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Abstract
Purpose  This study was conducted to evaluate the effect of low-level laser therapy (LLLT) and cross-linked, nanofibrous, 
polycaprolactone/alginate scaffolds (PCL-NFs/Alg) on osteogenic differentiation of gingival mesenchymal stem cells 
(GMSCs) to develop a cell delivery system capable of enhancing bone regeneration.
Methods  Rat GMSCs were isolated, and scaffolds were fabricated. A four-group study was designed; negative control 
(GMSCs + complete media), positive control (GMSCs + osteogenic supplement (OS)), scaffold (GMSCs/scaffold + OS), and 
scaffold/LLLT groups (GMSCs/scaffold + OS + LLLT). Diode laser LLLT was performed every 48 h. Samples were evalu-
ated after 7 or 14 days. Cell proliferation was assessed using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
(MTT) assay. Mineralization and osteogenesis were evaluated by alizarin red S (ARS) and Von Kossa staining, beside real-
time quantitative polymerase chain reaction (RT-qPCR), followed by statistical analysis.
Results  For scaffold characterization, scanning electron microscopy confirmed the nanofibrous structure, EDX analysis 
showed signals of relevant elements, and FTIR spectrometry revealed the characteristic peaks of the polymeric constituents. 
Mechanical and water contact angle measurements reported improved results compared to the non-coated scaffolds. MTT 
assay revealed statistically significant increase in cell proliferation in scaffold/LLLT group. ARS and Von Kossa staining 
revealed the highest mineralization in scaffold/LLLT group. RT-qPCR showed significant increase in OCN, ALP, and RUNX-
2 expression in positive control, scaffold, and scaffold/LLLT groups respectively. However, OPN and COL1a1 showed low 
expression levels.
Conclusion  GMSCs have high osteogenic differentiation potential. Fabricated scaffolds possess good osteoconductive proper-
ties. LLLT significantly enhances cellular proliferation, and osteoblastic differentiation. Therefore, GMSCs-PCL/Alg-LLLT 
model can represent a promising choice for bone tissue engineering.
Lay Summary and Future Works  A tissue engineering triad composed of GMSCs and nanofibrous PCL/Alg scaffold together 
with LLLT proved high potential for promoting cell proliferation, osteogenesis, and tissue mineralization in vitro. Experi-
mental trials on animal bone defect models are required in future studies as a translational step towards clinical application 
of the constructed model.

Keywords  Low-level laser therapy · Mesenchymal stem cells · Tissue engineering · Bone regeneration · Osteogenesis

Background

Bone injury that occurs as a result of diseases, trauma, infec-
tions, or after surgical tumor resection represents a great 
economic burden, as well as a medically challenging con-
dition. Whereas small bone defects can heal on their own, 
large critical-sized defects can be difficult to restore. The 

most widely applied approach for large bone defect regen-
eration is grafting. However, this treatment modality can be 
compromised by the limited donor tissue, donor site mor-
bidity, and risks of rejection or infection. Therefore, tissue 
engineering is arising as an alternative, more feasible solu-
tion [1].

Bone tissue engineering is a widely growing field that 
utilizes cells, scaffolds, and signaling molecules for the con-
struction of biological substitutes for treating critical bone 
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defects [2]. Mesenchymal stem cells (MSCs) have the ability 
of self-renewal and differentiation into multiple cell line-
ages. They have been isolated from different oral and dental 
tissues including dental pulp, alveolar bone marrow, peri-
odontal ligaments, apical papilla, dental follicle, periosteum, 
exfoliated deciduous teeth, salivary glands, oral epithelium, 
and gingival lamina propria [3]. Out of these types, gingival 
mesenchymal stem cells (GMSCs) represent the most eas-
ily accessible, abundant, and least invasive source of stem 
cells [4].

Developmentally, the gingival lamina propria, being 
derived from the neural cerst cells, has a dual origin: meso-
dermal and ectodermal [5]. This gives GMSCs the ability to 
differentiate into osteogenic, adipogenic, and chondrogenic 
as well as neural and endothelial cell lineages when cultured 
under proper conditions [6, 7]. GMSCs have the advantage 
of being homogenous and proliferating faster than bone 
marrow mesenchymal stem cells without the need for an 
exogenous growth factor. Importantly, GMSCs exhibit stable 
morphology and do not lose MSC characteristics at higher 
passages. In addition, GMSCs maintain normal karyotype 
and telomerase activity in long-term cultures, and are not 
tumorigenic [8].

GMSCs were reported to have anti-inflammatory and 
immunomodulatory effects [9], besides high proliferation 
capacity, multilineage differentiation, and osteogenic poten-
tials which makes them a promising source for bone regen-
eration [7].

Scaffolds are the main actors in bone tissue engineer-
ing, where they support cellular attachment, proliferation, 
and osteo-differentiation [10]. Polycaprolactone (PCL) is 
a synthetic, semi-crystalline, aliphatic polyester that has 
been investigated as a prospective biomaterial for ortho-
pedic applications due to its biocompatibility and slow 
degradation kinetics [11]. Moreover, alginate (Alg), which 
is derived from brown seaweed, is a well-known anionic 
linear natural polysaccharide that has been widely applied 
as a tissue regenerative material because it accelerates 
epithelialization and granular tissue formation, as well 
as encapsulating various growth factors [12]. In addition, 
calcium ionic cross-linking, which is one of the most com-
monly used ions, was found to prevent polymer dissolving 
in body fluids maintaining better stability for the scaffold 
[13].

In previous studies, calcium chloride (CaCl2) cross-
linked PCL/Alg nanocomposite scaffolds were evaluated 
in tissue engineering and resulted in osteo-induction of 
adipose-derived MSCs when co-cultured in vitro with 
osteogenic supplement media [14]. Moreover, in another 
in vivo study, when this scaffold was applied in class II 
furcation defects, it enhanced periodontal tissue regenera-
tion [15].

Low-level laser therapy (LLLT) is based on the use of 
low-level lasers or light-emitting diodes to modulate cel-
lular function. It refers to the application of lasers with a 
wavelength range of 600–1100 nm and an output power of 
1–500 mW and relatively low-energy density (0.04–50 J/
cm2), and the laser can be directed to tissues or cultured cells 
[16]. The most important physiological benefit of LLLT is 
to increase the proliferation rate of cells [17]. In addition, it 
has an anti-inflammatory, analgesic, and reparative impact 
through enhancing the microcirculation, metabolism, and 
chemotaxis processes [18].

LLLT is a well-recognized tool in dentistry and regen-
erative medicine aiming to accelerate wound healing and 
manage functional disorders [19], where it regulates cellular 
functions by inducing cellular growth and cytokine release, 
hence exerting a variety of biological influences [20]. It has 
positive effects on cellular proliferation, endothelial cells’ 
angiogenesis, and osteogenic differentiation, regulating frac-
ture healing and bone regeneration [21].

Therefore, the present study was conducted to evaluate 
the effect of calcium chloride (CaCl2) cross-linked PCL/Alg 
nanocomposite scaffolds on the proliferation and osteogenic 
differentiation of GMSCs with or without LLLT aiming to 
develop a tissue engineering complex capable of accelerat-
ing the healing process and regeneration of bone defects.

