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Abstract

Purpose Blue light has been reported to enhance the differentiation and mineralisation potential of mesenchymal stem cells.
No studies have investigated the photobiomodulation effects of blue light on the odontogenic differentiation of dental pulp
stem cell-containing populations. This study aimed to determine the effect of 405-nm wavelength on the mineralisation
response in these cells.

Methods Human dental pulp cells were irradiated using a calibrated 405 nm light source at an irradiance of 57.7 mW/cm?
for 35, 69, 90 and 104 s; delivering energy densities of 2, 4, 5 and 6 J/cm?. Cell proliferation was investigated on days 2 and
4. Alkaline phosphatase activity and dentine matrix protein-1 levels were investigated on days 3 and 5. Mineralised nodule
formation was investigated on days 7, 4 and 21.

Results The 405-nm blue light had significant inhibitory effects on dental pulp cell proliferation. Simultaneously, blue light
irradiation enhanced the mineralisation response, as determined by the upregulation of odontogenic markers. Irradiated
cultures also demonstrated a significant increase in mineralised nodule formation compared with the non-irradiated controls
at all time points.

Conclusion Data indicate that phototherapy utilising a 405-nm wavelength may have therapeutic potential in stimulating

odontogenic responses of pulp cells.

Keywords Phototherapy - Tooth - Vital pulp therapy - Odontogenic differentiation - Dentine regeneration

Introduction

Dental caries is an extremely common oral health disease
which affects the global population and remains a signifi-
cant healthcare and economic burden. Untreated caries in
the permanent dentition affects over 2 billion people world-
wide. Disease progression can cause significant pain and
can ultimately lead to tooth loss [1, 2]. The dental pulp com-
prises a heterogeneous cell population which also contains
self-renewing mesenchymal stem cells (MSCs) which have
the potential of differentiation into odontoblast-like cells for
tooth repair [3—7]. A key aspect for conservative disease
management is the induction of the regenerative odontogenic
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processes in the dental pulp cell (DPC) population. Conse-
quently, the tertiary or repair dentine deposited acts as a bar-
rier against carious disease progression and can retain pulp
vitality. Current vital pulp therapy protocols involve removal
of infected tissue, followed by application of materials that
aid the initiation of the reparative responses of the pulp (i.e.
calcium hydroxide and mineral trioxide aggregate). How-
ever, there are challenges regarding the delivery and dosage
control when using materials. Therefore, enhancement of the
endogenous reparative responses using light potentially rep-
resents a useful adjunct to current dental procedures [8§—10].

Photobiomodulation (PBM) has shown a range of effects
in eukaryotic cells including increased cellular proliferation,
differentiation and mineralisation responses as well as mod-
ulation of growth factor/cytokine activity [11]. Recently, the
application of blue light (405-480 nm) delivered using lasers
or light-emitting diodes (LEDs) has been shown to exert
tissue repair-related effects [12—-16]. The mode of action
of blue light is understood to be mediated via relatively
small increases in reactive oxygen species (ROS) levels.
The mechanism underpinning this transduction is proposed
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to be elicited via light absorption by cellular flavins, such
as nicotinamide adenine dinucleotide phosphate (NADPH)
dehydrogenase, NAPDH oxidase and cryptochromes (CRY 1
and CRY2) [17]. Notably, the cellular redox state has been
reported to have a major influence on cell proliferation and
mineralisation [18, 19].

The stimulatory effects of blue light on the mineralisa-
tion responses of MSCs have only recently been investigated
[12-16]. Studies have, however, generally shown a lack of
rigor in reporting irradiation parameters with inconsist-
ent experimental set-ups providing issues with the results
reported [14—16]. Another important confounding factor is
that of temperature, and measurements following irradiation
are not routinely reported even though hyperthermia on its
own has been shown to enhance mineralisation in MSCs
[17]. Despite these limitations, there appears to be a consen-
sus that blue light irradiation is able to enhance osteogenic/
odontogenic potential in MSCs at a range of energy densities
from 1 to 6 J/cm?. The majority of previous studies have
utilised a fixed irradiance of 100 mW/cm? while varying
the irradiation exposure time period [15, 16]. Notably, the
literature has shown the biphasic effects of light irradiation
and consequently the necessity to identify optimal irradia-
tion parameters for a particular cell type. In addition, studies
using blue light have reported that utilising multiple irradia-
tions of cultures over a given time period also has the poten-
tial to enhance the cellular response [14—17]. Consequently,
based on the previous literature, we hypothesised that blue
light delivery could be used to stimulate the mineralisation
processes in DPC cultures and that a multi-irradiation regi-
men would enhance this effect. We therefore designed blue
light irradiation studies which aimed to test this hypothesis.

