The effect of laser irradiation was evaluated by using
two different energy densities of diode laser irradiation at four
different time intervals (0 h, 24 h, 48 h, 72 h). The DPSCS and
SHEDS were divided into 2 main groups according to laser
irradiation densities as 5 J/cm2 and 7 J/cm2. Each main group
was further divided into 4 subgroups according to laser irra-
diation periods as 0, 24, 48, 72 h groups. Cells in 0 h group
were subjected to single laser irradiation and incubated for
24 h. For the other groups, laser irradiation was repeated at
the end of each 24 h, and then cells were put into incubator
again. In this manner, the cells in 0 h, 24 h, 48 h, and 72 h
groups were subjected to irradiation for 1, 2, 3, and 4 times,
respectively. Control groups were composed for both cell
groups in which cells were not subjected to laser irradiation.
The test groups and control groups are presented in Table 1.

Prior to diode laser irradiation, cells grown to 80% conflu-
ence levels were trypsinized and counted. A density of 104

cells/mL was transferred to 96-well plates and maintained in
an incubator at 37 °Cwith 5%CO2 overnight. Next day, diode
laser irradiation was applied on cells to evaluate the cell pro-
liferative capacity and viability in all groups. Study was set as
triplicates.
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Laser irradiation

Laser irradiation was applied to isolated DPSCS and SHEDS

and was performed by gallium aluminum arsenide (GaAIAs)

diode laser (Medency, Italy). To achieve the intended energy
density levels of 5 and 7 J/cm2, laser was used with 980-nm
wavelength with an average power of 0.1 W in continuous
action mode for 20 and 28 s, respectively. The laser probe

Fig. 1 Schematic representation of repetitive laser irradiation to study groups

Table 1 The laser irradiation and
control groups tested in the study Time periods (h) Energy density Time periods (h) Energy density

DPSCs 0 5 J/cm2 0 7 J/cm2

24 5 J/cm2 24 7 J/cm2

48 5 J/cm2 48 7 J/cm2

72 5 J/cm2 72 7 J/cm2

SHEDs 0 5 J/cm2 0 7 J/cm2

24 5 J/cm2 24 7 J/cm2

48 5 J/cm2 72 7 J/cm2

72 5 J/cm2 72 7 J/cm2

Control (DPSCs) 0 No irradiation 0 No irradiation

24 No irradiation 24 No irradiation

48 No irradiation 48 No irradiation

72 No irradiation 72 No irradiation

Control (SHEDs) 0 No irradiation 0 No irradiation

24 No irradiation 24 No irradiation

48 No irradiation 48 No irradiation

72 No irradiation 72 No irradiation
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with a diameter of 0.4 cm2 was fixed perpendicularly and
applied to the cells at a distance of 0.5 cm to each plate in
the class II cell culture cabinet. Laser irradiation was repeated
according to the test groups of cells, and after application of
each laser irradiation, cells were put back into the incubator
(37 °C).

Cell proliferation assay

The rates of cellular proliferation were analyzed by
performing a MTT assay (Acros Organics, NJ, USA) in order
to investigate the activity of mitochondrial enzymes of viable
cells in the experimental and control (non-irradiated) groups
(Fig. 1). Viable cells successfully cleaved MTT and formed
formazan crystals with the help of cellular succinate dehydro-
genase enzyme. Formazan crystals formed were later dis-
solved by DMSO. For this purpose, both DPSCs and
SHEDs were cultured overnight in 96-well plates with an
initial concentration of 1 × 104 cells/mL with 5% CO2, at
37°C. For each group, MTT assay was performed after 24 h
of incubation following the laser irradiation, and cell viabil-
ities were measured to detect the effect of phototherapy on
proliferation rate of irradiated cells. Control (non-irradiated
cells) group was set according to each different time intervals
separately in order to surpass the cells’ normal proliferation
rate (Table 1). MTT was added to the cells (1 mg/mL) and
incubated for 4 h. Following incubation, crystals formed by
viable cells were dissolved by DMSO. UV-visible spectro-
photometer was used to measure the optical density of the
dissolved material (wavelength λ = 570) (Thermo Multiskan
Spectrum). The cellular proliferation rate (%) was determined
by the following formula:

:%proliferation Vialibityð Þ

¼ absorbance of irrated cellsð Þ− Absorbance of blankð Þ½ �
absorbance of controlð Þ− absorbance of blankð Þ½ �

Statistical analysis

The data were measured with mean standard errors, the statis-
tical significance of differences was examined by using one-
way ANOVA, Tukey’s test was performed for multiple
intragroup comparisons, and t test was performed for inter-
group comparisons by using GraphPad Prism 5.0 and SPSS
for Windows. P values of less than 0.05* were stated as sta-
tistically significant.