Materials and Methods

Study Design

Type of study: experimental randomized control trial.
Study groups:

Group I (negative control): GMSCs were cultured in 
complete media.
Group II (positive control): GMSCs were cultured in 
media with osteogenic supplement.
Group III (scaffold): GMSCs were seeded on scaffolds 
and cultured in media with osteogenic supplement.
Group IV (scaffold/LLLT): GMSCs were seeded on 
scaffolds, cultured in media with osteogenic supplement, 
and subjected to diode laser irradiation.

Scaffold Fabrication

Materials

Sodium alginate (SA), polycaprolactone (PCL), calcium 
chloride (CaCl2), dichloromethane (DCM), and N,N-dimeth-
ylformamide (DMF) were purchased from Sigma-Aldrich 
(St. Louis, MO, USA).
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Development of the Nanofibrous Multilayered Scaffold

Polycaprolactone nanofibrous scaffold (PCL-NFs) was 
developed via electrospining using NANON-01A electro-
spinning system, MECC Co., LTD followed by its coating 
with cross-linked Alg layers as described before in our previ-
ous study [22]. Briefly, a homogenous PCL solution (10% 
w/v) was prepared in a solvent mixture (DCM and DMF 
with a ratio of 60 and 40). Then, this solution was fed into a 
13.1-mm plastic syringe and was exposed to a high voltage 
of 26 kV, fed rate of 4 mL/h, and tip-collector distance of 
15 cm. The fabricated NFs were collected on the top of a 
metallic collector. After that, the prepared scaffold was dried 
in the vacuum oven overnight to remove the solvent residu-
als. The dried scaffold sheet was coated with SA aqueous 
solution (3% w/v) via the casting method from both sides 
and left to dry. The final scaffold was obtained via soaking 
the coated sheet in an aqueous solution of CaCl2 (2% w/v) 
for just 2–3 min to cross-link the SA layers. The thickness 
of the final PCL-NFs/Alg fabricated sheets was 1.2–1.4 mm.

Scaffold Characterization

Morphological and Physical Analysis

For morphological and physical analysis, a scanning elec-
tron microscope (SEM; JSM-6510LV, JEOL, Tokyo, Japan) 
equipped with an energy-dispersive X-ray detector (EDX) 
was used. Square-shaped pieces of the scaffold sheets were 
cut, coated with gold, and examined. SEM micrographs were 
used to measure the fibers’ average diameter. SEM examina-
tion was performed for the PCL-NFs layer before and after 
coating with Alg.

Chemical Analysis

A double-beam dispersive Fourier transform infrared 
(FTIR) spectrometer (Nicolet iS20, Thermo Electron 
Corporation, Warwickshire, UK) was utilized to detect 
the infrared spectra of the PCL-NFs and PCL-NFs/Alg 
scaffolds, as well as SA coating with 2 cm−1 resolution 
in a range of 500–4000 (cm−1) performing a total of 100 
scans.

Mechanical Analysis

The mechanical properties of the PCL-NFs and the final 
cross-linked PCL-NFs/Alg scaffold specimens were 
assessed using a universal testing machine (model 3345, 
Lloyd Testing Machine, England) at room temperature, 
accompanied with computer software (Nexygen 4.6, Lloyd 
Instruments Ltd. 2002, UK). Scaffold strips were prepared 

with average dimensions of 5 × 20 mm, then fixed verti-
cally between two gripping units, with crosshead speed 
10  mm/min and 5-KN load cell leaving a 4-mm gage 
length. Stress versus strain curves were analyzed, and 
tensile stress under maximal load was measured. Tensile 
properties were measured five times and average tensile 
strength was obtained.

Water Contact Angle Measurement

The water contact angle was measured for the PCL-NFs 
layer and the final cross-linked PCL-NFs/Alg scaffold. One 
drop of deionized water was dropped on the scaffold surface 
and a digital photo was taken, then after 10 s of dropping 
a water drop on the scaffold surface, the angle between the 
liquid surface and scaffold was calculated using ImageJ soft-
ware (version 1.51r; NIH, Bethesda, MD, USA).

In Vitro Degradability and Water Absorption

Degradation and water absorption were assessed follow-
ing previous protocols [23, 24]. Samples of equal sizes 
(5 × 5 mm) were immersed in equal amounts of phosphate-
buffered saline (PBS) after initial weight determination (W0) 
and incubated at 37 °C. Scaffold samples were left for 1, 2, 
4, or 6 weeks after which they were wiped, and wet weight 
was measured again (Ww). Samples were then finally dried 
in a lyophilizer (LABOCON LFD-BT-105, Leicester, UK) 
for 2 days and residual weight (Wr) was determined.

The water absorption (Wa) percentage was estimated 
through the following equation:

Weight loss (WL) percentage was estimated through the 
following equation:

Isolation of Gingival‑Derived Mesenchymal Stem 
Cells

Animal and cell culture procedures were performed at 
Mansoura Experimental Research Center (MERC, Man-
soura University, Mansoura, Egypt). Six, male, healthy 
Sprague Dawley rats of 200–250 g weight (5–6 months of 
age) were euthanized by intraperitoneal injection of anes-
thetic overdose (sodium pentobarbital ≥ 0.86 mg/kg). Gin-
gival tissue was collected from the posterior mandibular 

Wa% =
Ww −Wr

Wr
× 100

WL % =
W0 −Wr

W0
× 100
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gingiva, and then prepared according to the protocol 
described by Abd El-Latif et al. [25] (Fig. 1A). Briefly, 
gingival tissue samples were kept overnight in culture 
media containing dispase II (cat. #D4693, Sigma-Aldrich, 
St. Louis, MO, USA) to separate the epithelium. Then, 
connective tissue was minced into fragments and further 
digested with collagenase I (cat. #SCR103, EMD Mil-
lipore Corp, Burlington, MA, USA). The tissue explants 
were then incubated in Dulbecco Modified Eagle Medium 
(D-MEM) culture media (cat. #L0066-500) supplemented 

with 10% fetal bovine serum (FBS) (cat. #S1810-500), 
L-glutamine (cat. #P1012), and pencillin-streptomycin 
(cat. #100X-L0022) all purchased from BioWest, Nuaillé, 
France. The media was changed every 3 days. Cell cul-
tures were evaluated each day by an inverted microscope 
(Olympus, CKX41SF, Tokyo, Japan) till reaching 80% 
confluence.

Osteogenic supplement media was prepared according 
to the protocol followed by Hanna et al. [26] using 100 nM 
dexamethasone (cat. #D4902), 200 μM L-ascorbic acid 

Fig. 1   A Surgical procedures 
for obtaining rat gingival tissue, 
B GMSC confluence, GMSC 
flowcytometric characterization 
histograms: C CD73, D CD90, 
E CD34, F CD45
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2-phosphate (cat. #A8960), and 10 mM β-glycerol phosphate 
(cat. #50020) purchased from Sigma-Aldrich, Poole, UK.