Materials and methods
Light source characterisation

A 405-nm solid-state LED light source (AURA light
engine®, Lumencor®, USA) was used in the current study.
It was characterised and calibrated at the current experi-
mental set-up according to a previously published standard
protocol [20]. The light source was calibrated to accurately
determine the irradiance—and hence energy density—deliv-
ered to the cell monolayer. In brief, the light source (7 mm)
was placed in contact with the flat transparent underside of
the well in a black 96-well plate (4titude®; UK), and the
sensor/detector (5 mm) was in contact with the base of the
well from the inside (positioned where the cell monolayer
will be grown). Not only the diameter of the light source
and individual well (6 mm) were comparable, but also the
light source showed a homogenous flat-top beam profile
[21]. This allowed even irradiation of the base of the well
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and therefore the cell culture monolayer. The light energy
density was calculated using the formula ‘energy density (J/
cm?) =irradiance (W/cm?) x time (s)’.

Dental pulp cell culture

Human DPCs (isolated from three individual donors) (Ethi-
cal approval BCHC Ref.: BCHCDent334.1533.TB) were
retrieved from frozen stocks (— 80 °C). Cells were previ-
ously harvested from caries-free wisdom teeth according to
a previously published protocol [22]. Cells were maintained
and expanded at 37 °C in 5% CO, (Heracell™ 150i, Thermo
Fisher Scientific, USA) in minimum essential medium
(MEM) with no phenol (Gibco, Thermo Fisher Scientific;
USA) supplemented with 10% fetal bovine serum (FBS),
1% penicillin—streptomycin and 1% L-Glutamine (Sigma-
Aldrich®, USA). For the preparation of mineralisation-
inducing media, the MEM (10% FBS) was supplemented
with 0.2 mM ascorbic acid, 10 mM beta-glycerophosphate
and 100 nM dexamethasone (Sigma-Aldrich®, USA) [14].
All experiments were undertaken using cells at passages
between 4 and 8 in mineralisation media.

Blue light irradiation of cell cultures

Cell monolayers at 70-100% confluence in 75 cm? flasks
were washed with sterile phosphate-buffered saline (PBS)
(no calcium or magnesium) (Gibco, Thermo Fisher Sci-
entific; USA) then detached using 0.05% trypsin (Sigma-
Aldrich®, USA). Cells were seeded in black-walled 96-well
plates at a density of 1x 10° cells per well and incubated at
37 °Cin 5% CO, for 48 h to allow initial cell attachment to
the cultureware. Media was removed and replaced by miner-
alisation-inducing media (200 pl) (described above) and blue
light irradiation was delivered with the light source placed
in direct contact with the base of the well. For all assays,
the light source was operated in a continuous wave mode at
an output power setting of 20 mW. Light was administrated
using an irradiance of 57.7 mW/cm? for 35, 69, 90 or 104 s,
respectively, delivering energy densities of 2, 4, 5 and 6 J/
cm?. Control wells received no light exposure. For assays of
cell proliferation (BrdU), alkaline phosphatase (ALP) and
dentine matrix protein-1 (DMP1) (all described below), cells
either received one (day 1) or two irradiations (days 1 and
3). Proliferation was investigated 24 h post initial irradiation
(day 2 for cells receiving one exposure), as well as 72 h post
initial irradiation (day 4 for cells receiving two exposures).
ALP and DMP1 levels were investigated at day 3 (one
exposure) and day 5 (two exposures). For the mineralised
nodule assay, cells were exposed to 405-nm blue light on
alternate days for 5 days (i.e. 3 irradiations at days 1, 3 and
5). Mineralised nodule formation was determined at 7, 14
and 21 days. The effect of extended light irradiation (every
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other day beyond the initial 3 irradiations) on mineralised
nodule formation was also investigated for the full duration
of the 14 (6 irradiations) and 21 day (9 irradiations) time
points. Media was changed every 2—3 days. Experiments
were repeated three times and performed in duplicate.

