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Abstract

Novel methods and technologies that improve mesenchymal stem cells (MSCs) proliferation and differentiation properties are
required to increase their clinical efficacy. Photobiomodulation (PBM) and low-intensity pulsed ultrasound (LIPUS) are two
strategies that can be used to enhance the regenerative properties of dental MSCs. This study evaluated the cytocompatibility
and osteo/odontogenic differentiation of dental pulp, periodontal ligament, and gingival MSCs after stimulation by either
PBM or LIPUS and their combined effect. MTT assay, cell migration assay, osteo/odontogenic differentiation by AR staining
and ALP activity, and expression of osteo/odontogenic markers (OPG, OC, RUNX2, DSPP, DMP1) by RT-qPCR were
evaluated. Statistical analysis was performed using ANOVA, followed by Tukey’s post hoc test, with a p-value of less than
0.05 considered significant. The results showed that combined stimulation by PBM and LIPUS resulted in significantly the
highest viability of MSCs, the fastest migration, the most dense AR staining, the most increased ALP activity, and the most
elevated levels of osteogenic and odontogenic markers. The synergetic stimulation of PBM and LIPUS can be utilized in

cell-based regenerative approaches to promote the properties of dental MSCs.

Keywords Mesenchymal stem cells - Photobiomodulation - Low-intensity pulsed ultrasound - Osteogenesis -

Odontogenesis

Introduction

Tissue engineering is a rapidly growing popular discipline
of bioscience that aims to regenerate damaged or lost tissues
[1]. Ongoing research and technological developments in
biomaterial science and tissue engineering have significantly
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advanced regenerative dentistry. Unlike conventional dental
treatment, this interdisciplinary approach aims to revive and
maintain the biological vitality of tissues that have been lost
or injured [2]. Three components are essential for successful
cell-based tissue engineering: cells, scaffolds, and growth
factors or signaling molecules [3]. Hence, carefully choosing
methods for cell stimulation, scaffold production, and tissue
transplantation is crucial in determining the outcome of cell-
based tissue engineering endeavors. Furthermore, the prac-
tical efficacy of the components depends on their suitable
combination and the functional synergy among them [4, 5].

Mesenchymal stem cells (MSCs) are the most commonly
used cells in tissue regeneration of the craniofacial complex.
They possess self-renewal capacity, multipotency, immu-
nomodulatory, angiogenic, and antioxidative properties [6,
7]. Bone marrow MSCs (BMMSCs) have traditionally been
regarded as the preferred type of MSCs for tissue engineer-
ing purposes. Nevertheless, invasive harvesting techniques
and the restricted number of cells obtained are notable
disadvantages.
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On the other hand, MSCs derived from oral sources are
considered easily accessible and have abundant cell yields.
Various subpopulations of dental MSCs (DMSCs) have
been studied, including dental pulp (DPSCs), periodontal
ligament (PDLSCs), and gingival (GMSCs). DMSCs have
been used in many applications in craniofacial tissue engi-
neering, such as dental tissue regeneration [8], regenera-
tive endodontic therapies [9], bone and cartilage regenera-
tion [10], nerve regeneration [11], wound healing [12], and
immune-mediated disorders [13]. Nevertheless, the acces-
sibility of these resources is contingent upon the isolation
of extracted wisdom teeth, gingival biopsies, or undesired
teeth resulting from orthodontic procedures. This approach
necessitates, to some degree, intricate procedures along
with the potential contamination hazard. Furthermore, the
productivity, growth, and ability of DMSCs to differenti-
ate into tooth-related structures decrease with age [14, 15].
Moreover, the yield of DPSCs and PDLSCs is restricted
compared to other MSCs, thereby impacting the effective-
ness of dental MSC-based treatments. New techniques and
technologies are needed to enhance these cells' ability to
multiply and specialize to improve their effectiveness in
medical applications.

One of these techniques is photobiomodulation (PBM)
or low-level laser therapy (LLLT). PBM uses low-powered,
visible, and near-infrared light from different light sources to
affect biological processes. When absorbed by endogenous
chromophores, light within specific wavelength ranges
is a form of non-ionizing electromagnetic radiation that
can trigger photophysical and photochemical responses.
Pain alleviation, triggering in vitro and in vivo tissue
regeneration, and stimulating cell proliferation and healing
are only some of the nondestructive photobiological
activities that can be activated by PBM's use of light at
relatively low intensity [16, 17]. The positive effect of PBM
on MSCs has been well-documented in many studies. Yoo
et al. [18] revealed that PBM promotes the differentiation,
proliferation, and migration of MSCs. Moreover, many
previous studies have shown the enhancement of osteogenic
[19, 20] and odontogenic [21, 22] differentiation of MSCs
following PBM therapy.