Characterization of Gingival‑Derived Mesenchymal 
Stem Cells

For GMSC characterization, a BD Accuri C6 flowcytometer 
(BD Biosciences, San Jose, CA, USA) and program software 
were used for flowcytometric immunophenotype determina-
tion. Third passage cells were treated with trypsin, followed 
by washing with PBS and incubation with the following 
primary antibodies; anti-CD90 PE (1:100; cat. #551,401), 
anti-CD73 purified (1:100; cat. #551,123), anti-CD45 FITC 
MAB (1:100; cat. #561,867) (all purchased from BD Bio-
sciences, CA, USA), and anti-CD34 purified (R&D systems, 
1:100; cat. #AF6518-SP, Minneapolis, MN, USA) using 
10 μl/106 cells. For purified antibodies, fluorescein isothio-
cyanate fluorophores (FITC, cat. #F143, Thermo Fisher Sci-
entific, Waltham, MA, USA) were added to each antibody, 
followed by their incubation in the dark for 30 min at 4 °C. 
PBS was then used to rinse the labeled GMSCs, which were 
then centrifuged for 5 min at 200 × g and suspended in PBS.

Seeding of Gingival‑Derived Mesenchymal Stem 
Cells

Scaffold samples of 5 × 5 mm were sterilized with ethanol and 
ultraviolet light then incubated in culture media overnight. 
GMSCs (4 × 105) were seeded dropwise on top of each scaffold 
sample, placed in 6-well plates, and then left to seed. Culture 
media was added to the seeded scaffolds and incubated in an 
atmosphere of 5% CO2. Media was changed every 2 days.

Photobiostimulation

Photobiostimulation was performed using Solase dental 
Diode laser (Lazon, Guangdong, China). Before irradia-
tion, power output was measured by power meter. Cul-
ture plates containing the scaffolds seeded with GMSCs 
were wrapped with aluminum foil to reflect any irradia-
tion and laser beam was applied through an opening in 
the aluminum foil. Irradiation was done in the biological 
safety cabinet to avoid contamination using the parameters 
described in Table 1. 

Cell Proliferation Assay

Cell viability and proliferation in negative control and 
scaffold and scaffold/LLLT groups were assessed on days 
1, 3, and 5 using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT) colorimetric assay (cat. 
#M6494, Thermo Fisher scientific, Carlsbad, CA, USA). 
Briefly, culture media was removed, and cells were 

incubated with MTT reagent (0.5 μg/mL) for 2 h at 37 
°C. For dissolving formazan crystals, dimethyl sulfoxide 
(DMSO) was added, and after incubation for 30 min, the 
absorbance was measured at 550 nm using a microplate 
reader (Biotek, ELx800, Winooski, VT, USA).

Alizarin Red S (ARS) Staining

Alizarin red S staining was used to assess mineraliza-
tion in the cell matrix at days 7 and 14 as described in 
a previous study [22] where ARS is widely used as the 
gold standard for the detection of cell mineralization [27]. 
Briefly, the culture media was discarded, and cells were 
washed with PBS containing Ca/Mg, fixed, and washed 
again. The cells were then incubated with ARS (cat. 
#A5533, Sigma-Aldrich) (40 mM in deionized water, pH 
4.2) for 45 min after which they were washed, and PBS 
was added. For quantification of deposits, the stained cells 
were dissolved in 10% acetic acid for 45 min after which 
they were washed, and PBS was added. Cultures were 
observed and photographed with an inverted microscope 
and the degree of absorbance was measured by a micro-
plate reader (Biotek, ELx800).

Von Kossa Staining

Von Kossa staining was carried out to detect mineralization 
in the cell cultures at days 7 and 14 according to the pro-
tocol by Ball et al. [28] where Von Kossa is used to detect 
the calcium binding sites by replacing calcium by silver 
ions [29]. In brief, GMSCs were fixed, washed, and then 
incubated with 5% silver nitrate (AgNO3) (cat. #209139, 
Sigma-Aldrich) under UV light, for 45 min. AgNO3 solution 
was then aspirated and the cells were washed three times 
with distilled water (dH2O). Five percent sodium carbon-
ate (Na2CO3) (cat. #S263-500, Thermo Fisher Scientific) 
in 10% formalin (Fisher Scientific) was then added for 4 
min followed by rinsing twice with dH2O. The stain was 

Table 1   LLLT irradiation parameters

Active medium InGaAs (semiconductor)

Wavelength 980 nm
Laser tip diameter 3 cm
Irradiation mode Continuous
Power 0.2 W
Power density 0.03 W/cm2

Energy 30 J
Energy density 4.24 J/cm2

Duration 150 s over 2 sessions separated by 75 s
Distance 0.5 cm
Irradiation Every 48 h for 7 or 14 days (3 or 7 sessions)
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fixed with 5% sodium thiosulfate (Na2S2O3) (cat. #217263, 
Sigma-Aldrich) for 2 min followed by rinsing twice with 
dH2O. Cultures were observed and photographed with an 
inverted microscope.

Reverse Transcription and Real‑Time Quantitative 
Polymerase Chain Reaction (RT‑qPCR)

Total RNA was isolated from GMSCs using Direct-zol 
RNA Miniprep (cat. # R2051, zymoresearch, Irvine, CA, 
USA) supplied with TRI Reagent (cat. #R2050-1–50) 
according to the manufacturer’s instruction. COSMO 
cDNA synthesis kit (cat. #WF10205001, Willowfort, Bir-
mingham, UK) was used for reverse transcription of total 
RNA. RT-qPCR reaction was performed for amplification 
of the cDNA using HERA PLUS SYBR® Green qPCR 
Kit (cat. #WF10308001, Willowfort, Birmingham, UK) 
in a real-time thermal cycler (Thermo Fisher Scientific, 
Vantaa, Finland).

RT-qPCR reaction was performed with 20 µL; 10 µL of 
SYBR Green, 2 µL of forward and reverse primers, 1 µL 
of cDNA, and 7 µL of RNase-free water. RT-qPCR cycling 
stages were carried out as follows: initial denaturation for 
10 min at 95 ℃, 40 cycles of denaturation for 15 s at 95 ℃, 
annealing for 30 s at 60 ℃, and extension for 30 s at 72 ℃.

Expression levels of osteoblast-specific mRNA target genes 
collagen 1α1 (COL1α1), osteocalcin (BGLAP) (OCN), osteo-
pontin (SPP1) (OPN), alkaline phosphatase (ALP), and Runt-
related transcription factor 2 (RUNX2) were detected. Glycer-
aldehyde-3 phosphate dehydrogenase (GAPDH) was used as a 
housekeeping gene. All primers were purchased from Vivantis 
Technologies (Selangor Darul Ehsan, Malaysia). The primer 
sequences utilized in this study are listed in Table 2.

Statistical Analysis

Sample size was calculated by G*Power software (version 
3.1.9.7). Based on a previous study  [22], we hypothesized 

a large effect size (f = 0.8) for a factorial design with two 
factors at 2 and 3 levels, i.e., 6 cells (intervention com-
binations). A total of 24 units were required to provide 4 
units per cell. This design achieves 96% power when an 
F test is used to test factor A (groups with 4 levels) at a 
5% significance level and the effect size is 0.800, achieves 
91% power when an F test is used to test factor B (time 
with 2 levels) at a 5% significance level and the effect size 
is 0.800, and achieves 91% power when an F test is used 
to test the A*B interaction at a 5% significance level and 
the effect size is 0.800.