Temperature measurements in culture media

A window was drilled in the lid of a 96-well plate to permit
the entry of a K-type thermocouple (RS Components Ltd.°,
UK) into the wells while irradiating 200 pl mineralisation-
inducing MEM. The thermocouple was attached to a TC-08
data logger (Pico Technology; UK). The culture plates were
removed from the incubator (37 °C) and the temperature
readings immediately started and recorded for both control
and irradiated samples. Measurements were undertaken at
room temperature and were in triplicate. The temperature
of the MEM cell culture media began decreasing once the
96-well plates were removed from the incubator; the aver-
age temperature decrease over 104 s (maximum irradiation
time) was 7.22 °C. There was no significant difference in the
temperature decrease between the non-irradiated control and
the irradiated samples at any time point (see Fig. 1).

Cell assays
BrdU cell proliferation assay

BrdU Cell Proliferation ELISA Kit (Abcam®, UK) was
used according to the manufacturer’s instructions. Media
containing the BrdU reagent was added immediately fol-
lowing light irradiation, either on day 1 or day 3, and the
plates were incubated for 24 h at 37 °C. The cells were fixed,
and incubated with the anti-BrdU monoclonal detector anti-
body for 1 h at room temperature. Peroxidase anti-mouse
IgG conjugate was added to the cells and incubated for
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Fig.1 Mean temperature change (A7) (n=3) measured in both the
irradiated (57.7 mW/cm?) and non-irradiated controls at different
time points; 35, 69, 90 and 104 s

30 min. Subsequently, the tetramethylbenzidine peroxidase
substrate was incubated for 30 min in the dark. Finally, the
stop solution was added and the optical density was read
using a microplate reader (ELx800™—BioTek™, USA) at
an absorbance of 450 nm.

Alkaline phosphatase assay

The ALP assay Kit (Abcam®, UK) was used according to
the manufacturer’s instructions. The protocol uses p-nitro-
phenylphosphate (pNPP) as an ALP substrate. Briefly, cell
lysates were transferred to fresh 96-well plates; then, pNPP
was added to each sample and incubated for 1 h in the dark
at room temperature. The reaction was stopped by adding
3 N sodium hydroxide, and the optical density of the samples
was measured at an absorbance of 405 nm. ALP activity was
calculated in U/ml using a standard curve (8.3 x 1074-0.004
U/ml), and values were expressed relative to the control
(non-irradiated) wells in each plate.

Dentine matrix protein-1 assay

Human DMP-1 DuoSet ELISA and DuoSet ELISA Ancil-
lary Reagent Kit 2 (R & D systems®, USA) were used. All
assay incubations were undertaken in sealed plates at room
temperature. Twenty-four hours before the intended detec-
tion time, 96-well plates were coated with the capture anti-
body and incubated. The wells were blocked by adding 1%
bovine serum albumin and incubated for 1 h. Subsequently,
the sample supernatants were added and incubated for 2 h.
The detection antibody was incubated for a further 2 h, fol-
lowed by streptavidin horseradish peroxidase incubation for
20 min in the dark. Finally, the substrate solution was added
to each well and incubated for 20 min in the dark, and 2 N
sulphuric acid was added to stop the reaction. Absorbance
(450 nm) of the samples was measured using the micro-
plate reader. DMP1 levels (pg/ml) were retrieved from the
calibration curve (156-10,000 pg/ml DMP1); then, values
were expressed relative to the control (non-irradiated) wells
in each plate.

