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Abstract

Purpose The purpose of this study is to evaluate the influence of photobiomodulation therapy on the regenerative potential
of non-vital mature permanent teeth of healthy Canine dogs.

Methods 54 mature roots, obtained from 27 premolars, in dogs, were selected and divided into three equal groups where
Group I received regenerative endodontic procedures (REPs) using blood clot as a scaffold (positive control), Group II
received similar treatment as Group I, followed by photobiomodulation therapy (study group) and Group III did not receive
any intervention (negative control). Each group was further divided into three equal subgroups for the evaluation of the
vascular area percentage and fibroblast count at 3 different intervals; 3, 10, and 15 weeks. Statistical analysis was performed
with R statistical analysis software version 4.1.3

Results Data analysis for vascular area percentages, revealed an insignificant increase in mean values at 3 and 10 weeks for
both the positive control and study group, and all values were significantly lower than the negative control (p <0.001). At
15 weeks, there was an insignificant difference between the study group and the negative control group, with mean values
was 9.76 +2.25, and 11.97 +2.37, respectively. However, both values were significantly higher than the positive control
group (2.47+1.0), (p <0.001).

Regarding fibroblast count, there was a gradual increase in mean values recorded at different intervals, reaching its maximum
at the 15th week period; they were 41.40+1.14, 56.60+6.11 and 44.67 + 17.04 for positive control, study group, and negative
control respectively, with insignificant differences between the study group and negative control.

Conclusion The results of this study support the revascularization of non-vital mature permanent teeth as an alternative treat-
ment modality. Photobiomodulation could improve the construction of regenerated blood vessels and fibroblasts. However,
further studies with longer flow-up periods and different animal models are recommended.

Keywords Blood clot scaffold - Double antibiotic paste - Mature dog teeth - Photobiomodulation therapy - Regenerative
endodontic procedures - Animal models

Abbreviations

PBM Photobiomodulation

MTA Mineral trioxide aggregates

EDTA  Ethylene diamine tetraacetic acid

>4 N. M. A. Khattab NaOCl  Sodium hypochlorite
nagwakhattab @dent.asu.edu.eg MSC Mesenchymal stem cells

S.F. Khattab CEJ Cementoenamel junction
Drs_fathy @yahoo.com GI Glass ionomer
i‘ F. ?hogaa d H&E  Hematoxylin and eosin
aser mu.edu.c ..
_ & SD Standard deviation
E. A. E. Abdelaziz SCAPs  Stem cells of apical papilla

Enasalaaeldin @yahoo.com . .
Y REPs  Regenerative endodontic procedures

Ministry of Interior, Cairo, Egypt
Faculty of Dentistry, Minia University, El Minia, Egypt
Faculty of Dentistry, Ain Shams University, Cairo, Egypt

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s40368-025-01000-1&domain=pdf

494

European Archives of Paediatric Dentistry (2025) 26:493-505

Introduction

Conventional endodontic treatment has been the primary
choice for treating traumatised and infected; nonvital
permanent teeth for a long time. However, this treatment
has been associated with several complications like
broken instruments, perforations, over or under-filing,
increased risk of tooth fracture during mechanical
preparation, as well as failures resulting from the residual
microorganisms’ colonies that sometimes do not respond
to disinfection protocols (Goldberg 2016; Bhuva and
Ikram 2020).

Even in cases following the highest technical
standards, sometimes failures occur due to microbial
factors, comprising extra-radicular and intra-radicular
infection, and intrinsic and extrinsic non-microbial
factors (Borisova-Papancheva et al. 2022). The current
conventional endodontic treatment is based on the concept
of sealing disinfected root canals with as little residual
space as possible to minimise bacterial recolonization
(Al-Nazhan et al. 2014); however, space elimination
for nanometer-sized bacteria by gutta-percha is nearly
impossible to achieve. If the dental pulp is regenerated,
natural killer cells, lymphocytes, and macrophages may
be restored. This creates an innate immune system in the
regenerated teeth and becomes structurally more resistant
to fracture than endodontically treated teeth (Saghiri et al.
2015).

