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Abstract

This study aimed to evaluate the effects of low-energy blue LED irradiation on the osteogenic differentiation of stem cells from
the apical papilla (SCAPs). SCAPs were derived from human tooth root tips and were irradiated with 0 (control group), 1 J/em?,
2 J/em?, 3 J/em?, or 4 J/em® blue light in osteogenic induction medium. Cell proliferation was analyzed using the 3-[4,5-
dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide (MTT) assay. Osteogenic differentiation activity was evaluated by
monitoring alkaline phosphatase (ALP), alizarin red staining, and real-time polymerase chain reaction (RT-PCR). The results
of'the MTT assay indicated that SCAPs in the LED groups exhibited a lower proliferation rate than those in the control group, and
there were statistically differences between the 2 J/cm?, 3 J/em?, and 4 J/em? groups and the control group (P < 0.05). The results
of the ALP and alizarin red analyses showed that blue LED promoted osteogenic differentiation of the SCAPs. And 4 J/cm? blue
light upregulates the expression levels of the osteogenic/dentinogenic genes ALP, dentin sialophosphoprotein (DSPP), dentin
matrix protein-1 (DMP-1), and osteocalcin (OCN) in SCAPs. Our results confirmed that low-energy blue LED at 1 Jem?, 21/
cm?, 3 J/em?, and 4 J/ecm? could inhibit the proliferation of SCAPs and promotes osteogenic differentiation of SCAPs. Further
in vitro studies are required to explore the mechanisms of the effects by low-energy blue LED.
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Introduction

Dental stem cells include periodontal ligament stem cells
(PDLSCs), dental pulp stem cells (DPSCs), stem cells from
human exfoliated deciduous teeth (SHEDs), dental follicle
progenitor cells (DFPCs), and stem cells from the apical pa-
pilla (SCAPs) [1]. Since Sonoyama W et al. successfully iso-
lated SCAPs from the papilla of the root tip of young adult
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teeth, a large number of studies have proved that SCAPs have
the abilities for self-renewal, high proliferation, and multidi-
rectional differentiation to dentin, osteoblasts, and vascular
nerve cells [2, 3]. SCAPs are usually derived from extracted
orthodontic apical papilla tissues, forming root dentin. In the
case of young permanent apical lesions, SCAPs can guide the
development of the root, eventually forming the root and pro-
moting the healing of periapical tissues [2, 4, 5]. Compared
with other odontogenic stem cells, SCAPs have stronger pro-
liferation and differentiation abilities in vitro [6]. SCAPs can
stimulate the proliferation of stem cells in vitro to obtain a
sufficient number of cells and promote the differentiation of
stem cells for the treatment of clinical diseases, which has
higher advantages in experiment and clinic and has important
significance in tissue regeneration engineering.
Photobiomodulation (PBM) is a treatment modality based
on the effects of low-level laser irradiation (LLLI) or light-
emitting diode (LED) emissions on biological tissue. PBM
has many benefits, such as pain relief, vasodilation [7], tissue
healing [8], and promoting the proliferation [9, 10] and min-
eralization [11]. Blue LED is a safe and effective narrow spec-
trum light source. Studies have confirmed that irradiation of
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human skin stem cells with blue light increases cell differen-
tiation and thereby reduces skin hyperplasia [12]. Blue LED
can treat neonatal jaundice [13]. Blue LED promotes amniotic
fluid—derived stem cell differentiation and inhibits cell prolif-
eration more than red light does [14]. It can effectively pro-
mote cell proliferation and differentiation in vitro and is a
potential tool in the process of regeneration and tissue engi-
neering in vivo [15]. However, previous studies mainly fo-
cused on red LED and laser light, with less attention to blue
LED and even less research on odontogenic stem cells. In
particular, the effects of blue light on the proliferation and
osteogenic differentiation of SCAPs were rarely investigated.
In this study, we irradiated SCAPs with low-energy blue
LED at various energy densities to elucidate the effects
of light energy on the proliferation and osteogenic dif-
ferentiation of SCAPs.