Ultrasound (US) energy is a state-of-the-art approach
to improve MSC-based therapy. Low-intensity pulsed
ultrasound (LIPUS) is a unique method that releases bursts
of low-intensity waves. This procedure is nonintrusive, safe,
and simple, and it serves as a physical treatment technique
that can cause mechanical, cavitation, and thermal effects
[23]. Scientific data supports the efficacy of LIPUS in
promoting the growth, specialization, and mobility of
MSCs [24, 25]. In addition, LIPUS has effectively addressed
medical issues, including fractures, arthritis, and damage to
tendons and ligaments.
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The effect of PBM and LIPUS on MSCs of oral origins
when used in isolation is documented, but their combined
effect has yet to be discovered. Emerging evidence suggests
that combined laser and US techniques demonstrated
significant advantages over pure US-based and laser-based
thrombolysis [26]. Furthermore, new laser-ultrasonic
combinations have been developed for cancer treatment
[27]. Therefore, we assume that the combined use of PBM
and LIPUS enhanced dental MSCs viability, migration, and
differentiation capacity.

Therefore, this research examined how PBM and LIPUS
affected DPSCs, PDLSCs, and GMSCs. This study's findings
can be used to develop a preconditioning regimen for cells
prior to transplantation for dental pulp tissue engineering.
The null hypothesis being tested is that there is no difference
in the viability, migration, and differentiation of DPSCs,
PDLSCs, and GMSCs after stimulation by PBM, LIPUS,
or their combination.

Materials and methods
Cell isolation and culture

Approval for the experimental design and procedures
(FD BUE REC 22-027) was provided by the Research
Ethics Committee of the Faculty of Dentistry at The
British University in Egypt. All subjects and/or their legal
guardian(s) granted informed consent to use their extracted
teeth for scientific purposes. We extracted and gathered
impacted third molars (N=15) from healthy donors between
the ages of 20 and 40. All experimental procedures were
performed in the cell culture laboratory at the British
University in Egypt. Pulp, periodontal ligament, and
gingival tissues were acquired from the extracted molars.
These tissues were subsequently sliced into small pieces,
and stem cells were extracted using the enzymatic digestion
method, as previously described [28]. In brief, tissue
fragments from the three sources were placed individually
in phosphate-buffered saline (PBS) (Gibco BRL, CA, USA)
containing 3 mg/ml collagenase I and 4 mg/ml dispase II
(Sigma, St. Louis, MO, USA) and incubated for 45 min in a
shaking water bath at 37 °C. Following PBS filtration, cell
pellets were obtained through centrifugation and cultured
in 1 ml of complete culture medium, which consisted of
DMEM/F12 (Dulbecco’s modified Eagle’s medium/F-12
Ham medium, Sigma) conditioned with 10% fetal bovine
serum (FBS, Gibco, Grand Island, NY, USA). Upon
reaching 90% confluence, cell subculturing was performed.
The morphology of the isolated cells was observed under an
inverted microscope (Olympus, Tokyo, Japan). Cells from
the fourth passage were utilized for this study [29].
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Stem cells characterization

To characterize the dental MSCs cultures, the detection
of surface antigens and examination of the multilineage
differentiation potential were performed. Flow cytometry
analysis was performed to detect the surface antigens
CD34, CD45, CD90, CD105, CD73, and HLA-DR using
a flow cytometer (Cytofex, Beckman Coulter) [30]. Next,
we assessed the multilineage differentiation potential of the
isolated stem cells. To briefly describe the process, cells
were cultured in 12-well plates at a density of 10x 10* cells
per well in a culture medium supplemented with the Adipo-
Chondro-Osteo differentiation kit (Human mesenchymal
stem cell functional identification kit, R and D Systems,
Minneapolis, USA). The culture medium was refreshed
twice a week, and after the differentiation period, we
performed staining in the wells to identify specific products
resulting from the differentiated cells. Oil Red stain,
Alizarin Red S stain, and Alcian Blue stain (Sigma Aldrich,
Steinheim, Germany) were used to examine adipogenic,
osteogenic, and chondrogenic differentiation, respectively
[29].

Grouping

For each cultured cell type, DPSCs, PDLSCs, and GMSCs,
groups were assigned as follows:

Control

MSCs without any intervention, serving as a negative
control.

Osteogenic group

MSCs cultured in osteogenic media, serving as a positive
control.

PBM

MSCs subjected to PBM irradiation in a single dose for
60 s using a GaAIAs Diode laser device (K2 mobile laser,
Hulaser, Seoul, Republic of Korea), wavelength 980 nm,
power output 100 mW, in continuous mode, and energy
density of 3 J/cm?. The distance between the well surface
and the laser spot was 0.5 cm [31].

LIPUS

MSC:s subjected to LIPUS application using an ultrasound
device (Endo One, Guilin Woodpecker, Guangxi, China)
with the following parameters (frequency 45 + 4 kHz,
intensity, intensity 750 mW/cm2, and pulse duration

1/45000 s). The tip of the LIPUS device was carefully
positioned to be in contact with the surface of the culture
medium without touching the bottom of the well for 5 min
[32].

PBM +LIPUS

MSCs subjected to PBM followed by LIPUS.