The Regenerative Endodontic Procedure (REP) has
been introduced in the treatment of necrotic immature
permanent teeth by creating a bacteria-free environment
and introducing stem cells, scaffolds, growth factors, and
tight coronal seal. Such therapy has shown satisfactory
success rates thus encouraging researchers to evaluate its
applicability in the treatment of necrotic mature permanent
teeth (Laureys et al. 2013; Chrepa et al. 2015). This
treatment circumvents the weakening of the dentine walls
by avoiding the step of shaping of dentine root walls. It
also eliminates the use of artificial biocompatible filling
material which can evoke foreign body reactions that could
lead to the persistence of periradicular lesions (Karamifar
et al. 2020).

It is worth mentioning that, the idea of regeneration
in mature permanent teeth has been supported by the
possibility of releasing growth factors from dentine walls
by Ethylene Diamine Tetra Acetic acid (EDTA) irrigation
during the disinfection process (Farhad et al. 2022), and
that, some studies have suggested the possibility of tissue
regeneration without scaffold (Syed-Picard et al. 2014;
Dissanayaka et al. 2015). Also, histological studies have
proven that apical foramen as small as 0.32 mm did not
prevent the ingrowth of new tissues (Laureys et al. 2013;
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Saoud et al. 2016). Moreover, stem cells, and scaffolds
which are essential elements for regeneration can be
obtained from provoked bleeding. Such bleeding is
induced in the canal space by mechanical stimulation of
periapical tissues. Cellular expansion could be allowed
through growth factors which may be obtained from
platelets in blood clots (Alghofaily et al. 2022).

Although previous systematic reviews have shown high
clinical success rates after REPs, (Torabinejad et al. 2017,
Tong et al. 2017; Kahler et al. 2017) their meta-analyses
showed lower radiographic success rates (Tong et al. 2017,
He et al. 2017). There are some restrictions concerning REPs
related to the number of stem cells that migrate into the root
canal system, their proliferation, and survival capabilities
that could be threatened in such procedures (Lovelace et al.
2011).

So, Photobiomodulation therapy (PBM) has been
proposed to improve the process of tissue regeneration
in REPs (Zaccara et al. 2019). PBM is defined as a form
of light therapy that utilises non-ionising light sources
in the visible and infrared spectrum. Such therapy is
considered a non-thermal process involving endogenous
chromophores producing photophysical and photochemical
actions at various biological scales. It encourages
biostimulation effects on different cell types by improving
the environmental situations compensating oxidative stress
and increasing blood flow to implanted stem cells to enhance
their survival rate and avoid their early death (Zaccara et al.
2019; Alnagar et al. 2019).

PBM provides enhancement of cellular metabolism
through activation of the cellular respiratory chain of
mitochondria allowing changes in redox properties through
a primary molecular process that involves a measurable
biological effect at the cellular level followed by secondary
reactions by cellular signalling and amplification chain
occurring in cell cytoplasm, membrane, and nucleus,
(Hamblin 2017).

There are five hypotheses tried to clarify the PBM
mechanism of action but all of them lead to a similar
result. The first hypothesis is the singlet-oxygen
hypothesis which suggests that some respiratory-chain
components can be reversibly converted to photosensitizer
that when photoactivated leads to the generation of
singlet oxygen which leads to stimulation of the RNA
and the DNA synthesis. The next hypothesis is the redox
properties alteration hypothesis which supposes that the
photoexcitation of the cytochrome c-oxidase molecule
influences its redox state and consequently the rate
of electron flow in the molecule. The NO hypothesis
hypothesised that laser irradiation and activation of
electron flow in the molecule of cytochrome c-oxidase
could reverse the partial inhibition of the catalytic
centre by NO and in this way increase the oxygen
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binding and respiration rate. The fourth one superoxide
anione hypothesis which depends on the activation of
the respiratory chain that increases the production of
superoxide anions, and the last one is the transient local
heating hypothesis that causes structural changes by local
transient rise in temperature of absorbing molecules.
(Cronshaw and Mylona 2023).

The development of lasers and their benefits in
medical field offered promising ways that can overcome
the limitations of REPs and could provide exciting
achievements (Arapostathis et al. 2023). For example, the
use of Photodynamic Therapy (PDT), which was suggested
as a promising effective adjunct to standard antimicrobial
intracanal cleaning and shaping, led to a reduction of up
to 99% in colony-forming unit counts particularly for
teeth undergoing one-session endodontic treatment (Johns
et al. 2014). Also, several studies have shown that PBMT
can improve cell migration, growth, and proliferation,
increase cell metabolism, as well as, improving the
synthesis of growth factors, which, in turn, will enhance
cell differentiation (Peng et al. 2017; Marques et al. 2017;
Diniz et al. 2018).