Alizarin red assay

Cultures were washed twice with PBS, fixed with neutral
buffered formalin (Sigma-Aldrich®, USA), re-washed and
incubated with alizarin red stain solution (Sigma-Aldrich®,
USA) with gentle agitation (DENLEY orbital mixer) for
30 min. Afterwards, cells were washed 3—-6 times until
all excess stain was removed. Macroscopic images of the
stained wells were obtained using a SX620 HS camera
(Canon, Japan). Microscopic images were captured at a
magnification of 10X using an inverted phase contrast light
microscope (Eclipse TE300, Nikon, Japan) along with a

@ Springer



82

Lasers in Dental Science (2022) 6:79-87

digital camera (D5100, Nikon, Japan). To extract the stain
for quantitative data, 10% acetic acid (Sigma-Aldrich®,
USA) was added to the samples and incubated at room
temperature with gentle agitation. The cells along with the
acetic acid were transferred to Eppendorf tubes, heated in a
water bath (85 °C) for 10 min, transferred to ice for 5 min,
then centrifuged at 14,000 RPM for 15 min (Jouan, UK).
Subsequently, the supernatants were transferred to fresh
Eppendorf tubes, and the pH was neutralized by adding 10%
ammonium hydroxide (Sigma-Aldrich®, USA). All samples
were transferred to a fresh 96-well plate, and the absorbance
was read at 405 nm. A calibration curve using a range of
concentrations of alizarin red (0.47-30 uM) was generated
to enable quantification of the amount of stain present within
each sample (in pM).

Statistical analysis

The Kruskal-Wallis test was used to determine significant
differences between groups. The Bonferroni test was applied
for pairwise comparisons. The significance value was set at
P <0.05. Data were analyzed using SPSS 17 IBM®, USA).

Blue light arrests proliferation and induces
mineralisation in dental pulp cell cultures

Since odontogenic differentiation is associated with an
arrest in proliferation [23], the BrdU assay was undertaken
to monitor the effect of 405-nm blue light on DPC cultures.
Results showed that blue light irradiation inhibited DPC
proliferation rates. At day 2, the energy densities of 4, 5 and
6 J/cm? significantly decreased cell proliferation rates com-
pared with the non-irradiated control (P =0.039, P=0.003
and P=0.001 respectively). At day 4, the blue light effects
were replicated, and the 4, 5 and 6 J/cm? exposure groups
were significantly lower than the control group (P <0.001).
Notably, for the 2 J/cm? exposure group, proliferation rates
continued to increase from day 2 to day 4, as opposed to
the 4, 5 and 6 J/cm? groups whose proliferation rates were
similar at both of these time points (see Fig. 2).

To evaluate the effects of 405-nm blue light on the min-
eralised nodule formation of DPCs, cultures were exposed
on alternate days for 5 days (i.e. 3 irradiations); alizarin red
staining was performed at days 7, 14 and 21. Alizarin red
staining showed that 3 irradiations on alternate days were
sufficient to stimulate mineralised nodule formation at all
energy densities investigated. At day 7, the energy densities
of 2, 4 and 6 J/cm? produced similar responses compared
with the 5 J/cm? exposure which lead to the lowest level
of mineralisation induction following irradiation. At day
14, the 2 J/cm? group resulted in the highest mineralised
nodule formation, followed by 6, 4 and 5 J/cm?. Alizarin
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Fig.2 Data showing the effect of 405 nm light on proliferation rates
of DPCs. The BrdU assay was performed after 24 h (day 2/ cells
receiving 1 exposure) and 72 h (day 4/cells receiving 2 exposures),
and absorbance for samples was read at 450 nm. Asterisks repre-
sent statistically significant differences compared to the non-irra-
diated controls at each time point (*P<0.05) (**P<0.001) (n=3)
(mean+/—SD). Experiments were performed in duplicate. Signifi-
cance level set at P <0.05

red staining of cultures exposed to 2 J/cm? was statistically
significantly higher than the non-irradiated control at days
7 and 14 (P=0.039 and P=0.01 respectively). At day 21,
2 and 4 J/cm? resulted in the highest mineralised nodules
formation, which were significantly different compared with
the control (P <0.001 and P=0.002 respectively). Extended
blue light irradiation (6 irradiations) showed relatively low
levels of stimulation of the mineralised nodules deposited
at day 14 for all energy densities studied. This stimulation
was considerably lower compared with cells receiving only
3 irradiations. Conversely, extended irradiation resulted in
inhibitory effects at all energy densities at day 21 (9 irradia-
tions), and the energy density of 6 J/cm? resulted in statisti-
cally significant lower mineralised nodule formation com-
pared with the control group (P=0.027) (see Fig. 3).