Materials and methods

The isolation of stem cells from the apical papilla
(SCAPs) for this study was performed according to the
Ethics Committee of the Affiliated Hospital of
Stomatology Southwest Medical University Certificate
(contract grant 20180314001). The eligibility criteria for
patients were as follows: all donors were in good health
without systemic diseases, human premolar teeth with im-
mature roots were collected from 3 patients (1018 years
old). Each analysis in this study was repeated on three
independent samples.

Cultivation of SCAPs

SCAPs were obtained according to the protocol of Shu
Diao et al. [16]. The cells were taken from young premolar
tooth with open root tips, which were extracted for ortho-
dontic treatment in local oral hospitals. The usage of apical
papilla tissue was allowed with the informed consent of the
patients’ parents and approved by the biomedical science
research ethics committee of the Affiliated Hospital of
Stomatology Southwest Medical University. The tissue
was digested with 3 mg/ml collagenase I (BioSharp Inc,
Hefei, China) and 4 mg/ml dispase II (Gibco, Carlsbad,
CA, USA). The cells were seeded into a tissue culture flask
and incubated in Dulbecco’s modified Eagle’s medium
(DMEM; Hyclone, Shanghai, China) at 37 °C in a humid-
ified atmosphere of 5% CO,. The culture medium was
changed twice a week. When the cells had proliferated to
approximately 80%, they were passaged at a ratio of 1:2
using 0.25% trypsin (AMRESCO, Solon, OH, USA). The
obtained cells were subsequently identified as SCAPs.
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Irradiation procedure

The light source device used in this study was a blue light
LED (LUX VI; Zhuomuniao, China) with continuous output
and wavelength of 420480 nm (1-W output). The distance
from the light source to the cell layer was 1 cm. The spot
diameter at this distance was 3.5 cm. Under these conditions,
the power density measured at the cell level was 100 mW/
cm?. Based on past studies, the calculation formula (energy
density = power density x irradiation time), and expected illu-
mination energies, the study was divided into five groups: 1 J/
cm?—irradiated for 10 s, 2 J/em*—irradiated for 20 s, 3 J/
cm?—irradiated for 30 s, 4 J/em>—irradiated for 40 s, and
the non-irradiated—control group. Therefore, the light expo-
sure times for each group of cells were 10's, 20 s, 30 s, 40 s,
and 0 s, respectively, every other day. The first day of irradi-
ation was denoted day 1. According to the experimental de-
sign and the number of days of testing, the corresponding
irradiation and test were carried out. Non-irradiated cells were
cultured under the same conditions as the irradiated cells. All
irradiations were performed by the same operator.

MTT assay

The 3-[4,5-dimethylthiazol-2-yl1]-2,5 diphenyl tetrazolium
bromide (MTT) assays were performed according to the study
of Pagin M Tetal. [17]. The cells were plated in 96-well plates
at a density of 4 x 10° cells with DMEM supplemented with
10% fetal bovine serum (FBS). On the second day, the culture
medium was replaced with osteogenic differentiation media
(ODM; Cyagen Biosciences, Guangzhou, China). The irradi-
ation was performed on days 1, 3, 5, 7, and 9. Then, MTT
analysis was carried out on the first, third, fifth, seventh, and
ninth days after the irradiation of the cells. The cell growth
curve was plotted as the average absorbance at each time
point. Each experiment was performed three times and each
point in sextuplicate.

Alkaline phosphatase activity

The osteogenic differentiation methods described in the pre-
vious study were followed [18]. Briefly, ALP staining and
ALP activity were performed at 7 and 14 days.

Calcium quantitative analysis

Matrix mineralization was analyzed using the alizarin red
staining assay after 28 days of culture. The procedure was
performed as previously described [18]. To quantitatively de-
termine the calcium mineral content, on day 28, the SCAPs
were washed three times with PBS and 100 mM of
cetylpyridinium chloride solution (Beijing Solarbio Science
& Technology Co., Beijing, China) was added. Then, the dish
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was incubated for 30 min at room temperature. The supernatants
were transferred to a 96-well plate, and the absorbance of each
group measured at 562 nm (BioTek, USA). Cetylpyridinium
chloride solution was taken as a blank control group.