Regarding the mechanism of activity following PBM
therapy, PBM was found to activate redox reactions, which
increase the cell-matrix attachment, which has a role
in the regulation of gene transcription, so regulates the
process of cell growth, differentiation, and morphogenesis.
PBM stimulates basic fibroblast growth factor production
to support fibroblast proliferation, differentiation, and
maturation. PBM has proved to increase the expression
of vascular endothelial growth factor, synthesis, and
production of angiogenic factors by T-lymphocytes
which play a role in angiogenesis which is the essential
component of normal development, tissue repair, and
regeneration, through their lymphokines that regulate
different functions of endothelial cells which form
capillaries and line other vessels of microcirculatory bed.
In addition, PBM has proved to be a potent dilator of the
arterioles, causing a marked increase in blood flow in
microvascular bed, and an increased degree of oxygenation
of erythrocytes which supports its benefits in regenerative
endodontics. (Dipalma et al. 2023).

Despite the increased interest in studying the effect of
REPs using blood clots as a scaffold in mature permanent
teeth, data about the effects of PBMT as an associated
treatment to REPs is insufficient. Considering the positive
effect of Photobiomodulation on dental pulp regeneration,
the current study was designed to evaluate the influence of
photobiomodulation therapy on the regenerative potential
of non-vital mature permanent teeth in dogs. The null
hypothesis was that no statistically significant difference
would be found between the tested groups in terms of
vascular area percentage and fibroblast count.

Materials and methods

The Scientific Research Ethical Committee of the Faculty
of Dentistry, Minia University evaluated and approved
the experimental proposal of the current study for the
animal experiments guidelines and regulations (reference
number 264/2019). All procedures were carried out
in accordance with NC3Rs (National Centre for the
Replacement Refinement and Reduction) of Animals in
Research guidelines and regulations. All procedures were
reported in accordance with ARRIVE guidelines of animal
experiments and revised with PRIASE 2021 guidelines for
reporting animal studies in Endodontology.

Sample size

Sample-size calculation was performed by a power
analysis that was designed to have adequate power to
apply a statistical test of the null hypothesis that there
is no difference would be found between different tested
groups. By adopting an alpha level of (0.05) a beta of (0.2)
i.e. power =80% and an effect size (f) of (0.435) calculated
based on the results of a previous study (Fahmy et al.
2017), the predicted sample size (n) was a total of (54)
samples. Sample-size calculation was performed using
G*Power version 3.1.9.7 (Faul et al. 2007).

Specimen randomisation and allocation

A total of 27 multi premolars (54 mature roots) were
selected from 3 mixed breed canine male dogs about
10-12 months old with weights between 12 and 15 kg.
Samples were randomly allocated by an independent
investigator (NMAK) using a closed sealed envelope into
three equal groups (9 premolars; 18 roots/each) according
to the treatment protocol. One side in each dog was
allocated to the photobiomodulation group (either upper
or lower), whereas the other side was allocated randomly
amongst the other two groups.

Grouping: Group I (positive control group), was
treated with regeneration procedures using a blood clot
as a scaffold, Group II (study group), was treated with
the same regenerative protocol as Group I, then subjected
to photobiomodulation therapy, Group III (negative
control group), no intervention has been made and used
for evaluation of normal dog’s pulp to be compared with
regenerated pulp.

Each group was subdivided into three subgroups (n=06
roots per subgroup) according to the evaluation periods,
which were Subgroup A: 3 weeks, Subgroup B: 10 weeks,
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Sample size calculated by G*power = (54 roots)
divided according to treatment protocol into:
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Fig. 1 Flowchart illustrating group distribution according to the treatment protocols and evaluation periods for dogs’ teeth

and Subgroup C: 15 weeks. The study groups and sub-
groups are illustrated in Fig. 1

Animal care

Following the National Centre for the three Rs (Replacement
Refinement and Reduction) of animals in research and the
Canadian Council regulations of animal care, the selected
dogs were housed in separate cages located in a room
provided with artificial light to offer a stimulated cycle
of day and night. The cages were parasite-free, air-dried
ventilated, away from the noise and humanoid inhabitation,
and had fresh water and a balanced soft diet (Fenwick et al.
2011). They were given 5-way vaccine and booster doses
for rabies. The weight of the selected dogs was preserved
between 12 and 15 kg (Fahmy et al. 2017).