ALP and DMP1 levels were studied to ascertain the 405-
nm blue light enhancement of DPC odontogenic differentia-
tion. For ALP activity, at day 3, all energy densities inves-
tigated resulted in an increase in levels compared with the
non-irradiated control, except for 2 J/em?. The stimulatory
effects of 5 and 6 J/cm? were both significantly higher than
that of 2 J/em? (P=0.029 and P =0.004 respectively). At
day 5, samples irradiated with blue light maintained higher
ALP levels relative to the non-irradiated control, although
the stimulation level was lower than that observed at day 3.
ALP levels in samples irradiated with 4 J/cm? were com-
parable to the control group, whereas 6 J/cm? resulted in
the greatest simulation (20% higher than the control) (see
Fig. 4(a)). Similarly, blue light irradiation enhanced DMP1
levels at day 3, and the energy densities of 2 and 6 J/cm? lead
to the highest stimulation compared with 4 and 5 J/cm?. The
effects of 2 J/cm® were highly significant compared with the
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Fig.3 a Data showing the effect of 3 irradiations (on alternate days
for 5 days) of blue light in stimulating mineralised nodule formation
in DPCs assayed at days 7, 14 and 21. b Bar chart showing the effect
of 405 nm light irradiation on mineralised nodule formation in DPCs
cultures at days 14 and 21 when extended light irradiation was under-
taken (every other day beyond the initial 3 irradiations). Cultures
were exposed to blue light every other day for 14 days (6 irradia-
tions) or 21 days (9 irradiations). Cultures were stained with alizarin
red stain, after which the stain extraction and quantification (pM) was
performed (n=3) (mean+/—SD). Studies were performed in dupli-
cate. Asterisks represent statistically significant differences compared

4 J/em? (P=0.024) exposure, while there was no significant
differences between DMP1 levels in the 4, 5 and 6 J/cm?
exposure groups. At day 5, the stimulation level was lower
than that detected for day 3 at all energy densities applied,
except for the 6 J/cm? group where DMP1 levels continued
to increase and were statistically significantly higher com-
pared with the group irradiated with 4 J/cm? (P=0.002) (see
Fig. 4(b)).

Discussion

Results from the current investigation demonstrated that
blue light (using an irradiance of 57.7 mW/cm?) inhibited
DPC proliferation; however, these conditions were found to
enhance odontogenic differentiation processes. An upregula-
tion in ROS levels and oxidative status is reportedly essential
for cellular differentiation. Nonetheless, PBM effects show
biphasic responses, which defies reciprocity, meaning that

with the respective non-irradiated control (*P <0.05) (**P <0.001).
Significance level set at P<0.05. ¢ Representative macroscopic
images of wells (black walled 96-well plate) stained with alizarin red
at day 21 after cells received 3 irradiations. d Representative light
microscope images of DPCs mineralised nodules stained with alizarin
red at day 21 of odontogenic differentiation after cells received only
3 irradiations. Control wells were non-irradiated, while wells receiv-
ing 405 nm light irradiation were exposed to 2, 4, 5 and 6 J/cm?. All
irradiated samples showed dense mineralised nodule foci compared to
the control sample. Scale bar is 400 pm

if the light energy density is kept constant while changing
other settings (irradiance and irradiation time), outcomes
will not be of similar magnitudes [17]. The biphasic effects
occur due to the different levels and types of ROS produced
in each experimental condition. Indeed, this is evident when
comparing results of the current study with those from previ-
ous investigations [24].

In the current study, delivering an energy density of 2 J/
cm? reduced the proliferation rates of DPCs, while higher
energy densities (4, 5 and 6 J/cm?) resulted in a total arrest.
Studies utilising an irradiance of 100 mW/cm? [15, 16]
have also demonstrated an inhibition in cell proliferation
responses; however, compared with the current investiga-
tion, there are differences in the magnitude. For example, a
2-J/cm? irradiation resulted in the lowest proliferation rates
compared with exposures of 1, 4 and 6 J/cm?. To evaluate
the effects of 405-nm blue light irradiation on the differentia-
tion potential of DPCs, the levels of ALP and DMP1 were
subsequently investigated. These markers are regarded as

@ Springer
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Fig.4 Data showing the effect (a) 25

of 405 nm light on a alkaline
phosphatase (ALP) activity

and b dentine matrix protein-1
(DMP1) levels in DPCs.