Results

Diode laser irradiation with energy densities of 5 or 7 J/cm2

was applied to treat DPSCs at each time interval. Among the

control group and laser-irradiated test groups, the only signif-
icant difference was detected between the control and 72 h
groups for both energy densities (5 J/cm2: P < 0.05, 7 J/
cm2: P < 0.001), no significant differences were found among
other time groups (Fig. 2). Intragroup comparisons of DPSCs
irradiated with 5 J/cm2 energy density revealed that there were
no significant differences among the cellular proliferation of
24, 48, and 72 h groups, while the value obtained in 72 h
group was significantly higher than 0 h group (Fig. 2).
When the effects of energy densities on cell proliferation of
DPSCs were compared for different time periods, 72 h group
of DPSCs irradiated with 7 J/cm2 energy density showed
higher proliferation rates than the other time periods among
which no significant differences were observed (Fig. 2). The
differences in proliferation rates of DPSCs subjected to 5 J/
cm2 and 7 J/cm2 energy density groups were reported to be
nonsignificant within each time interval (P > 0.05) (Fig. 2).

Cellular viabilities of SHEDs in both energy density groups
for all time intervals were found statistically higher than the
control group. Repeated laser application in different time
intervals did not have any significant effect on the cellular
proliferation rates of SHEDs irradiated with both energy den-
sities (P > 0.05) (Fig. 3). No significant differences were
found when energy densities were compared within each time
interval (P > 0.05), except for 48 h group at which irradiation
with 7 J/cm2 provided significantly higher cell viability rates
of SHEDs (P < 0.05) (Fig. 3).

The different stem cell types were also compared within
each energy density and time intervals. DPSCs only showed
significantly higher cellular viability than SHEDs for the 7 J/
cm2 energy density at 72 h group (P < 0.05). No significant

Fig. 2 Proliferation of DPSCS irradiated with two different energy
densities (7 J/cm2 and 5 J/cm2) of diode laser at four different time
intervals (72 h, 48 h, 24 h, 0 h) were evaluated by MTT. Values are
represented as mean percentage viabilities ± standard deviation
(*P < 0.05, ***P < 0.001)
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differences were observed between other time points and en-
ergy density groups (P > 0.05) (Fig. 4).

Discussion

Currently, recent improvements in biomedical technology en-
couraged the development of new devices and methods. Low-

level laser irradiation is one of these with its numerous clinical
applications [13]. Although the effect of laser irradiation on
proliferation of cells has been investigated in various cell
types including fibroblasts, endothelial cells, and osteoblasts,
a lot remained to be unknown about the comparative effect of
LLLT on the proliferation of different dental mesenchymal
stem cells that have been cryopreserved for long period of
time [13].

DPSCS and SHEDS are regarded as good candidates for
stem cell therapies and dental pulp tissue engineering studies
due to their multi-lineage differentiation capacities [17].
However, a great number of stem cells are required for regen-
erative approaches. Therefore, LLLT could be a good candi-
date for the stimulation of proliferation, viability, migration,
and differentiation activities of stem cells [13]. Helium-neon
(HeNe) or diode lasers such as GaAlAs and indium-gallium-
aluminum-phosphide (InGaAlP) are usually preferred for this
purpose [18]. In the present study, 980-nm GaAlAs diode
laser irradiation with a setting of 0.1 W of power output was
applied using two different energy densities of 5 and 7 J/cm2,
and the effects of repeated application at 0, 24, 48, and 72 h
were investigated. When the cell proliferation data were eval-
uated, DPSCS demonstrated similar biological responses in
agreement with a previous study reporting that single irradia-
tion with 2.5 J/cm2 of energy density did not show any effi-
cacy in comparison with higher densities [19]. In the present
study, long-term (72 h) and repeated LLLT with an energy
density of 7 J/cm2 showed significantly higher proliferation
rate compared with short-term LLLT with energy density of
5 J/cm2. These findings may be attributed to multiple factors
including the differences between energy densities, repetitive
application of LLLT with longer time period, or the type of
stem cells used in the current study. The effect of different
energy densities on biostimulation is explained by the biphas-
ic dose response phenomenon, where higher energy densities
may lead to a decrease in the biostimulative response of LLLT
at a certain energy density and wavelength [20]. On the other
hand, if an inadequate energy density was applied, the bio-
stimulation threshold could not be reached and biological re-
sponse would not be observed on targeted cells [20].
Therefore, selection of correct density is crucial for the effica-
cy of LLLT. Besides, the energy density emission modes
(continuous wave/pulse mode), stem cell types, wavelengths,
and power output are important parameters which can change
the irradiation protocol and cellular responses [20].
Furthermore, laser therapies exhibit a dose-dependent activity
on cellular responses, and repetitive irradiation probably had a
cumulative effect when each new dose was applied [19, 21].
Huang et al. [21] and Zaccara et al. [22] demonstrated this
cumulative effect of laser therapy supporting to the findings
of the present study in which higher proliferation rates were
detected in repetitive long-term (72 h) irradiation on both
DPSCS and SHEDS in comparison with short-term (0–24 h).