Experimental procedures: were carried out at the
Veterinary Unit, General Organization for Veterinary
Services. Anaesthesia for dogs was induced intravenously
with Xylaject 2% (1.1 mg/kg) intramuscular, Atropine
sulphate (0.1 mg/kg) subcutaneous, Thiopental Sodium 2.5%
(25 mg/kg) intravenous, and Ketamine Hcl 10% (15 mg/
kg) intramuscular. This was followed by Dexamethasone
(0.5 mg/kg) and Metacam (2 mg/kg) intramuscular every
24 h for three days following the procedures (Fahmy et al.
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2017). Periapical radiographs were used for apical closure
confirmation.

Access cavities in the selected teeth in groups I and II
were performed using round burs at high speed with water
coolant, then by using a size 40 sterile file, the pulp was
disturbed. Part of the supra-gingival plaque was collected
and mixed with saline then inserted into pulp chambers by
a sterile sponge saturated by the plaque suspension (Tawfik
et al. 2013). After 1-month, the periapical radiograph was
used to confirm the periapical lesion development.

Procedural steps
Disinfection step

After 1 month, teeth surfaces were wiped with 0.12%
chlorhexidine (Hexitol; Arab Drug Company, Cairo,
Egypt) for disinfection and then isolated using cotton
rolls, the previously selected teeth were re-accessed, and
apical cementum was penetrated with #15 K-file then
instrumented up to #60 K-file after electronic working length
determination (Root ZX II; J. Morita, Kyoto, Japan). Final
irrigation was performed by normal saline, 1.5% sodium
hypochlorite (NaOCl) (Clorox Co, 10th of Ramadan, Egypt)
(20 mL/canal for 5 min), and 17% ethylene diamine tetra
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acetic acid (EDTA) (PREVEST, DenPro. Jammu, India)
(20 mL/canal) (Fahmy et al. 2017).

Equal portions of powdered ciprofloxacin (Ciprocin
500 mg; EPICO, Cairo, Egypt) and metronidazole (Flagel
500 mg; Aventis, Cairo, Egypt) were mixed with propylene
glycol vehicle to a concentration of 1 mg/mL, to form
Di-antibiotic paste, then applied up to cementoenamel
junction (CEJ) in positive control group and study group
for 1-month. Access cavities were sealed with glass ionomer
cement (NOVA Glass-F; IMICRYL, Konya/ Turkey). After
1-month radiographic verification of periapical healing was
performed (Endodontist 2016).

Revascularization step

Revascularization procedures were performed after 1-month
according to American Association of Endodontists (AAE)
guidelines, 2018. In the positive control group and study
group, Di-antibiotic paste was copiously flushed from canals
with 1.5% NaOCl, 20 ml of 17% EDTA solution (5 min/
canal), and normal saline then dried with sterile paper
points (Dia Dent, Chung Cheongbuk-do, Korea). Sterile
hand files size #20—#35 K-files were used to apices over-
instrumentation to allow blood flow to CEJ. Orifices were
sealed with Mineral Trioxide Aggregates (MTA) (Rootdent,
Tehno Dent, Russia), followed by a coronal seal with glass
ionomer (Endodontist 2016).

Then the regenerative procedures in the study group were
followed by photobiomodulation therapy on the apical root
areas of the buccal and lingual surfaces at 48-h intervals for
2 weeks (6 sessions). Photobiomodulation was done by a
diode semiconductor laser with 810-nm wavelength, Gal-
lium- Aluminium —Arsenide laser (eleixxon_Claros_Pico,
Germany), and output power of 300 mW. The laser beam
was delivered with a biostimulation tip of 0.6 cm diameter

in contact with the tissues, and the teeth were irradiated
with a continuous wave emission of the laser for 4 s, energy
(E)=2.7J and energy density of each application was 4 J/
cm? (Fekrazad et al. 2015). Fig. 2

All the teeth were monitored following therapy and the
animals were sacrificed at different intervals (3 weeks,
10 weeks, and 15 weeks) and tissues were collected for
histological evaluation.