Data was entered and analyzed using IBM-SPSS soft-
ware (IBM Corp. Released 2020. IBM SPSS Statistics for 
Windows, Version 27.0. Armonk, NY, USA: IBM Corp). 
Quantitative data were initially tested for normality using 
Shapiro–Wilk’s test and homogeneity of variances was 
assessed by Levene’s test. The presence of significant out-
liers was tested by inspecting boxplots. Quantitative data 
were expressed as median (Q1–Q3) and compared between 
multiple groups using Kruskal–Wallis H-test or mean ± SD 
and compared for two-factors (group and time) using two-
way analysis of variance (ANOVA). For any of the used 
tests, results were considered as statistically significant if 
p value ≤ 0.05, or according to Bonferroni correction when 
doing multiple tests’ comparisons.

Results

Scaffold Characterization Results

Morphological and Physical Analysis

The surface morphology of the developed scaffolds 
showed a nanofibrous structure with an average diameter 
of around 307.2–2400 nm for PCL-NFs and 265–611 nm 
for PCL-NFs/Alg scaffolds (Fig. 2A, B). The EDX analy-
sis of the fabricated scaffold showed signals corresponding 

Table 2   Primer sequences for 
qPCR

Gene Primers Sequence

1 Alkaline phosphatase Alpl-F
Alpl-R

GAC AAG AAG CCC TTC ACA GC
ACT GGG CCT GGT AGT TGT TG

2 RUNX2 Runx2-F
Runx2-R

GGA CGA GGC AAG AGT TTC AC
GGA CCG TCC ACT GTC ACT TT

3 Osteocalcin Bglap-F
Bglap-R

GAG GGC AGT AAG GTG GTG AA
GTC CGC TAG CTC GTC ACA AT

4 Osteopontin Spp1-F
Spp1-R

GAT CGA TAG TGC CGA GAA GC
ACT CGT GGC TCT GAT GTT CC

5 Collagen 1α1 Col1α1-F
Col1α1-R

CTG GTG AAC AGG GTG TTC CT
GGA AAC CTC TCT CGC CTC TT

6 GAPDH Gapdh-F
Gapdh-R

TGG GAA GCT GGT CAT CAA C
GCA TCA CCC CAT TTG ATG TT
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to the elements C, O, Na, Cl, and Ca with weight percent-
ages of 51.75, 32.68, 5.82, 8.49, and 1.26%, respectively, 
which coincides with the structure of the fabricated scaf-
fold (Fig. 2C).

Chemical Analysis

FTIR spectrometric analysis revealed all the characteristic 
peaks of the polymeric constitutes of the developed nanofi-
brous multilayered scaffold. The characteristic peaks of 

Fig. 2   Scaffold characteriza-
tion. A SEM micrographs of 
the PCL-NFs scaffold. B SEM 
micrographs of crosslinked 
PCL-NFs/Alg scaffold. C 
Energy-dispersive X-ray (EDX) 
analysis. D FTIR of the devel-
oped scaffolds. E Mechanical 
properties of scaffolds. F Water 
contact angle measurements. G 
Weight loss and water absorp-
tion percentages
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PCL and alginate appeared in the spectrum of the fabri-
cated scaffold. PCL-related peaks appeared at 2862 cm−1 
and 2939 cm−1 for symmetric and asymmetric stretching 
of υCH2 respectively. Another intense peak was observed 
at 1718 cm−1 and attributed to the stretching vibration of 
ester [amid I ƲC = O]. In addition, peaks related to alginate 
were detected at 2928 cm−1 related to the CH2 stretching 
and at 1597.3 cm−1 that is corresponding to the carbonyl 
group (C = O) [30–32] (Fig. 2D).

Mechanical Tests

Cross-linked PCL-NFs/Alg scaffold attained higher val-
ues of maximum tensile stress and strain as compared to 
non-coated scaffolds. Moreover, the coating of PCL-NFs 
with Alg improved its elastic modulus significantly from 
37.1 ± 2.35 to 49.53 ± 3.85 MPa. Similar studies showed 
high mechanical properties of different PCL/Alg-based 
scaffolds [33, 34]. In addition, the ultimate strain value 
of the developed scaffolds was similar to the normal 
bone range (2–30%) as reported by Osterhof et al. [35] 
(Fig. 2E).

Water Contact Angle

Water contact angle measurement illustrated the hydro-
phobic nature of the developed PCL-NFs scaffold which 
attained higher value of water contact angle around 
103.55 ± 0.89°. In contrast, this value was significantly 
decreased after coating the PCL-NFs from both sides 
with Alg to 39.54 ± 1.25°. This reduction was attributed 
to increasing the hydrophilicity of the fabricated nanofib-
ers by Alg outer layers (Fig. 2F).

In Vitro Degradation and Water Absorption

Kruskal–Wallis H-test was performed for weight loss and 
water absorption percentages and showed no statistically 
significant difference in WL% or Wab% between the four 
time points (Fig. 2G) (Table 3).

Gingival‑Derived Mesenchymal Stem Cells’ 
Characterization Results

GMSCs showed typical spindle, fibroblast-like morphology, 
and adherence to plastic walls (Fig. 1B). Third passage cells 
were subjected to cell surface phenotypic marker analysis 
where the mesenchymal markers CD73 (95.9%) and CD90 
(90.6%) were found to be highly positive, while the hemat-
opoietic markers CD34 (2.2%) and CD45 (1.4%) were nega-
tive (Fig. 1C–F).

Cell Proliferation Assay Results

A two-way ANOVA was conducted to examine the effects 
of group and time on cellular proliferation through the 
MTT assay. Residual analysis was performed to test for 
the assumptions of the two-way ANOVA. There were no 
significant outliers, residuals were approximately normally 
distributed (p > 0.05), and there was homogeneity of vari-
ances (p > 0.05).

This parameter involved 9 units divided by two factors 
as follows: grouping factor—3 groups, 3 units per group 
(negative control, scaffold, and scaffold/LLLT); and time 
factor—3 time points, 9 units per time point (1 day, 3 days, 
and 5 days).

Cellular proliferation as detected by MTT assay showed 
higher mean values in the scaffold/LLLT group, followed 
by the scaffold and then the control groups respectively at 
each time point as well as time-dependent increase through 
days 1, 3, and 5 in each group (Fig. 3A) (Table 4). Statisti-
cal analysis showed a statistically significant interaction 
between group and time on MTT. Therefore, an analysis 
of simple main effects for each factor was performed with 
statistical significance receiving a Bonferroni adjustment 
and being accepted at the p < 0.0167 level.

As regards the simple main effect for group, there was 
a statistically significant difference in mean “MTT” val-
ues between the groups at 3- and 5-day time points [F(2, 
18) = 1.479, p = 0.254, partial η2 = 0.141 at day 1; F(2, 
18) = 3.968, p = 0.037, partial η2 = 0.306 at day 3; and 
F(2, 18) = 30.941, p < 0.001, partial η2 = 0.775 at day 5]. 