MTT assay

Cell viability was assessed on days 2 and 6 through the MTT
assay (n=3). In each well of a 6-well plate, 30 x 10* cells
from the three cell sources were seeded with culture
medium and subsequently incubated at 37 °C with 5%
CO,. The following day, the cells were subjected to one
of three conditions: laser exposure, LIPUS exposure, or a
combination of both (cells exposed to both laser and LIPUS).
On days 2 and 6, the culture medium was aspirated, and 1
ml of 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium
bromide (MTT) reagent (Sigma Aldrich, Steinheim,
Germany) in PBS was added, followed by a 4-h incubation
period. The resultant violet formazan crystals were dissolved
using dimethyl sulfoxide (DMSO, Sigma, St. Louis, MO,
USA), and the light absorption value was measured using
a microplate reader at 570 nm. The values obtained from
each well were standardized against the control group
(cells with medium only), and the results were expressed
as a percentage of viability using the following equation
[33]: Cell viability % = Absorbance of test/Absorbance of
control X 100.

Cell migration assay

Cell migration ability was evaluated using the scratch wound
assay (n=3). As in the MTT assay, cells were seeded in
a 6-well plate in a complete culture medium, incubated at
37 °C, and 5% CO, until cells reached 100% confluence.
All media were removed, and a scratch was induced in each
well using a sterile 200 pm pipette tip. The wells were then
washed carefully with PBS to remove cell debris, a culture
medium was added, and the cells were exposed to the laser,
LIPUS, and a combination of both. Each well's initial scratch
(day 0) was imaged using a phase contrast microscope (TCM
400, LABOMED, USA), and images were obtained at the
same scratch area after 1, 2 and 3 days. The wound area
and closure percentage were calculated for each well using
ImagelJ software (National Institutes of Health, Bethesda,
MD, USA) [34].
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Osteogenic differentiation

Cells were initially seeded into a 6-well plate at a density
of 30x 10* cells per well (n=3). The culture medium was
replaced with the osteogenic medium to induce osteogenic
differentiation. This specialized medium consisted of
a complete culture medium supplemented with 0.1 pM
dexamethasone, 2.5 mg/l L-ascorbic acid (both obtained
from Sigma Aldrich, Steinheim, Germany), and 10 mM
beta-glycerophosphate (obtained from Merck, Darmstadt,
Germany). Subsequently, the cells were subjected to a single
exposure of either laser, LIPUS, or a combined stimulation
of both methods. Throughout two weeks, the osteogenic
medium and the regular culture medium were changed every
three days.

It is important to note that cells grown in complete culture
medium served as the negative control group, whereas cells
cultured in osteogenic medium were considered the positive
control group.

Alizarin Red S assay

The Alizarin Red assay was conducted after the emergence
of mineralized nodules following two weeks of osteogenic
differentiation (n=3). In a concise description of the
procedure, cells were rinsed and fixed utilizing 70%
(v/v) ethanol for 15 min. A solution containing 40 mM
Alizarin Red S (obtained from Sigma-Aldrich, Steinheim,
Germany) was introduced and incubated for 30 min at
room temperature. After removing the excess stain, an
inverted microscope was employed to capture images of
the mineralized nodules. To transform the red dye into a
yellow hue, 10% glacial acetic acid (obtained from Sigma-
Aldrich, Steinheim, Germany) was used for solubilization.
The converted solution was measured for absorbance at
405 nm using a microplate reader. The negative control
group consisted of cells cultivated in a standard medium,
whereas the positive control group comprised cells produced
in an osteogenic media [35].

Alkaline phosphatase assay

The activity of the alkaline phosphatase (ALP) enzyme
in the cultivated cells was evaluated using an ALP assay
(n=3). Following the osteogenic differentiation process,
the wells were subjected to two rounds of washing using
alkaline phosphatase buffer (ALPB). Subsequently, each
well received an addition of para-nitrophenyl phosphate
(p-NPP) at a concentration of 1 mg/ml, and this was
mixed with an equal volume of ALPB (both acquired
from Sigma-Aldrich, Steinheim, Germany). 50 pL of the
mixture was aspirated and combined with 1 M sodium
hydroxide (NaOH) to halt the reaction. At the initiation of
the reaction (time zero), the absorbance of the aspirated
solution was measured at 405 nm using a microplate
reader. This measurement procedure was repeated for each
well every minute over a span of 10 min to capture the
progressive development of a yellow color resulting from
the accumulation of p-nitrophenolate (p-NP), a byproduct
of ALP activity. Subsequently, the absorbance values
were plotted against time, enabling the calculation of the
reaction slope for each well. This slope was indicative of
the reaction rate of each [35].

Osteogenic and odontogenic markers detection
using RT-qPCR

Quantification of osteogenic and odontogenic gene expres-
sion was accomplished through RT-qPCR analysis (n=3)
of key genes, including Runt-related transcription factor
2 (RUNX2), osteoprotegerin (OPG), osteocalcin (OC),
dentin matrix protein-1 (DMP1), and dentin sialophos-
phoprotein (DSPP). In a brief overview of the procedure,
total mRNA extraction from each sample was carried out
using the QIAGEN RNA Extraction kit (QIAGEN GmbH,
Hilden, Germany) according to the manufacturer's guide-
lines and subsequent cDNA synthesis. The resulting cDNA
was amplified and quantified using SYBR Green Supermix
(Bio-Rad) on an RT-qPCR machine from Bio-Rad. The
measured mRNA expression levels were normalized in