Real-time polymerase chain reaction analysis

The results for the effect of blue light on SCAPs osteogenic
differentiation showed that the osteogenic differentiation of
SACPs following irradiation with 4 J/cm® was stronger than
other levels of light energy. Therefore, 4 J/cm® was chosen as
the experimental group for RT-PCR. The non-irradiated group
served as the control group.On s 7 and 14, total RNA extraction
was carried out using the Trizol kit (Beijing Baiao Science &
Technology Co., Beijing, China) according to the manufacturer’s
instructions. Real-time PCR reactions were performed with the
QuantiTect SYBR Green PCR kit (Qiagen, Hilden, Germany)
and an IcycleriQ Multi-color Real-time PCR Detection System
(Bio-Rad, USA). The expression of genes was calculated using
the 2-AACT method as described previously. The primers for
specific genes are shown in Table 1. Real-time polymerase chain
reaction (RT-PCR) was performed to analyze the expression
levels of ALP, DSPP, DMP-1, and OCN in each group of cells.

Statistical analysis

The results were statistically analyzed using SPSS 17.0 statis-
tical software. The MTT results were analyzed using the Type
III Tests of Fixed Effects. The ALP and calcium quantitative
analyses were done using one-way ANOVA. The results of
RT-PCR were compared using the independent sample 7 test.
Significance was defined as P < 0.05.

Results
Effect of blue LED on cell proliferation

As shown in Fig. la, on the 3rd, 5th, 7th, and 9th days, the
proliferation rates of the irradiated groups were lower than that
of'the control group. However, as shown in Fig. 1b, there were
statistically significant differences between groups 2 J/cm?,

3 J/em?, and 4 J/em® and the control group (P < 0.05). There
were also differences in the proliferation rates between the
light energy gradients on day 3 and day 5.

Blue LED enhances osteogenesis ALP staining

Early osteogenic differentiation was assessed using ALP
staining and activity analysis on days 7 and 14. The results
of the ALP staining are shown in Fig. 2a (day 7) and Fig. 2b
(day 14). The levels of ALP after 7 and 14 days increased with
time and were higher in experimental groups than in the con-
trol group. The level in the group that was irradiated with 4 J/
cm? of blue light was higher than that in other groups.

ALP activity

The ALP activity was higher in each experimental group
than in the control group (Fig. 3a, b). As shown in Fig.
3a, on day 7 after the SCAPs had been exposed to 1, 2, 3,
or 4 Jlem? of blue light, the ALP activities were 102%,
105%, 117%, and 157% of the control group activity, re-
spectively. As shown in Fig. 3b, on day 14, the ALP activ-
ities of cells had increased to 105%, 112%, 144%, and
173% of the control group activity, respectively. There were
statistically significant differences between the 3 J/cm? and
4 J/em® groups and the control group (P < 0.05). Among the
experimental groups, the values for 1 J/em” and 2 J/em?
were statistically different from those for 3 J/cm® and 4 J/
cmz, respectively (P < 0.05), and the value for 3 J/em?® was
statistically different from that for 4 Jem? (P<0.05).

Calcium quantitative analysis

The quantitative results of total matrix mineralization are
shown in Fig. 3c. Irradiation promoted the mineralization of
SACPs. Specifically, the values for the groups that were irra-
diated with 3 J/cm® of blue light were higher than those for
other groups, with statistically significant differences between
2 J/em?, 3 J/em?, and 4 J/em® groups and the control group
(P <0.05). Following irradiation with 1, 2, 3, or 4 J/em? blue
light, the alizarin red activities were equivalent to 101%,
109%, 126%, and 102% of the control respectively.

Table 1 Primers used for

quantitative RT-PCR Genes Forward primer sequence Reverse primer sequence
ALP GTGAACCGCAACTGGTACTC GAGCTGCGTAGCGATGTCC
DSPP TTTGGGCAGTAGCATGGGC CCATCTTGGGTATTCTCTTG
CCT
OCN AGGGCAGCGAGGTAGTGA CCTGAAAGCCGATGTGGT
DMP CTCCGAGTTGGACG TCATGCCTGCACTGTTCATTC
ATGAGG
GAPDH CCACTCCTCCACCTTTG CACCACCCTGTTGCTGT
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Blue LED enhanced the expression levels
of osteo/dentinogenic differentiation genes of SCAPs

The relative expression levels of ALP, DSPP, DMP-1, and
OCN are shown in Fig. 4 a and b. On day 7 (Fig. 4a), the cells
that were exposed to 4 J/em® of blue light showed an increase
in the expression of all four genes, with the differences in the
expression of ALP and DSPP being statistically significant
(P<0.05). On day 14 (Fig. 4b), the 4 J/em® group showed a
significant increase in the expression of all four genes
(P <0.05). However, the expression levels of OCN and
DMP-1 were higher than those on day 7, while the expression
levels of ALP and DSPP were lower than those on day 7.