Table 3   Weight loss and water absorption percentages in the four time points

WL weight loss, Wab water absorption. Data is median (Q1–Q3). The test of significance is the Kruskal–Wallis H-test

Parameter Time point Test of significance

Week 1 Week 2 Week 4 Week 6 H [3] p-value

WL% 24.14 (8.79–33.90) 25 (14.79–27.72) 16.67 (13.4–33.68) 24.14 (18.57–34.82) 1.042 0.791
Wab% 9.09 (6.43–18.68) 9.52 (5.7–17.36) 8.33 (5.12–23.1) 12.5 (6.47–40.79) 1.394 0.707
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Therefore, pairwise comparisons were run for simple main 
effects at 3 and 5 days. At 3 days, pairwise comparisons 
revealed a statistically significant difference between the 
control group vs. scaffold/LLLT group (p = 0.043), but not 
between the control vs. scaffold group (p = 0.174), or scaf-
fold vs. scaffold/LLLT groups (p = 1.000). At 5 days, there 
was a statistically significant difference (p < 0.001) between 
scaffold/LLLT vs. control and scaffold groups, but not 
between control vs. scaffold (p = 0.109).

As regards the simple main effect for time, there was a 
statistically significant difference in mean values between 
the three time points in scaffold and scaffold/LLLT groups 
but not in the control group [F(2, 18) = 0.669, p = 0.525, par-
tial η2 = 0.069 in control; F(2, 18) = 6.384, p = 0.008, partial 
η2 = 0.415 in scaffold; and F(12, 18) = 27.634, p =  < 0.001, 
partial η2 = 0.754 in scaffold/LLLT groups]. Therefore, 
pairwise comparisons were run for simple main effects in 
scaffold and scaffold/LLLT groups only. In the scaffold 
group, pairwise comparisons revealed a statistically signifi-
cant difference between day 1 vs. day 3 (p = 0.031), and day 
1 vs. day 5 (p = 0.012), but not between day 3 vs. day 5 
(p = 1.000). In the scaffold/LLLT group, pairwise compari-
sons revealed a statistically significant difference between 
day 5 vs. day 1 (p < 0.001), and day 5 vs. day 3 (p < 0.001), 
but not between day 1 vs. day 3 (p = 0.155).

Alizarin Red S Staining Results

This study involved 24 units divided by two factors as 
follows: grouping factor—4 groups, 6 units per group 
(negative control, positive control, scaffold, and scaf-
fold/LLLT); and time factor—2 time points, 12 units 
per time point (7 days and 14 days). Mineralization as 
detected by ARS showed higher values in the scaffold/
LLLT group, followed by the scaffold and then the posi-
tive and negative control groups respectively at each 
time point, as well as time-dependent increase through 
days 7 and 14 in each group (Figs. 3B, 4A–D, A1–D1) 
(Table 5).

There was a statistically significant interaction between 
group and time on mineralization levels as detected by 
ARS stain. Therefore, an analysis of simple main effects 
for each factor was performed with statistical significance 
receiving a Bonferroni adjustment and being accepted at 
the p < 0.008 level.

As regards the simple main effect for group, there was a 
statistically significant difference in mean values between 
the four groups at each time point [F(3, 16) = 98.204, 
p < 0.001, partial η2 = 0.948 at 7-day time point, and F(3, 
16) = 206.128, p < 0.001, partial η2 = 0.975 at 14-day time 
point]. At 7  days, all pairwise comparisons revealed a 

Fig. 3   Line graphs showing the mean values for A MTT assay, B ARS staining

Table 4   MTT results according 
to group and time with their 
interaction

Data is presented as mean ± SD. The test of significance is two-way ANOVA. Partial η2 is a measure of 
effect size

Time Group Test of significance

Control Scaffold Scaffold/LLLT F p-value Partial η2

At day 1 0.220 ± 0.033 0.234 ± 0.016 0.581 ± 0.105 6.143 0.003 0.577
At day 3 0.432 ± 0.056 0.914 ± 0.575 1.077 ± 0.335
At day 5 0.478 ± 0.139 1.016 ± 0.504 2.300 ± 0.185
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statistically significant difference (p = 0.001 for negative 
vs. positive control, and < 0.001 for other pairwise com-
parisons). At 14 days, all pairwise comparisons revealed a 
statistically significant difference (p = 0.002 for positive con-
trol vs. scaffold and < 0.001 for other pairwise comparisons).

As regards the simple main effect for time, there was a 
statistically significant difference in mean values between 
the 2 time points in scaffold/LLLT group only being higher 
at 14 days vs. 7 days [F(1, 16) = 1.339, p = 0.264, partial 
η2 = 0.077 in negative control group, F(1, 16) = 2.612, 
p = 0.126, partial η2 = 0.140 in positive control group, F(1, 
16) = 1.328, p = 0.266, partial η2 = 0.077 in scaffold group, 

and F(1, 16) = 71.842, p =  < 0.001, partial η2 = 0.818 in scaf-
fold/LLLT group].

Von Kossa Staining Results

By Von Kossa staining, calcified nodules stained black. 
In negative control groups, minimal mineralization could 
be detected, while in the other groups, calcified depos-
its were detected with the scaffold/LLLT group showing 
notably the highest calcification regarding area and num-
ber of nodules, followed by the scaffold group, then the 
positive control group (Fig. 4A2–D2, A3–D3).

Fig. 4   Photomicrographs of alizarin red S and Von Kossa staining of different groups at different time points

Table 5   ARS stain results 
according to group and time 
with their interaction

Data is presented as mean ± SD. The test of significance is two-way ANOVA. Partial η2 is a measure of 
effect size

Time Group Test of significance

Negative control Positive control Scaffold Scaffold/LLLT F p-value Partial η2

ARS dye 12.890  < 0.001 0.707
7 days 0.169 ± 0.009 0.521 ± 0.091 0.885 ± 0.018 1.357 ± 0.217
14 days 0.253 ± 0.050 0.638 ± 0.041 0.968 ± 0.048 1.973 ± 0.035
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RT‑qPCR Statistical Analysis Results

Concerning the mean values for ALP, RUNX2, and OCN 
gene expression, it was observed that the scaffold/LLLT 
group showed the highest values followed by the scaffold, 

positive control, and negative control groups which showed 
the least expression at both time intervals. Moreover, the 
14-day time point showed higher gene expression as com-
pared to the 7  days for all groups. However, OPN and 
COL1α1 showed low expression levels (Fig. 5) (Table 6).

Fig. 5   Line graphs showing the mean values for RT-PCR results. A Alkaline phosphatase. B Runx-2. C Osteocalcin. D Osteopontin. E Colla-
gen1
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Alkaline Phosphatase

There was no statistically significant interaction 
between group and time on ALP gene expression. 
Therefore, an analysis of the main effects for each fac-
tor was reported.

As regards the main effect for group, there was a sta-
tistically significant difference in mean values between the 
four groups [F(3) = 19.044, p < 0.001, partial η2 = 0.781]. 
Mean ± SE was lower in negative control (1 ± 0.202) < posi-
tive control (1.768 ± 0.202) < scaffold (1.805 ± 0.202) < scaf-
fold/LLLT (3.123 ± 0.202) groups. The pairwise compari-
sons revealed a statistically significant difference between 
negative control vs. scaffold (p < 0.001), positive control vs. 
scaffold/LLLT (p = 0.001), and scaffold vs. scaffold/LLLT 
(p = 0.001), but there was no statistically significant differ-
ence for all other pairwise comparisons (negative vs. positive 
control (p = 0.069), negative control vs. scaffold (p = 0.054), 
and positive control vs. scaffold/LLLT (p = 0.999)).