Table 1 Osteogenic and
odontogenic marker primer

Gene Forward sequence

Reverse sequence

sequences OPG

RUNX2

DMPI
DSPP

p-actin

5'-CTAATTCAGAAAGGAAATGC -3’
ocC 5'- TTCATGTGGGGTGTCTCTGA -3’
5’- GTTATGAAAAACCAAGTAGCCAGGT -3’

5-AGGAAGTCTCGCATCT CAGAG-3’
5-TCACAAGGGAGAAGGGAATG-3'
5" TCCGTCGCCGGTCCACACCC-3’

5'- GCTGAGTGTTCTGGTGGACA -3’

5’- CTGGGCCTTGGTCTTGAGT- 3’

5'- GTAATCTGACTCTGTCCTTGTGGA
T- 3

5"TGGAGTTGCTGTTTTCTGTAGAG-3’

5"TGCCATTTGCTGTGATGTTT-3'

5'-TCACCAACTGGGACGATATG- 3’

@ Springer
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relation to B-actin. The sequences of the primers used for
the osteogenic and odontogenic markers can be found in
Table 1 [29]. All samples were measured in triplicate and
expressed as fold change relative to the control.

Statistical analysis

The outcomes of the MTT assay, cell migration assay, and
osteo/odontogenic differentiation data are presented as
the mean values accompanied by their respective standard
deviations. Significance in statistical terms was evaluated
between the treatment and control groups and between
the osteogenic groups (positive control) for each cell type.
Additionally, statistical comparisons were made among
the different cell stimulation methods: PBM, LIPUS, and
combined stimulation. All sets of samples underwent a
normality test using the Shapiro—Wilk test. The subsequent
data analysis involved ANOVA followed by Tukey’s post
hoc test, with statistical significance defined as p <0.05.

DPSCs

(a)

(b)

(d)

Fig. 1 a Photomicrographs showing DPSCs, PDLSCs, and GMSCs
cell morphology at passage 4. b Adipogenic differentiation confirmed
by Oil Red O staining. ¢ Chondrogenic differentiation was confirmed

PDLSCs

The software employed for these statistical analyses was
GraphPad Prism 9.0 (GraphPad Software, San Diego, CA,
USA). All experiments were repeated in triplicate. The
studies were replicated three times, and each sample was
measured in triplicate (n=3).

Results
Stem cell characterization
Isolation and culture

DPSCs, PDLSCs, and GMSCs were successfully isolated by
enzymatic digestion and amplified by adherence separation,
reaching 80% confluence by day 14. Cells observed using an
inverted light microscope displayed characteristics of stem
cells, including an adherent and elongated phenotype, as
well as proliferation in the form of colonies (Fig. 1a).

GMSCs

by Alcian blue staining. d Osteogenic differentiation confirmed by
Alizarin red staining

@ Springer
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Fig.2 Expression of cell surface markers of DPSCs, PDLSCs, and GMSCs by flow cytometric analysis

Multilineage differentiation

After culture in adipogenic, chondrogenic, and osteogenic
media, all MSCs showed tri-lineage differentiation potential,
as confirmed by morphological changes and special stains
(Fig. 1b—d).

Flow cytometry

DPSCs, PDLSCs, and GMSCs showed positive expression
of the MSCs-specific markers CD 73, CD90, and CD105.
At the same time, they were negative for the hematopoietic
stem cell markers CD34, CD45, and HLA-DR, indicating
that these cells have MSCs properties (Fig. 2).

MTT assay

MTT results on day 2 indicate that LIPUS treatment
increased the MTT assay values for DPSCs. PDLSCs and
GMSCs showed little change compared to the control group.
PBM treatment also increased MTT assay values for DPSCs
and GMSCs, with a more modest effect on PDLSCs. The
combined LIPUS and PBM treatment had a notable impact
on GMSCs, while its effects on DPSCs and PDLSCs were
less pronounced.

@ Springer

On day 6, LIPUS treatment continued to increase the
MTT assay values for all three cell types, with GMSCs
showing the highest values. PBM treatment enhanced the
MTT assay values for all cell types, with DPSCs having the
highest values. The combined LIPUS and PBM treatment
maintained or further increased the MTT assay values for all
three cell types, with GMSCs exhibiting the highest values
again. The mean and standard deviation of the MTT assay
and the statistical comparisons are shown in Fig. 3.

The pattern of MTT assay results in terms of treatment
effectiveness remains consistent between day 2 and day
6 for each stem cell type. On both days, LIPUS + PBM
consistently appeared to be the most effective treatment
in enhancing cell viability, followed by PBM and then
LIPUS alone in most cases. The differences between
treatment groups tended to become more significant on
day 6 compared to day 2, suggesting that the effects of the
treatments on cell viability may become more pronounced
over time.