Discussion

The odontogenic stem cells are derived from the ectoblast
mesenchyme and are believed to have characteristics of pro-
liferation and differentiation similar to neural crest cells [19].
SCAPs are important for tooth development and regeneration.
Previous research showed that SCAPs derive from early odon-
toblasts and play an important role in the formation of tooth
root dentin and root development [2, 4]. In the process of
young permanent tooth lesions, perfect root canal disinfection
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and drug sealing can promote the development of affected
tooth roots, which indicates that SCAPs can survive during
inflammation and have strong resistance to infection, and fur-
ther confirms the importance of SCAPs in root development
[4, 20-24]. At the same time, SCAPs can produce
vascularized dentin-endodontic complex and osteoblast-like
cells [25-27]. Therefore, SCAPs are of great significance in
the regeneration of bone and tooth tissue.

In the clinic, PBM can be used as an adjuvant therapy to
improve clinical outcomes by selecting the correct parameters
and indications [28]. Blue LED has a broad spectrum of antibac-
terial effects [29]. Visible blue light promotes increases in human
keratinocyte and endothelial cell differentiation markers [12].
Blue light with wavelength 470 nm can affect the proliferation
and osteogenic differentiation of amniotic fluid mesenchymal
stem cells [14]. Light doses ranging from 0.5 to 10 J/cm? are
thought to induce cell proliferation [30]. Light energy densities
between 0.5 and 4 J/em® are more effective in stimulating stem
cell growth [31-34]. The range of LLLI or LED sources is typ-
ically 1-500 mW [35, 36]. Studies have confirmed the positive
effects of interval exposure during PBM treatment [28].
Therefore, low-energy blue LED with 420~480 nm at a power
of 100 mW/cm? and optical energy density of 0~4 J/cm® was
used in this experiment. The effect of blue LED irradiation on
alternate days on SCAPs proliferation and differentiation was
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Fig. 2 Photographs of the ALP
staining of the control (al, a2) and
blue LED (b1, b2, cl, ¢2, d1, d2,
el, e2) conditions after 7 days (a)
and 14 days (b) of culture. (al-2)
SCAPs ALP staining after 0 J/
cm? illumination; (b1-2) SCAPs
ALP staining after 1 J/cm?
illumination; (c1-2) SCAPs ALP
staining after 2 J/em®
illumination; (d1-2) SCAPs ALP
staining after 3 J/em®
illumination; (e1-2) SCAPs ALP
staining after 4 J/em®
illumination. The naked eye view
bars =25 mm (al, bl, cl, dl, el).
The microscopic view scale

bars = 100 um (a2, b2, ¢2, d2, €2)

also studied. The results provided an experimental basis for clin-
ical treatment of the oral cavity and stem cell engineering.In this
experiment, the MTT assay results showed that the overall ten-
dency for all of the groups was an “S”-shaped curve, indicating
that the acquired SCAPs were in log phase with good cell activity
and good growth ability. In the osteogenic induction environ-
ment, the proliferation rate of the control group was higher than
that of the experimental groups. With the passage of time, the
proliferation rates of irradiated groups were significantly lower
than that of the control group, which indicated that blue LED
could inhibit the proliferation of SCAPs under mineralization
conditions. The inhibition by the light increased with time.
Based on the antagonism of stem cell proliferation and differen-
tiation [37], it was therefore speculated that low-energy blue
LED promoted the differentiation of SCAPs, similar to the results
reported by Robertson [12]. The results of this experiment are
consistent with the results of our previous study on the effect of
blue light on gingival mesenchymal stem cells [18]. In this ex-
periment, the effective light energy parameters were 0~4 J/cm®.
Compared with the control group, the proliferation rates of the
light groups from 1 to 4 J/cm® were altered, and the change at 2 J/
cm? was the most obvious.