As regards the main effect for time, there was no sta-
tistically significant difference tween the 2 time points 
[F(1) = 4.184, p = 0.058, partial η2 = 0.207]. However, 
mean ± SE was higher at 14 days (0.130 ± 0.143) vs. 7 days 
(1.717 ± 0.143) (Fig. 5A).

RUNX2  There was a statistically significant interaction 
between group and time on RUNX2 gene expression. There-
fore, an analysis of simple main effects for each factor was 
performed with statistical significance receiving a Bonfer-
roni adjustment and being accepted at the p < 0.008 level.

As regards the simple main effect for group, there was a 
statistically significant difference in mean RUNX2 values 
between the 4 groups at 14 days but not at 7 days [F(3, 
16) = 15.136, p < 0.001, partial η2 = 0.739 at 14-day time 
point, and F(3, 16) = 0.414, p = 0.275, partial η2 = 0.210 
at 7 days]. Therefore, pairwise comparisons were run for 
simple main effect at 14 days only and revealed a statis-
tically significant difference (p < 0.001) between negative 
control vs. scaffold, and positive control vs. scaffold as well 
as between scaffold vs. scaffold/LLLT (p = 0.010), but not 
between negative vs. positive control (p = 1.0), negative con-
trol vs scaffold/LLLT (p = 0.190), and positive control vs 
scaffold/LLLT groups (p = 0.682).

As regards the simple main effect for time, there was a 
statistically significant difference in mean values between 
the 2 time points in scaffold/LLLT group only being higher 
at 14 days vs. 7 days [F(1, 16) = 0.000, p = 1.000, partial 
η2 = 0.000 in negative control group; F(1, 16) = 0.403, 
p = 0.534, partial η2 = 0.025 in positive control; F(1, 
16) = 0.8011, p = 0.384, partial η2 = 0.048 in scaffold group, 
and F(1, 16) = 21.597, p =  < 0.001, partial η2 = 0.574 in scaf-
fold/LLLT group] (Fig. 5B).

Osteocalcin

There was no statistically significant interaction between 
group and time on OCN gene expression. Therefore, an 
analysis of the main effects for each factor was reported.

As regards the main effect for the group, there was a sta-
tistically significant difference in mean OCN values between 
the 4 groups [F(3) = 14.034, p < 0.001, partial η2 = 0.725. 

Table 6   PCR results according 
to group and time with their 
interaction

Data is presented as mean ± SD. The test of significance is two-way ANOVA. Partial η2 is a measure of 
effect size

Time Group Test of significance

Negative control Positive control Scaffold Scaffold/LLLT F p-value Partial η2

ALP 1.647 0.218 0.236
7 days 1 ± 0 1.591 ± 0.094 1.637 ± 0.042 2.541 ± 0.752
14 days 1 ± 0 1.846 ± 0.324 1.972 ± 0.735 3.704 ± 0.858
Runx2 4.421 0.019 0.453
7 days 1 ± 0 1.025 ± 0.102 1.792 ± 0.717 1.813 ± 0.505
14 days 1 ± 0 1.370 ± 0.180 2.278 ± 0.961 4.336 ± 1.341
Osteocalcin 2.292 0.117 0.301
7 days 1 ± 0 1.127 ± 0.347 1.499 ± 0.356 1.864 ± 0.716
14 days 1 ± 0 1.559 ± 0.484 2.180 ± 0.537 3.118 ± 0.391
Osteopontin 0.191 0.901 0.034
7 days 1 ± 0 0.841 ± 0.663 1.148 ± 0.043 1.143 ± 0.072
14 days 1 ± 0 1.094 ± 0.579 1.423 ± 0.578 1.430 ± 0.244
Collagen1 9.970  < 0.001 0.651
7 days 1 ± 0 0.035 ± 0.014 0.038 ± 0.037 0.026 ± 0.016
14 days 1 ± 0 0.058 ± 0.017 0.051 ± 0.020 0.135 ± 0.021
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Mean ± SE was lower in negative control (1 ± 0.173) < posi-
tive control (1.343 ± 0.173) < scaffold (1.839 ± 0.173) < scaf-
fold/LLLT groups (2.491 ± 0.173). The pairwise compari-
sons revealed a statistically significant difference between 
negative control vs. scaffold (p = 0.016) and scaffold/LLLT 
(p < 0.001), as well as positive control vs. scaffold/LLLT 
(p < 0.001), but no significant difference for all other pair-
wise comparisons [negative vs. positive control (p = 0.516), 
positive control vs. scaffold (p = 0.218), and scaffold vs. 
scaffold/LLLT groups (p = 0.072).

As regards the main effect for time, there was a sta-
tistically significantly higher OCN expression at 14 days 
vs. 7 days [F(1) = 11.714, p = 0.003, partial η2 = 0.423. 
Mean ± SE was higher at 14  days (1.964 ± 0.122) vs. 
7 days (1.372 ± 0.122) (Fig. 5C).

Osteopontin

For OPN gene expression, there was no statistically sig-
nificant interaction between group and time. Therefore, 
an analysis of the main effect for each factor was reported. 
As regards the main effect for group, there was no statis-
tically significant difference in the mean values between 
the 4 groups [F(3) = 1.252, p = 0.324, partial η2 = 0.190]. 
Mean ± SE was 1 ± 0.156 in negative control, 0.967 ± 0.156 
in positive, 1.285 ± 0.156 in scaffold, and 1.287 ± 0.156 in 
scaffold/LLLT groups. The main effect analysis for time 
showed no statistically significant difference at 14 days 
vs. 7  days [F(1) = 1.697, p = 0.211, partial η2 = 0.096]. 
Mean ± SE was slightly higher at 14 days (1.237 ± 0.111) 
vs. 7 days (1.033 ± 0.111) (Fig. 5D).

Collagen1α1

There was a statistically significant interaction between 
group and time on collagen1. Therefore, an analysis of 
simple main effects for each factor. As regards the simple 
main effect for group, there was a statistically significant 
difference in mean values between the 4 groups at each time 
point [F(3, 16) = 1916.531, p < 0.001, partial η2 = 0.997 at 
7-day time point, and F(3, 16) = 1741.848, p < 0.001, par-
tial η2 = 0.997 at 14-day time point]. At 7 days, pairwise 
comparisons revealed a statistically significant difference 
(p < 0.001) between negative control vs. all other 3 groups, 
but there was no statistically significant difference for all 
other pairwise comparisons (p = 1.000). At 14 days, there 
was a statistically significant difference (p < 0.001) between 
negative control vs. all other 3 groups, as well as positive 
control vs. scaffold/LLLT and scaffold vs. scaffold/LLLT, 
but there was no statistically significant difference between 
positive control vs. scaffold (p = 1.000).

As regards the simple main effect for time, there was a 
statistically significant difference in mean values between 

the 2 times in the scaffold/LLLT group only being higher 
at 14 days vs. 7 days [F(1, 16) = 0.000, p = 1.000, partial 
η2 = 0.000 in negative control, F(1, 16) = 2.148, p = 0.162, 
partial η2 = 0.118 in positive control, F(1, 16) = 0.691, 
p = 0.418, partial η2 = 0.041 in scaffold, and F(1, 
16) = 48.517, p < 0.001, partial η2 = 0.752 in scaffold/LLLT 
groups] (Fig. 5E).