Wound healing assay (cell migration)

A cell migration assay was performed, and the wound clo-
sure percentage was measured on days 1, 2, and 3 (Fig. 4).
On day 1, among DPSCs, PBM and LIPUS + PBM showed
slightly higher wound closure percentages than the con-
trol, but the differences were not statistically significant
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(p>0.05). Within PDLSCs, all treatment groups (LIPUS,
PBM, LIPUS + PBM) showed significantly higher wound
closure percentages compared to control (p <0.05). Within
GMSC s, there were no significant differences (p > 0.05)
between the treatment groups. On day 2, the combined stim-
ulation method showed the highest wound closure percent,
which was statistically significant than the control group in
the DPSCs (p <0.0001), PDLSCs (p =0.0024), and GMSCs
(p<0.0001) groups. In addition, on day 2, GMSCs stimu-
lated with the combined methods showed the highest wound
closure percentage compared to the other groups. Moreover,
the combined method showed a higher significant differ-
ence when compared to PBM and LIPUS stimulation alone
in both the DPSCs (p =0.0024, p <0.0001) and GMSCs
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*##%p <0.001, ****p<0.0001 indicate significance for each group
compared to the control group and differences between the same
stimulation method(s) of groups

(p=0.0167, p<0.0001) groups and a nonsignificant differ-
ence in the PDLSCs group (p =0.685, p=0.986).

In addition, on day 3, combined stimulation of DPSCs
showed a significantly (p =0.0156) higher wound closure
compared to control and LIPUS (p=0.0013), while a non-
significant (p =0.793) difference was found when compared
to PBM. Similar results were found in PDLSCs, where the
combined stimulation showed a significant difference when
compared to control (p =0.011) and LIPUS (p=0.018) and
a non-significant (p =0.729) difference when compared
to PBM. Combined stimulation of GMSCs showed a
significant difference (p =0.04) compared to the control and
a nonsignificant difference compared to LIPUS (p=0.091)
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Fig.4 Photomicrographs show-
ing cell migration assays at days
0 (scratch initiation), 1, 2 and 3

Control

LIPUS

DPSCs

PBM

Combined

Control

LIPUS

PDLSCs

PBM

Combined

Control

Combined

and PBM (p=0.991). A nonsignificant difference (p > 0.05)
was found between the control and LIPUS and PBM groups
in all cell types.

The mean and standard deviation of the wound closure
percentage and comparative statistical analysis are shown
in Table 2.
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Alizarin Red

Alizarin red staining analysis of cells from each experimen-
tal group on day 14 showed a positive reaction, indicating
the formation of calcified nodules. The combined activation
method within each stem cell type had the highest staining
among all groups (Fig. 5). Quantitative analysis of Alizarin
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Table2 Mean and standard deviation of wound closure percentage
(%) at days 1, 2, and 3 after the cell migration assay

DPSCs PDLSCs GMSCs
Mean% + Std Mean% + Std Mean% + Std
Day 1
Control 49.0+6.5 55.04+5.3 50.6+4.2
LIPUS 49.0°+3.3 61.78°+3.0 51.3'+2.6
PBM 52.32+5.0 63.08°+4.7 58.2% 435
LIPUS+PBM  55.1°+3.22 67.85°+3.8 59.5%+2.8
Day 2
Control 80.84%+1.7 80.34443.5 7134428
LIPUS 82.04+3.1 85548439 83.25¢4+23
PBM 84.54+2.7 84.0"B+1.7 85.9+1.9
LIPUS+PBM  91.65+1.1 87.48 417 92.0P+1.5
Day 3
Control 96.54 +0.4 96.34+0.1 96.6%+0.0
LIPUS 96.04+2.1 96.54+1.9 97.1°B+13
PBM 98.4%8 113 98.248+ 1.6 98.9°B+15
LIPUS + PBM 1008 +0 1008 +0 1008 +0

Different superscript capital letters in the same column indicate
significant differences (p <0.05); different superscript small letters in
the same row indicate significant differences (p <0.05)

Red staining showed that, in the DPSCs group, the com-
bined approach showed significantly higher staining than
LIPUS (p <0.0001) and PBM (p <0.0001). Moreover, laser
irradiation showed a significantly (p <0.0001) higher dif-
ference in DPSCs than LIPUS. In the PDLSCs group, the
combined method was significantly (p <0.05) higher than
all other groups. A nonsignificant (p =0.078) difference was
found between the LIPUS and PBM groups of PDLSCs. In
the GMSCs group, the combined method was significantly
(p <0.05) higher than all other groups of the same cell
line, while a significant (p <0.0001) difference was found
between the LIPUS and PBM groups. Comparing stimulat-
ing methods among different cell types showed that LIPUS
stimulation and laser irradiation of DPSCs were significantly
(p <0.05) higher than PDLSCs and GMSCs. Furthermore,
the combined approach of stimulation of DPSCs had a sta-
tistically higher significance than PDLSCs (p <0.0001) and
GMSCs (p <0.0001) groups. Moreover, combined stimu-
lation with GMSCs had a statistically higher significance
(p <0.0001) than PDLSCs. The average absorbance rates for
Alizarin red staining and statistical analysis of the average
absorbance rate of all groups are summarized in Table 3.

ALP activity

The results demonstrated that DPSCs are generally the
most responsive to the various treatments, followed by
PDLSCs, with GMSCs exhibiting the lowest ALP activity.
The combined therapy of LIPUS and PBM appears to

have the most pronounced effect on enhancing ALP
activity, indicating its potential for accelerating osteogenic
differentiation in these stem cell types.