Sample preparation and histological evaluation

At each follow-up period, the animals were euthanized by an
overdose of thiopental sodium 2 gm in 10 ml distilled water
injected intravenously. The jaws were immediately dissected
and the teeth with their surrounding structures were
removed. Specimens were fixed in 4% paraformaldehyde
(Formical, Decal Chemical Corporation, Congers, NY)
for two days, then washed under tap water overnight, then
decalcified in 10% EDTA (pH =7.5) for three months, then
embedded in paraffin for further preparation (Fahmy et al.
2017).

Each root was taken as an independent sample for
histological evaluation. Sections were stained with
hematoxylin and eosin (H&E) (Pascoe & Gatehouse
1986) and examined by the image analyzer computer
system using the software Leica Qwin 500 (Germany) at
Centre of Research and Dental Requirements, Faculty
of Dentistry, Cairo University. The image analyzer was
calibrated automatically to change the measurement units
(pixels) into actual micrometre units. Neo-formed tissues
were characterised by two blinded calibrated examiners.
The vascular area per cent was measured in a measuring
frame of 1,920,000 pixels, where five different fields for each
subgroup slide were measured using a magnification (X400).

Fig.2 Access cavities (A),
Blood clotting (B), Photo-
biomodulation therapy at the
buccal side (C), And Photo-
biomodulation therapy at the
lingual side (D)
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Areas of the neovasculature staining were selected then
the computer system converted the picture into a red binary
colour that could be measured. The vascular area percentage
was calculated for each field. Mean values of area per cent
were obtained for each group for statistical evaluation.
Fibroblasts were counted using the same software (the colour
code threshold for nuclei of fibroblast cells was adjusted to
exclude other undesired cells such as endothelial cells).

The variables (neovasculature and fibroblasts) were
assessed using an image software by choosing the cell
count for fibroblasts and measuring the surface area for new
vessels. The software considered all the vessels in measuring
surface area as we aimed to measure the revascularization
of tissue involving measuring both blood and lymphatic
vessels. Fibroblasts were identified based on their size,
morphologies (spindle-shaped with a flat and oval nucleus),
and their basophilic cytoplasm quite a lot of purplish blue
staining with H&E stain and then were counted after setting
the measurements of the software.

Statistical analysis

Data were checked for normality using Shapiro—Wilk’s test.
They were found to be normally distributed. Numerical data
were presented as mean and standard deviation (SD) values
and were analysed using repeated measure ANOVA for
intergroup comparisons and repeated measures ANOVA
followed by Bonferroni post hoc test for intragroup
comparisons. The significance level was set at p <0.05.
Statistical analysis was performed with R statistical analysis
software version 4.1.3 for Windows (R Core Team (2022).

Results

Histological evaluation of the slides of the collected samples
revealed that:

At different intervals of evaluation periods, samples of
the negative control group showed normal pulp composed of
loose connective tissue containing vessels, collagen fibres,
fibroblasts, and odontoblasts (H&E X 200um).

At 3 weeks evaluation period, for positive control
group, the photomicrograph showed less organised tissue
formed of fibroblasts, collagen fibres, and vessels between
homogenous dentine (X 50 um), as for the study group, the
photomicrograph showed formation of a more organised
pulp-like tissue than the positive control group; containing
vessels, fibroblasts, and collagen fibres between homogenous
dentine (H&E X 20 um).

In the 10th week of the evaluation period, the composed
tissue was more organised and started to regenerate showing
the formation of loose pulp-like tissue formed of vessels
that were larger and dilated, and endothelial cells, and tissue
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were connected. Also, fibres were prominent in the study
group (H&E X 20 um). For the positive control group, the
photomicrograph showed the formation of pulp-like tissue
between two dentinal walls formed of vessels, fibroblasts,
and collagen fibres (H&E X100 um).