Discussion

Tissue engineering is an alternative solution to organ trans-
plantation for repairing, replacing, or regenerating cells, tis-
sues, or organs for the purpose of restoring impaired func-
tion caused by congenital defects, disease, trauma, or aging 
[36]. This regeneration is based on two essential components 
which are stem cells and scaffolds [37]. In addition, photo-
biomodulation was found to increase cellular metabolism, 
growth, and regeneration [18]. Therefore, in the current 
study, a tissue engineering complex composed of gingival-
derived mesenchymal stem cells and nanocomposite scaf-
folds in conjunction with LLLT was formulated.

In the present study, GMSCs were successfully isolated 
and characterized regardless of the sensitive, critical iso-
lation procedures required due to the high contamination 
risk which was attributed mainly to the high microbial oral 
flora especially in rats unlike humans who can keep good 
oral hygiene. Moreover, according to Kukreja et al. [38], 
MSC cultures can be contaminated at different stages dur-
ing obtaining the tissue, transferring it to the working lab, 
or during the different culture procedures. To overcome this 
problem, meticulous wiping of the animal’s skin with alco-
hol before starting surgical procedures and intraoral wip-
ing with Betadine was performed. In addition, the obtained 
gingival tissues were immediately immersed in PBS supple-
mented with antibiotics before transferring to the working 
lab, and high infection control precautions were considered 
throughout the whole surgical and cultural procedures.

The constructed composite scaffold showed good biologi-
cal, physical, chemical, and mechanical characteristics cor-
responding to its structure, as well as good hydrophilicity as 
detected by the water contact angle test. The peaks detected 
by FITR spectrometric analysis were comparable to other 
works of research [30–32]. Moreover, in accordance with 
the current study, similar studies showed high mechanical 
properties of different PCL/Alg-based scaffolds [33, 34]. In 
addition, the ultimate strain value of the developed scaffolds 
was similar to the normal bone range (2–30%) as reported 
by Osterhof et al. [35].

The increased cellular proliferation detected by MTT 
assay in the scaffold groups as compared to the control group 
indicates not only the biocompatibility of the fabricated scaf-
folds, but also its proliferative influence on the cells. This 
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inductive influence can be attributed to the porous scaffold 
structure which allows the diffusion of nutrients and cell 
products into and out of the scaffold and the proper mechani-
cal and biological characters which simulate the extracellu-
lar matrix supporting the cells and promoting their prolifera-
tion and differentiation [39]. Moreover, in a previous study, 
the biocompatibility of similar PCL/Alg-based scaffolds was 
tested in vivo in a rabbit mandibular bone defect for 5 weeks 
with no adverse reactions [23].

However, there was insignificant weight loss and water 
absorption in the scaffold specimens through the 6 weeks 
of examination which is consistent with our previous study 
[23]. Similarly, Pattanashetti et al. [33] reported low degra-
dation rates for cross-linked PCL/poly(vinyl alcohol):Alg. 
This may be attributed to the fact that PCL has low deg-
radation and low water absorption rates [40]. Moreover, 
Shirehjini et al. [34] reported that scaffold degradability was 
reduced by increasing alginate concentration. Cross-linking 
also was found to reduce weight loss rates [40]. In addition, 
the electrospinning fabrication technique affects the material 
hydrophilicity reducing water absorption and hydrolytic deg-
radability [41]. However, this can be considered beneficial 
for bone tissue engineering to allow enough time for bone 
regeneration and rearrangement before scaffold degradation.

In the present study, photobiostimulation protocol using 
InGaAs laser of 980 nm wavelength, 4.24 j/cm2 energy den-
sity, and in a continuous mode was implicated. Different 
irradiation protocols were found in the literature including 
lower [42, 43] as well as higher [44, 45] energy densities. 
In the current study, an intermediate irradiation regimen as 
regards the energy density was selected. Moreover, repeated 
irradiations were performed for 150 s over 2 sessions sepa-
rated by 75 s of rest with 48-h interval between consecutive 
irradiations to avoid any negative effects on the cells where 
according to Ohsugi et al. [46], increased irradiation powers 
or prolonged irradiation periods may cause cell damage or 
lead to inefficient treatment.

In addition, repeated irradiations seem to have a safe, bet-
ter stimulatory effect on cell proliferation than single irra-
diation, which was confirmed by different studies, where 
according to Li et al. and Kreisler et al. [47, 48], a single 
dose of LLLT resulted in a short-term increase while multi-
ple exposures caused maximal increase in MSC proliferation 
and osteogenic differentiation with no cytotoxic effects. In 
the same context, different human clinical trials also proved 
repeated irradiations with LLLT to be safe for application 
[49, 50].

In the current study, mineralization levels in the cultured 
media were detected by ARS and Von Kossa staining, while 
the osteoblastic differentiation of the GMSCs was assessed 
by determining the gene expression levels of an array of 
osteogenic-related genes (ALP, RUNX2, COL1α1, OCN, and 
OPN) through RT-qPCR.

Normally, there are three stages of bone development: 
proliferation, extracellular matrix (ECM) maturation, and 
mineralization. ARS marks the beginning of the mineraliza-
tion step through quantification of red staining of mineral-
ized calcium nodules [51]. Von Kossa also stains mineral 
deposits in the ECM [52]. ALP regulates ECM secretion 
prior to mineralization and also helps the formulation of Ca 
phosphate apatite crystals [53]. RUNX2 is a very important 
transcription factor regulating early phases of osteoblas-
tic differentiation, secreted at the highest level in imma-
ture osteoblasts, and decreased in mature osteoblasts [54]. 
COL1α1 is upregulated during osteoblastic differentiation 
where it forms a fibrillary meshwork creating a complex 3D 
scaffold that supports cells [55]. OPN is a prominent bone 
matrix protein expressed at terminal phases of osteoblastic 
differentiation [56], and OCN is the most abundant non-col-
lagenous bone matrix protein, produced by osteoblasts [57].

In the positive control group, GMSCs under appropri-
ate induction showed good proliferation and osteogenic 
differentiation compared to the negative control cells. 
This agrees with the fact that gingival connective tis-
sue–derived stem cells have self-renewal capacity, high 
potency, and immunomodulatory effects, together with 
osteogenic capacity and proved regenerative effects in 
animal bone defect models [58, 59].

However, the scaffold group expressed significantly 
higher proliferative and mineralization indices than the 
control groups which indicates its osteo-inductive influ-
ence where according to Jin and Kim [60], scaffolds, 
which consisted of electrospun nanofibers, exhibited a sig-
nificantly high cell-seeding efficiency, due to the existence 
of embedded nanofibers. Additionally, coated scaffolds, 
consisting of PCL and various coating materials, such as 
collagen, alginate, and β-tricalcium phosphate, showed 
improved seeding, biological, and osteo-inductive char-
acters when compared with pure PCL scaffolds.

These results coincide with our previous studies on 
the osteo-inductive effect of composite PCL/Alg-based 
nanoscaffolds on adipose-derived stem cells in vitro show-
ing high ARS staining and ALP gene expression [22], and 
in vivo in rabbit mandibular bone defects aiding bone 
regeneration [23]. Concomitantly, in a study by Yu et al. 
[61], PCL/Alg composite scaffolds were reported to induce 
elevated expression levels of different osteogenic genes 
in progenitor cells such as COL1α1 and MEPE (matrix 
extracellular phosphoglycoprotein) as well as chondro-
genic genes such as COL2α1 (collagen 2α1) and ACAN 
(aggrecan).