The ALP was significantly higher (p < 0.05) for the com-
bined method than for the control and osteogenic groups
in all three cell types. However, a nonsignificant difference
(p>0.05) was found between the laser and LIPUS methods
in all cell types. The kinetic profile of the ALP assay dem-
onstrating the accumulation of the yellow p-NP product over
time among the different groups is shown in Fig. 6.

PCR results

The results showed that when all three cell types were
exposed to the combination of LIPUS and PBM, we
observed a significant increase in the expression of all genes
(p <0.05) when compared to LIPUS and PBM individually.
However, it is noteworthy that OPG and RUNX?2
exhibited notably higher expression levels in the GMSCs
group following the combined LIPUS and laser treatments.
However, this difference was insignificant (p > 0.05)
compared to the DPSCs and PDLSCs groups. On the other
hand, regarding OC expression following the combined
treatment, PDLSCs exhibited the highest expression level,
and this difference was statistically significant (p <0.05)
compared to both the DPSCs and GMSCs groups. In
contrast, the expression of OC in both PDLSCs and GMSCs
showed no significant difference (p > 0.05). The expression
of the odontogenic marker DSPP was significantly higher
(p <0.05) after combined stimulation of DPSCs compared
to that of PDLSCs and GMSCs. On the other hand, the
expression of DMP1 was not significantly different (p >0.05)
between the combined stimulation methods in different cells.
The mRNA mean fold expression of all genes is shown in
Table 4. Additional data are given in Online Resource 1.

Discussion

PBM and LIPUS are well known for bio-stimulating MSCs
in regenerative medicine. However, the synergistic effects
of their dual application on dental MSCs (DMSCs) have not
been extensively studied. There is no specific or standard
protocol for the parameters used for the PBM application.
PBM’s efficacy depends on many parameters, such as wave-
length and intensity. Previous research has demonstrated that
low light irradiation parameters, in the 600-1200 nm range,
had a more favorable impact on tissue healing than high
irradiation levels with varying degrees of penetration and
biological effects [31, 36, 37]. In the present study, we tested
the effect of a diode laser of 980 nm frequency, applied in
a single dose for 60 s, on stem cell viability, migration, and
osteo/odontogenic differentiation potential. This wavelength

@ Springer



Odontology
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Fig.5 Alizarin red staining of DPSCs, PDLSCs, and GMSCs after 2 weeks of culturing in osteogenic media; (a) control, (b) osteogenic media,
(c¢) LIPUS, (d) PBM and (e) LIPUS and PBM combination group

Table3 Mean and standard DPSCs PDLSCs GMSCs

deviation of Alizarin Red S

staining Mean absorbance at Mean absorbance at Mean absorbance

405 nm + StD 405 nm + StD at 405 nm + StD

Control 0.066" +0.0009 0.065* +0.006 0.059% +0.001
Osteogenic media 0.222840.01 0.214% +£0.007 0.2014 +0.003
LIPUS 0.469%4 +0.012 0.351°+£0.006 0.345%°+0.015
PBM 0.770P+0.027 0.384+0.003 0.526% +0.045
LIPUS + PBM 0.957%2+0.441 0.561°* +0.055 0.830°°+0.101

Different superscript capital letters in the same column indicate significant differences (p <0.05); different
superscript small letters in the same row indicate significant differences (p <0.05)

has been proven to have a biostimulatory effect on different  types. These findings validate the viability results and agree
MSC:s sources [38, 39]. The current study showed increased ~ with previous in vitro studies showing PBM to enhance
cell viability of all irradiated stem cell types after 6 days. In ~ MSC viability and migration [37, 40-44].

addition, PBM improved the cell migration of all three cell
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Fig.6 Mean and standard deviation of the rate of p-NP accumula-
tion indicating ALP activity. *p<0.05, **p<0.01, ***p<0.001,
*#%%p <0.0001 indicate significance for each group compared to the
control and osteogenic groups and differences between the same stim-
ulus method of groups

Numerous theories account for how PBM stimulates
stem cell migration and proliferation. According to
one theory, the mitochondrial energy from the laser is
absorbed, driving the respiratory chain to generate more
ATP and ultimately initiate mitosis by increasing RNA
and protein synthesis [45]. In alignment, activating the
mitochondrial respiratory chain boosts cell viability by
releasing calcium into the cytoplasm, encouraging cell
mitosis [46]. Another theory suggests that PBM results in
the formation of reactive oxygen species (ROS), activating
endogenous growth factors that drive stem cell prolifera-
tion and differentiation [47].

It is worth mentioning that laser-irradiated DPSCs and
GMSCs showed slightly higher cell viability and migration
levels than PDLSCs. This agrees with Santamaria et al. [48],
who reported that GMSCs displayed a higher proliferation
potential than PDLSCs under suboptimal proliferation
conditions. This result suggests that GMSCs respond
better to unfavorable culture conditions. Such flexibility of
GMSCs, besides easy sourcing, represents an advantage for
their use in therapeutic applications.