ALP and DMP1 levels were
investigated at day 3 (cultures
receiving 1 exposure) and day 5
(cultures receiving 2 exposure).
ALP activity was calculated in
(unit/ml), and DMP1 activ-
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being important in odontogenic differentiation of DPCs [25].
Results showed that 5 and 6 J/cm? irradiation resulted in
higher ALP levels compared with the 2 and 4 J/cm? energy
densities applied. Previous studies have demonstrated simi-
lar outcomes, yet different magnitudes of stimulation were
reported. Indeed, Zhu et al. [15] irradiated gingival MSCs
with an irradiance of 100 mW/cm? and it was reported that
2 and 4 J/cm? exposure resulted in the induction of the high-
est ALP levels compared with the 1 and 6 J/cm? irradiances.
When using the same irradiance, Yang et al. [16] reported
that 3 and 4 J/cm? yielded the highest ALP levels in relation
to 1 and 2 J/cm? exposures when they irradiated stem cells
from the apical papilla. These data are in agreement with
results from the current study, i.e. the higher the light energy
density, the greater the ALP level stimulated. Notably, the
previous study also indicated that a blue light energy density
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of 4 J/cm? significantly stimulated DMP1 levels. The cur-
rent study showed that irradiating DPCs at 2 and 6 J/cm?
resulted in the highest DMP1 increase, and levels continued
to increase from day 3 to day 5 in the 6 J/cm? exposure
group. However, further comparison between the studies is
not possible as the only energy density previously investi-
gated was 4 J/cm?.

Alizarin red staining showed that irradiating DPCs with
405 nm light significantly enhanced the mineralised nodule
formation at days 7, 14 (2 J/em?) and 21 (2 and 4 J/cm?).
Interestingly, when MSCs were irradiated (at energy densi-
tiesof 1,2,4 and 6 J/cmz) using an irradiance of 100 mW/
cm?, a dose—response trend was observed at day 28. Moreo-
ver, when cells were irradiated at 1, 2, 3 and 4 J/cmz—using
the same irradiance—the 3 J/cm? exposure group resulted
in the highest mineralised nodule formation followed by the



Lasers in Dental Science (2022) 6:79-87

85

2 and 4 J/cm? exposure groups. These previous studies have
reported that irradiation was performed every other day,
leading to a cumulative energy density of 10-80 J/cm? at
day 28 [15, 16]. Additionally, only 5 irradiations every two
days (3 J/cm?) at 16 mW/cm? (cumulative energy density of
15 J/cmz) resulted in similar outcomes at day 21 [14]. In the
current study, the cumulative blue light energy density from
3 irradiations on alternate days amount to between 6 and
18 J/cm?. The extended irradiation on alternate days (6 irra-
diations) resulted in a non-significant increase in mineralised
nodule formation at day 14—delivering a cumulative energy
density of 12-36 J/cm?. Contrarily, 9 irradiations (cumula-
tive energy density 1854 J/cm?) resulted in an inhibitory
effect on mineralised nodule formation. When Yuan et al.
[26] irradiated bone marrow MSCs daily with an energy
density of 12 J/cm? (cumulative energy density 70-80 J/
cmz) at an irradiance of 20 mW/cm?2, data indicated statisti-
cally significantly reduction in calcific nodule formation at
day 7. Collectively, these data suggest that when deliver-
ing blue light energy densities within the same range but at
lower irradiance parameters, cells may require less frequent
exposures although at longer irradiation times. Interestingly,
the literature suggests that blue laser exposure does not fol-
low this regulatory response. Indeed, MSCs only required
a single exposure at multiple irradiance settings (50, 100,
150, 200, 300 mW/cm?) and a fixed irradiation time (180 s).
Continuous wave 405 nm laser light delivery at consider-
ably higher energy densities of 9, 18, 27, 36 and 54 J/cm?
enhanced bone marrow MSC mineralisation responses in a
dose-dependent manner [12, 13].