In group IV of the present study, photobiostimulation 
(InGaAs, 980 nm, 2.24 j/cm2, repeated irradiations) of the 
GMSCs/scaffold complex efficiently enhanced the prolifera-
tion and osteogenic potential of the cells. Gao and Xing [62] 
postulated that the absorbed laser energy by intracellular 
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chromophores increased cellular metabolism, which stimu-
lated the mitochondria to produce ATP, increase activity 
of DNA, and enhance RNA and protein synthesis. LLLT 
also suppresses inflammatory cytokines as tumor necro-
sis factor alpha (TNF-α, interleukins 1beta, 6, and 8) [63], 
and increases growth factors release as nerve growth fac-
tor (NGF), insulin-like growth factor 1 (IGF-1), fibroblast 
growth factor (FGF-2), and platelet-derived growth factor 
(PDGF) [64].

LLLT mainly affects the initial phases of bone regen-
eration, which are inflammatory, angio-mesenchymal, 
and bone formation phases. LLLT modulates the inflam-
matory response in vitro through a dual effect of WNT 
activation and NF-kβ signaling inhibition [65]. Regarding 
the angio-mesenchymal phase, LLLT induces an increase 
in VEGF, FGF, and PDGF in stem cells promoting their 
proliferation, osteogenic differentiation, and angiogenesis 
[20]. Considering the bone formation phase, LLLT has 
been found to increase the expression of different bone 
formation marker proteins, including BMP2, TGF-beta, 
and OCN [66]. Moreover, according to Huang et al. [67], 
irradiated scaffolds can absorb the laser beams and reflect 
physical waves that can affect the biological response of 
the loaded cells.

In the same context, Theocharidou et al. [68] reported 
better proliferative and odontogenic effect of LLLT (2 or 4 
j/cm2) on dental pulp stem cells seeded on bioceramic scaf-
folds as detected by MTT assay and elevated osteogenic gene 
expression; bone morphogenic protein-2 (BMP2), RUNX2, 
and Osterix. Corroborating our results, Huang et al. [67] 
detected good biostimulatory effect of LLLT (532 nm) on 
bone marrow stem cells (BMSCs) seeded on sheets of poly-
lactic-co-glycolic acid (PLGA) mixed with graphene oxide. 
The study showed high proliferative and osteogenic influ-
ence in vitro as detected by elevated ALP activity, calcium 
content, and OPN gene expression, as well as in vivo in rat 
femoral bone defects. Similarly, in another study conducted 
by Abramovitch-Gottlib et al. [42], LLLT (He Ne, 632.8 nm) 
of MSCs on corraline 3D biomatrices resulted in increased 
mineralization levels revealing higher ALP activity, and 
elevated ARS and Von Kossa staining as compared to the 
non-irradiated groups.

ARS and Von Kossa staining in the present study detected 
significantly increased mineralization levels in the scaffold 
and irradiated groups than in the control groups. Relative 
gene expression levels of osteoblastic markers ALP, RUNX2, 
and OCN also showed significant increase in the positive 
control, scaffold, and irradiated scaffold groups respec-
tively which is consistent with most literature as foremen-
tioned [22, 61, 67, 68]. However, OPN and COL1α1 showed 
low expression levels. This may be attributed to the fact 
that some bone proteins are expressed at later stages of 

osteoblastic differentiation [69], while our experiment lasted 
only for 14 days.

On the other hand, Leonida et al. [70] tested the effect of 
irradiation (Nd:YAG, 1064 nm, 1.5W or 2.25W) on BMSCs 
seeded on 3D collagen scaffolds and reported enormous 
increase in mineralization as detected by alizarin red and 
proliferation rates on 7th day; however, on the 14th day, 
laser irradiation had no further effect on cellular prolifera-
tion which can be owed to the high wavelength and powers 
applied in this study.

In contrast to our results, Marques et al. [71] detected 
impaired protein secretion and even lower protein content in 
the media with LLLT. Also, in a study performed by Bouvet-
Gerbettaz et al. [72], the influence of LLLT on BMSCs was 
detected by colony-forming unit fibroblasts (CFU-F) assay, 
and the non-irradiated group had a higher mean value of col-
onies than the irradiated group. It also did not enhance the 
differentiation of BMSCs to osteoblast or even to osteoclast. 
Concomitantly, other studies did not detect the stimulatory 
effect of LLLT on the proliferation or osteogenic differentia-
tion of MSC [73–75].

These conflicting results may be attributed to the various 
parameters of laser application which markedly influence 
the required results, such as wavelength, light spectrum, 
energy density, and power level [76]. According to Peplow 
et al. [77], it is difficult to compare the different studies’ 
results owing to the wide variation in irradiation parameters, 
methodology, and used cell type which directly affects the 
acquired biological effects.

In situ bone tissue engineering is a novel emerging field 
that comprises intraoperative cell isolation and seeding on 
scaffolds to construct a tissue engineering complex directly 
in the operating room. This represents a promising solution 
to evade the multiple steps and legal restrictions associated 
with introducing in vitro constructed tissue engineering 
grafts [78].

As per the contribution of the currently presented model 
to this novel field, gingival stem cells are considered good 
candidates for in situ tissue engineering where, as reported 
by Du et al. [79], gingival tissues can be easily accessed 
intraoperatively with minimally invasive procedures, and 
enzymatic digestion of gingival tissues can be performed 
in 2 h, which allows intraoperative seeding and application 
of in situ constructed scaffolds. Moreover, the cross-linked 
PCL/Alg-constructed scaffold in this study is slowly degra-
dable, nanocomposite, synthetic/natural, polymeric com-
plex, and according to Krasilnikova et al. [78], polymeric 
bioresorbable materials can be applied for in situ bone engi-
neering purposes.

Among the limitations of this study is the limited fol-
low-up periods for 7 and 14 days only. Also, the fabricated 
scaffold degradability was tested for 6  weeks. Longer 
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examination periods are required to detect its degradation 
behavior, stability, and biocompatibility in the long term. 
Moreover, there is a lack of comparison between differ-
ent laser irradiation protocols which may have affected the 
results. In addition, the safety and efficacy of repeated LLLT 
exposure is a critical factor that warrants further investiga-
tions. Future in vivo experimental investigations are required 
to ensure the safety of the constructed regenerative complex 
in experimental animal models.

Conclusion

GMSCs are a rich, abundant, and easily accessible source of 
stem cells that possess a high differentiation potential. The 
fabricated PCL-NFs/Alg scaffold showed proper biological, 
physical, chemical, and mechanical characters, as well as 
efficient osteoconductive influence which qualify them to be 
an ideal scaffold for bone regeneration. LLLT has a cellular 
biostimulatory impact enhancing proliferative and osteo-
genic intracellular activities. GMSCs-PCL/Alg-LLLT com-
plex can significantly enhance cellular proliferation, osteo-
blastic differentiation, and tissue mineralization through the 
upregulation of different osteogenic genes. Therefore, this 
cell/scaffold/LLLT triad can represent a promising choice 
for bone tissue engineering that needs to be further tested 
experimentally and clinically.
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