Similar to PBM, no specific LIPUS parameters are identi-
fied for bio-stimulation of stem cells. The optimal settings
for these parameters can vary significantly depending on
the type of cells, the desired outcome (e.g., cell prolifera-
tion vs. differentiation), and the specific tissue engineering
application. In their study, Gao et al. (2015) [49] examined
the disparities in the impact of LIPUS on the growth of

Table4 mRNA mean fold expression of OPG, OC, RUNX2, DSPP,

and DMP1

DPSCs PDLSCs GMSCs
0PG
Control 1.05%+£0.04 1.104+£0.01  1.11%£0.05
Osteo 3.11B+£0.44 34484034  3.43%4+0.19
LIPUS 3.32B2+0.61  4.12B°4+050  4.87°°+0.62
PBM 5.12°+0.31 5.40°+£0.10  5.598€+0.52
LIPUS + PBM 6.39+0.78 5984045  6.74°+0.86
ocC
Control 1.06%+0.01 1.144+£0.07  1.09%+0.01
Osteo 2.638+0.15 22644019 2.43%+0.69
LIPUS 6.37°+0.87  3.21%°+0.18  3.758°+0.64
PBM 7.16P2+0.63 428°+0.09  4.138°+0.09
LIPUS + PBM 8.25P4+0.17 6.21°+020 6.14°+0.42
RUNX2
Control 1.05% +0.02 1.13*+0.06  1.124+0.03
Osteo 2.918+£0.44 3.118+£042  2.61°+0.56
LIPUS 517°°+0.87  4.30%°+034 3.28%°+0.79
PBM 6.40°P2£0.78  5.89P*+0.33  3.73%°+0.35
LIPUS +PBM 7.15°+0.93 6.16°+0.81  5.63°+0.44
DSPP
Control 1.01%+0.01 1.02+0.01  1.024+0.01
Osteo 1.554+0.12 142440.17  1.65%+0.13
LIPUS 5.318+0.32 4.448+0.21 4.86%+0.10
PBM 6.06°+0.45 521°+0.17  5318+0.17
LIPUS + PBM 7.81°+0.39 6.46°+031  6.73°+0.17
DMPI
Control 1.034+0.02 1.02°+0.02  1.02*+0.01
Osteo 1.838+0.05 1.768+0.09  1.78%+0.05
LIPUS 4.47°+0.23 4544032  4.47°+0.09
PBM 5.030+0.08 54524040  5.02°+0.18
LIPUS +PBM 7.49E+0.18 7.72840.17  7.558+0.19

Different superscript capital letters in the same column indicate
significant differences (p <0.05); different superscript small letters in
the same row indicate significant differences (p <0.05)

mouse PDLSCs and DPSCs. It was found that an intensity
of 750 mW/cm? significantly enhanced the proliferation of
DPSCs, whereas an intensity of 250 mW/cm? strongly stim-
ulated the proliferation of PDLSCs. The current study used
LIPUS at an intensity of 750 mW/cm?. The biostimulatory
effects of LIPUS on MScs can be attributed to the physical
impact of ultrasonic vibrations through promoting changes
in the biological features of the cell membrane, such as per-
meability and metabolite exchange [50-52].

When compared, the biostimulatory effect of PBM
was found to be greater than that of LIPUS. Both DPSCs
and GMSCs exposed to laser radiation had considerably
increased proliferation rates compared to LIPUS-
stimulated cells. These findings highlight the fact that
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the mechanism of action of PBM has a more significant
influence on the cells' ability to proliferate. This finding
emphasizes the hypothesis that MSCs derived from diverse
sources exhibit biological characteristics that are niche- or
site-specific. This could contribute to an explanation for
why MSCs react differently to different stimuli [49, 53,
54].

On the other hand, combined stimulation methods using
PBM followed by LIPUS resulted in higher significant cell
viability values for all three cell types that were significant
(p <0.05) than PBM and LIPUS. This indicates that the
combined stimulation was effective regardless of the cell
type. In addition, the viability of GMSCs followed by
PDLSCs was significantly higher (p <0.05) than that of
DPSCs. These findings endorse previous reports indicating
the high proliferative capacity of GMSCs exceeding
DPSCs and PDLSCs [48, 55, 56].

In the current study, MSCs were induced for osteogenic
differentiation through culturing in osteogenic media for two
weeks. Afterward, Alizarin red staining, ALP activity, and
PCR to detect osteogenic and odontogenic markers were
conducted to evaluate the differentiation. Our results showed
that PBM has a stimulatory effect on promoting osteogenic
differentiation of dental MSCs, as evident by calcium nodule
formation, which was detected through Alizarin red staining.
Furthermore, calcium nodule formation was significantly
higher than that in the control and osteogenic media groups
for all three cell types. These results agree with many studies
on different types of stem cells, proving PBM’s ability to
enhance osteogenic differentiation [40, 57]. Furthermore,
Amid et al. [36] compared the exposure of DPSCs to PBM
with two energies, 3 and 5 J/cm?. They concluded that PBM,
especially at 3 J/cm?, as used in this study, enhanced the
proliferation and osteogenic differentiation of DPSCs. On
the other hand, DPSCs had a significantly higher nodule
formation than PDLSCs and GMSCs, which showed similar
results. This agrees with previous studies confirming the
enhanced osteogenic potential of DPSCs compared to
PDLSCs [58] and GMSCs [59].