The mixed cell population used here provides a repre-
sentation of the in-vivo environment [3-7]. However, this
heterogeneity and the differences in experimental set-ups
provide further possible explanations for the diversity in
results obtained compared with the literature. In previous
studies [15, 16], it was reported that the light source spot
size was 35 mm in diameter. However, proliferation was
investigated in 96-well plates, and ALP and mineralised
nodule formation studies were performed in 35 mm dishes.
The cell culture plates used for the associated molecular
investigations were not described. It was however reported
that irradiation was performed from above the cultures at a
1-cm distance, and the standard heights of both plates were
different; i.e. 14—17 mm for 96-well plates and 12—14 mm
for 35-mm dishes. Moreover, the spot size was 5-6 times
larger in diameter than the well’s diameter in a 96-well plate
(6 mm). In Wang et al.’s [14] study, all plates were covered
in aluminum foil except for a 4 cm? area/light spot size area
(22.5 mm diameter). Irradiance was maintained at 16 mW/
cm? by varying the distance between the light source and
the cell culture plates. Molecular investigations were per-
formed in 96-well plates, while mineralised nodule stud-
ies were undertaken in 6-well plates. The location of the

irradiation was not reported; however, again, differences
exist between the heights of 96-well plates (14—17 mm) and
that of the 6-well plates (20-23 mm). Additionally, there
are discrepancies between the spot size (22.5 mm) and the
well in a 96-well plate (6 mm), as well as the 6-well plate
diameter (35 mm). There were also no details reported
regarding how the light source was characterised, or where
the sensor/detector was positioned during light characteri-
sation [14-16]. These reports and inconsistencies highlight
the importance of including both detailed explanation of
each experimental set-up and how light is characterised,
especially as blue light exhibits the highest Rayleigh scat-
tering compared with longer wavelengths [27]. In the current
investigation, the flat-top light source (7 mm diameter) was
in direct contact with the black walled 96-well plate bottom
and the attached cell monolayer. The experimental set-up
used here ensured precision in the following: (i) light deliv-
ery, (ii) light characterisation, determination of the delivered
energy density at the cell monolayer level and (iii) that all
cells and cultures received a consistent energy density by
matching the light spot size to the size of the well [20].

Another important variable which should be considered
is the potential effect of temperature change following light
irradiation. Indeed, none of the previous studies has reported
measuring temperature variations [12—16]. Heat dissipation
in cultures depends on their thermal relaxation time as well
as the irradiance, exposure time, pulse frequency and pulse
duration of the light source [28]. Not only can hyperthermia
increase mitochondrial ROS [29], but also hyperthermia is
reported to enhance the mineralisation processes in MSCs.
These effects are reportedly mediated via heat shock protein
(HSP70), as its knockout alleviates the positive effects of
hyperthermia [30-32]. In the current study, there was no
significant differences in the temperature change between
the non-irradiated controls and the irradiated samples—at
all energy densities investigated. This, subsequently, reduces
the likelihood that any hyperthermic effects initiated the
DPCs responses which were detected here. Noteworthy,
PBM does not enhance differentiation in cultures maintained
in media devoid of mineralisation-inducing supplements and
blue light exposure inhibits cellular proliferation regardless
of the type of media used [17]. Accordingly, all investiga-
tions in the current study—including proliferation—were
carried out in FBS and mineralising supplemented media.
Notably, the concentrations of these supplements have not
always been reported [15, 16] and this may also be a source
of differences in the outcomes reported here compared with
the literature.

Overall, based on results from this work, it can be
hypothesised that under the current experimental set-up
and irradiation parameters, blue light resulted in an arrest
in proliferation rates due to promoting the cellular shift
towards odontogenic differentiation. The difference in the
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magnitude of responses between the current study and
previous investigations reported in the literature is likely
due to differences in usage of cell types, light sources,
irradiation parameters and exposure rates. In conclusion,
blue light—typically accessible in every dental clinical
setting via curing units—can potentially be applied thera-
peutically to promote hard tissue remineralisation. Fur-
thermore, it is evident that blue light PBM studies should
be aimed at standardizing the light sources, experimental
set-ups and mineralising supplement concentrations.
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