ALP and mineralized nodules are important markers of
osteogenic differentiation of stem cells. Greater ALP expres-
sion is associated with a higher degree of cell osteogenic dif-
ferentiation. On day 7 and day 14, the ALP expression in the
light-exposed groups was higher than that in the control
group, which is consistent with the positive effect of PBM
therapy on cell differentiation reported by Turrioni et al.
[38]. It can be speculated that blue LED can promote
SCAPs differentiation. In this experiment, 4 J/cm® has the
most obvious promoting effect, which is consistent with pre-
vious studies that showed that 4 J/cm? light is stimulatory [39]
and can promote osteogenic differentiation of BMSCs [40].
The ALP activity of the SCAPs on the 14th day was higher
than that on the 7th day, which may be due to either an in-
crease in the ALP in the cells or proliferation of SCAPs, in
which case the increase of cell number led to the increase in
the ALP detection level. Studies have shown that an energy
density of 3 J/cm” LLLI has a positive impact on the biolog-
ical characteristics of odontogenic stem cells [41, 42]. The
results of the calcium quantitative analysis showed that min-
eralized nodules were formed in SCAPs in each group, and 2,
3, and 4 J/cm? contributed to the differentiation of bone, but
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Fig. 3 Photographs of the ALP activity after 7 days (a) and 14 days (b)
and the quantitative analysis of calcium after 28 days (c) of culture. The
results are expressed as the means =+ standard deviation. *P <0.05; **P <
0.01; and ***P <0.001 indicate significant differences between control
and light-exposed groups

3 J/em? resulted in a significant change in the expression of
late osteoblast markers.

DSPP is a dentin-specific protein that plays an important
role in the nucleation of hydroxyapatite and tooth develop-
ment during the period of dentin calcification [6, 43]. DMP-
1 and OCN are mineralized tissue-specific proteins that are
highly expressed in bone or dentin matrix [6, 43, 44]. In this
experiment, the expression of each gene in the light-exposed
groups was higher than that in the control group, similar to the
results of previous studies on the osteogenic differentiation of
cells and the expression of related genes in the light-exposed
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group [14]. After exposure to 4 J/em®, the expression of the
ALP gene at day 7 and day 14 was statistically significant,
which was consistent with the quantitative detection results of
ALP. However, the expression of the ALP gene on day 14 was
lower than that on day 7, which differed from the results for
the determination of the ALP protein activity. The reason for
these discrepant results may be that there are differences be-
tween protein and gene expression [6].

The expression levels of DSPP at day 7 and day 14 were
also statistically different; however, the expression of DSPP in
the later stage was lower than that on day 7, which may be due
to the high expression of osteogenic genes and the inhibition
of odontogenic differentiation [45]. On the 14th day, the
DMP-1 and OCN genes were highly expressed, which indi-
cated that SCAPs mineralization was increased. Thus, under
certain conditions, 4 J/cm® can promote the expression of
ALP, DSPP, DMP-1, and OCN genes in SCAPs, which is of
great significance for cell differentiation, tooth development,
and bone formation.

Therefore, SCAPs proliferation and osteogenic/dentinogenic
differentiation could be affected by blue LED under certain con-
ditions. These results lay a solid foundation for MSC therapy and
photobiomodulation, which is conducive to the development of
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SCAPs for tissue engineering. The results also provide a new
method for the treatment of oral diseases. However, there are few
studies on the mechanism of PBM therapy on the regulation of
stem cell biological characteristics. The mechanism of blue LED
light on the proliferation and differentiation of SCAPs needs
further study. There are still some shortcomings in this experi-
ment, and further exploration is needed regarding the later stages
of the effects.

Conclusion

Our results confirmed that low-energy blue LED at 1 J/cm?,
2 J/em?, 3 J/em?, and 4 J/em? could inhibit the proliferation of
SCAPs and promotes osteogenic differentiation of SCAPs.
Further in vitro studies are required to explore the mechanisms
of the effects by low-energy blue LED.
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