During 15 week evaluation period, the composed tissue
was more organised, with numerous dilated vessels that were
close to each other numerous fibroblasts, odontoblasts, col-
lagen fibres, and newly formed circular capillaries, and an
abundance of cells and vascularization between homogenous
dentine (H&E X 50 um). For the positive control group, the
photomicrograph showed the formation of fibroblasts, col-
lagen fibres, vessels, and homogenous dentine (H&E X 100
um). (Figs. 3, 4).

Vascular area percentage

At 3 weeks, there was an insignificant increase for the
positive control group and the study group, with mean
values, were 1.18 +£0.50 and 1.68 +0.41 respectively,
however, both groups were significantly lower than the
negative control group (10.97 +3.07), (»p <0.001).

At 10 weeks, there was an insignificant increase for the
positive control group and the study group, with mean
values, were 1.29+0.42 and 4.21 +£0.55, respectively,
however, both groups were significantly lower than the
negative control group (11.79 +2.30) with p-value <0.001.

At 15 weeks, there was an insignificant difference
between the study group and the negative control group, with
mean values was 9.76 +2.25 and 11.97 +2.37, respectively.
However, both values were significantly higher than the
positive control group (2.47 +1.0), (p <0.001).

e For the positive control group, there was no statistically
significant difference between the mean values at
different intervals (p =0.112). The highest mean value
was recorded at 15 weeks (2.47 +1.00)

e For the study group, there was a significant difference
between the mean values at different intervals (p <0.001).
The highest value was recorded at 15 weeks (9.76 +£2.25)

e For the negative control group, there was no significant
difference between the mean values at different intervals.
(p<0.05). (Table 1)

There was a significantly lower mean of vascular area
percentages in positive control and study groups compared
to negative control groups at 3 weeks.

Fibroblasts count
At 3 weeks, there were insignificant differences in the

study group and negative control group, where the mean
values were 47.60 +11.28 and 43.98 + 17.69, respectively.
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Fig.3 Photomicrograph showing A In-growth of loose connective
tissue at the 3-week assessment of the study group. B Organization
of the tissue and appearance of fibroblasts and narrow newly formed
vascular capillaries at the 10-week assessment of the study group.
C: Maturation of the tissue to show fibroblasts and numerous well-
formed vascular capillaries at the 15-week assessment of the study
group. D Dentin, V vascular area, CT connective tissue (H&E, 400X)

However, both values were significantly higher (p =0.005)
than the positive control group (20.80 +2.28).

At 10 weeks, there were no significant differences
between different groups, where the mean values were
48.40+5.50, 44.64 +17.05 and 35.80 +5.07 for the study
group, the negative control group, and the positive control
group, respectively (p=0.126).

Fig.4 Photomicrograph showing A formation of granulation tissue
devoid of pulp characteristics at the 3-week assessment of the posi-
tive control group. B 10-week assessment of positive control group.
C 15-week assessment of positive control group. (H&E, 400X)

At 15 weeks, there were insignificant differences for
the positive control group and the negative control group,
where the mean values were 41.40+1.14 and 44.67 +17.04,
respectively. However, both values were significantly lower
than the study group (56.60 +6.11) (p =0.047).

e For the positive control group, there was a significant
difference between the mean values measured at differ-
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Table1 Mean and standard deviation (SD) values of vascular area
percentage amongst studied groups

Interval  Area percentage (mean + SD) p value
Positive Study Negative
control control
3weeks 1.18+0.50%"  1.68+0.41%° 10.97+3.07% <0.001*
10 weeks 1.29+0.425% 42140555 11.79+2.30% <0.001*
15 weeks 2.47+1.00%  9.76+2.25% 11.97+2.37% <0.001*
pvalue  0.112ns <0.001%* >0.05ns

Intergroup comparisons were done using one way ANOVA, while
intragroup comparisons were made using Repeated measure
ANOVA. Means with different upper and lowercase superscript
letters within the same horizontal row and vertical column
respectively are significantly different

ns non-significant (p > 0.05)

*significant (p <0.05), One way ANOVA. **significant (p <0.05),
repeated measure ANOVA.

ent intervals (p <0.001). The highest mean value was
measured at 15 weeks (41.40+1.14).

e For the study group, there was no significant difference
between mean values measured at different intervals
(p=0.191), with the highest mean value recorded at 15
weeks (56.60+6.11).

e Whilst the negative control group showed an insignificant
difference between the mean values at different intervals
(p <0.05). (Table 2)

Discussion

Although clinical REPs have been centred on immature
necrotic teeth since they are expected to have a more promi-
nent possibility of pulp tissue regeneration, regenerative
endodontic therapy in mature permanent teeth was supported
by many studies as a practical treatment choice in mature

permanent teeth with non-vital pulp and periapical pathosis
(Arslan et al. 2019; El-Kateb et al. 2020; Glynis et al. 2021).