The results of LIPUS stimulation revealed significantly
higher levels of Alizarin Red S staining when compared
to both the control and osteogenic groups. These findings
align with previous research, which has consistently
demonstrated the role of LIPUS in promoting osteogenic
differentiation. Other studies have also reported similar
outcomes, suggesting that LIPUS positively influences
the differentiation of various types of stem cells toward
osteogenesis [60, 61]. Furthermore, the mechanism
underlying this osteogenic stimulation mediated by LIPUS
has been linked to an increase in soluble RANKL [62].

A quantitative analysis assessed the enzymatic activity
of alkaline phosphatase (ALP), a widely recognized early
marker for cell differentiation leading to the synthesis of
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mineralized tissues, including dentin, enamel, and bone.
Notably, ALP activity was significantly elevated in cells
subjected to both PBM and LIPUS stimulation compared
to the control and osteogenic control groups across all three
types of cells studied. This observation aligns with findings
from previous studies that also reported increased ALP
activity in response to laser irradiation and LIPUS treatment
[36, 60].

Interestingly, combining these two modalities resulted in
a more substantial increase in ALP activity than PBM or
LIPUS alone. This suggests that employing multiple forms
of stimulation can synergistically accelerate the osteogenic
differentiation process in these cells.

RT-gPCR results in the present study revealed that the
osteogenic markers OPG, OC, RUNX2, and odontogenic
markers DSPP and DMPI were upregulated in cells
radiated with PBM and showed a significant difference
(p <0.05) compared with the control and osteogenic
groups. The current RT—PCR results align with several
studies confirming that PBM enhances and upregulates the
expression of osteogenic markers of dental stem cells [63,
64]. Cells responded differently to the markers; DPSCs
showed significantly (p <0.05) higher OC expression
than PDLSCs and GMSCs. GMSCs showed higher OPG
expression, while the expression of DSPP and DMP1
did not show significant differences (p > 0.05) between
irradiated cells. Many studies have revealed differences
in osteogenic marker expression in different dental MSCs
[58].

In response to LIPUS stimulation, there was an
upregulation in the expression of osteogenic and
odontogenic genes, although not to the same extent as
observed with PBM. LIPUS was found to promote calcium
deposition and enhance the production of osteogenic
markers, including ALP, BMP2, OCN, OPG, and OPN
[60, 65]. Hu et al. [61] conducted experiments with
PDLSCs isolated from adult premolars exposed to varying
levels of LIPUS. Their findings indicated that LIPUS
significantly increased ALP activity, OCN expression,
and the formation of calcified nodules. Moreover, it
markedly elevated the expression levels of RUNX?2 and
integrin 1. Additionally, the RT-PCR results of this
study demonstrated that DPSCs, PDLSCs, and GMSCs
exhibited distinct expression profiles for pluripotent and
differentiation markers, suggesting that MSCs derived
from different tissues may possess tissue-specific
biological properties. This could account for the varying
responses of MSCs to different intensities of LIPUS [66].

Remarkably, when exposed to combined stimulation,
DPSCs, PDLSCs, and GMSCs exhibited the highest
expression levels of osteogenic and odontogenic
markers. These gene expression outcomes underscored
the synergistic effect of PBM and LIPUS in enhancing
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the osteogenic and odontogenic differentiation of dental
MSCs. The results emphasize the uniqueness of gene
expression in different cell types. Varying cell types have
distinct responses to treatments, potentially influencing
tissue engineering and regenerative medicine approaches
that target specific cell populations. Furthermore, notable
disparities in gene expression between the treatment and
control groups emphasize the influence of treatments on
regulating these genes.

In summary, the study indicates that the simultaneous
use of PBM and LIPUS can enhance the results of different
dental procedures requiring tissue regeneration and healing.
Moreover, the uniform response of all three types of stem
cells to the combined therapy underscores the adaptability
of this method. Such versatility can streamline treatment
methods and decrease the requirement for individualized
stem cell selection, enhancing the accessibility and efficiency
of cell-based regenerative dentistry. Furthermore, our study
emphasizes the importance of carefully choosing the cell
source in the field of regenerative dentistry. It is vital to note
that selecting the appropriate cell source is crucial in tissue
engineering procedures aimed at targeting tissue specificity.

Limitations of this study include the lack of a more
extensive gene expression analysis to provide a deeper
understanding of the molecular mechanisms underlying the
observed benefit of combined PBM and LIPUS stimulation.
Moreover, in vivo experiments are necessary to validate the
findings of this study.

Conclusions

The study demonstrates that the synergistic use of PBM
and LIPUS significantly enhances the proliferation and
differentiation properties of dental MSCs. These findings
support their dual use in regenerative dentistry, particularly
for dental and craniofacial tissue engineering. Moreover,
the differential responses of DPSCs, PDLSCs, and GMSCs
to PBM and LIPUS stimulation underscore the importance
of cell source selection in cell-based tissue engineering
strategies to target tissue specificity.
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