Fig. 4 Comparative analysis of SHEDs and DPSCs irradiated with two
different energy densities (7 J/cm2 and 5 J/cm2) of diode laser at four
different time intervals (72 h, 48 h, 24 h, 0 h) were evaluated by MTT.
Values are represented as mean percentage viabilities ± standard
deviation (*P < 0.05)

Fig. 3 Proliferation of SHEDS irradiated with two different energy
densities (7 J/cm2 and 5 J/cm2) of diode laser at four different time
intervals (72 h, 48 h, 24 h, 0 h) were evaluated by MTT. Values are
represented as mean percentage viabilities ± standard deviation
(*P < 0.05, **P < 0.01, ***P < 0.001)
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Borzabadi Faharani [13] demonstrated in vitro proliferative
effect of laser irradiation on humanDMSCS including DPSCs,
SCAP, PDLSCs, and SHEDS. It was concluded that various
types of diode laser, wavelengths between 660 and 980 nm,
and energy densities between 0.1 and 30 J/cm2 had prolifera-
tive effect on these cells. The findings of the present study
suggested that repetitive long-term (72 h) diode laser applica-
tion with energy densities of 5 and 7 J/cm2 (wavelength of
980 nm) had proliferative effect on DPSCS and SHEDS.

Even though the exact mechanism of LLLT on cell prolif-
eration was not completely understood, experimental data
suggested that, following the laser irradiation, an increased
secretion of growth factors, ATP, DNA, RNA, nitric oxide,
and reactive oxygen species was detected [23]. According to
the study of Ginani et al. [24] on mesenchymal stem cell
proliferation, laser irradiation was found to induce in vitro
stem cell proliferation. The same proliferation trend of
in vitro stem cells was also observed in the present study.
The MTT assay data suggested that repetitive laser irradiation
with 7 J/cm2 energy density on DPSCs significantly induced
proliferation rate in comparison with SHEDs at 72 h. The
percentage proliferation rate of DPSCs increased more than
twofold upon repetitive irradiation with 7 J/cm2 energy den-
sity when compared with the non-irradiated, control group at
72 h. The outcomes of the present study suggested that the
most effective proliferative time on both cells was 72 h of
repetitive irradiation regardless of energy densities. Zaccara
et al. [22] and Ginani et al. [24] detected higher proliferation
rates upon long-term (72 h) irradiation compared with short-
term (0 h and 24 h) for both DPSCS and SHEDS supporting
the findings of the present study [22, 24].

Studies related with DPSCS and SHEDS revealed signifi-
cant differences in the biology of these stem cells. SHEDS

were known by their higher proliferation rates and cell divi-
sion numbers in comparison with DPSCS [25]. Contrary in the
current study, significantly higher proliferation rates were ob-
served on DPSCS in comparison with SHEDs subjected to
repetitive long-term (72 h) irradiation with energy density of
7 J/cm2. This finding could be a result of different cryopres-
ervation protocol applications on cells. Cryopreservation pro-
tocols should also be taken into consideration since they could
influence the viability and proliferation capacity of cells [26].
Liquid nitrogen cryopreservation (controlled rate method),
providing storage of cells at a temperature of − 196 °C, is a
recommended protocol for mesenchymal stem cells [27].
However, higher cost and limited accessibility of such storage
conditions were reported as disadvantages of this protocol
[27]. Hence, the rapid cryopreservation protocol with a stor-
age temperature of − 80 °C is preferred due to its lower cost
and higher accessibility. SHEDS used in the present study
were long- term cryopreserved by fol lowing the
uncontrolled/rapid freezing protocol. The study of Nhat
Hyunh et al. [28] revealed that cells cryopreserved with the

rapid freezing method did not exhibit the similar proliferation
rates when compared with the controlled rate method. In
agreement with this study, application of uncontrolled/rapid
freezing technique for cryopreservation and long storage pe-
riod (exceeding 180 days) of SHEDS may explain the lower
cellular proliferation rate in comparison with liquid nitrogen
cryopreservation (controlled rate method) DPSCS.

In conclusion, it is possible to state that repetitive irradia-
tion with energy densities of 5 and 7 J/cm2 (wavelength of
980 nm) at 72 h may be recommended to induce a prolifera-
tive effect on long-term cryopreserved DPSCS and SHEDS

without causing cell cytotoxicity. This irradiation protocol
on dental mesenchymal stem cells may represent a clinical
therapeutic importance in the field of stem cell-based therapies
and tissue engineering. Future in vitro investigations of laser
irradiation effect on proliferation mechanisms via PCR, apo-
ptosis, or cell cycle assays are needed to be performed together
with in vivo studies in order to determine the optimal condi-
tions for dental stem cell biostimulation.
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