Also, in a recent histological study by Arslan et al. 2019,
it was revealed that there is ingrowth of vital tissue inside
the root canal system after REPs in mature permanent teeth
and the structure of regenerated tissue was a mixture of a
bone-like substance and fibrous connective tissue combined
with vascular-like tissue, that are comparable to those
recognised inside the root canals of immature teeth after
REPs). Moreover, case reports of REPs in mature permanent
teeth have presented promising outcomes in the resolution
of signs and symptoms of periapical periodontitis (Saoud
et al. 2016, 2014). Therefore mature permanent teeth were
selected for the present study.

Dogs were selected as the animal model; since they
have been presented as a proper model for experimental
endodontics as they have large enough sized teeth, making
endodontic treatments easier. In addition, dogs have dental
tissue structures, healthy and diseased states, and apical
repair comparable with humans, allowing the reproduction
of near-to-real clinical situations. This happens in a
shorter duration (average of 1/6 of humans) due to their
faster growth rate (Katie Grzyb 2019). For such reasons,
they are one of the most frequently used animal species in
regenerative endodontics. Moreover, the premolar teeth
were chosen due to their similarity to human molars. The
selected dogs were 10-12 months old as the root apices
of the premolar teeth were completed at 8 months of age
(Nokhbatolfoghahaei et al. 2019).

Induction of periapical infection was done in positive
control and study groups and confirmed with radiographic
examination to simulate clinical conditions. The negative
control group was not infected or received any intervention
to avoid animal suffering during the evaluation period and to
allow evaluation of normal dog’s pulp to be compared with
regenerated pulp.

During REPs, 1.5% NaOCI for 5 min was used for root
canal irrigation using an irrigating needle with a closed
end and side vents positioned about 1 mm coronally from

Table 2 Mean and standard

o Interval Fibroblasts count(mean + SD) p value

deviation (SD) values of

fibroblast count amongst studied Positive control Study Negative control

groups at different intervals
3 weeks 20.80+2.285¢ 47.60+11.284 43.98 4 17.694% 0.005*
10 weeks 35.80+5.074° 48.40+5.504% 44.64 4 17.054% 0.126ns
15 weeks 41.40+1.1452 56.60+6.114% 44.67 4 17.044B2 0.047%
p value <0.001%* 0.191ns >0.05ns

Intergroup comparisons were done using one way ANOVA, while intragroup comparisons were made
using Repeated measure ANOVA.Means with different upper and lowercase superscript letters within the
same horizontal row and vertical column, respectively are significantly different

ns non-significant (p >0.05)

*significant (p <0.05), One way ANOVA. **significant (p <0.05), repeated measure ANOVA.

@ Springer



European Archives of Paediatric Dentistry (2025) 26:493-505

501

the root end to minimise cytotoxicity to the stem cells in
the apical tissues (Endodontist, 2016). 17% EDTA (1 mL/
canal, 1 min) irrigant was used as it stimulates the release of
growth factors contained in the dentine matrix (Galler et al.
2015). Finally, all access cavities were sealed with Glass
Tonomer (GI) as it has long-term sealing ability due to its
electrochemical bonding ability to tooth structure (Sampath-
kumar et al. 2013).

A diode laser (810 nm) was selected for application in the
study group in an attempt to find a supplementary technique
that could enhance the biological functions of stem cells in
the formed blood clot and structure of regenerated tissue in
REPs that could lead to favourable outcomes, in addition, it
is a portable and inexpensive device. An energy density of
24 J/cm? was recommended from previous studies when
used directly on teeth or indirectly above the apex (Paschoal
and Santos-Pinto 2012 Sep 1; Toomarian et al. 2012). Also,
4 J/cm2 energy density for 48-h intervals was suggested to
prevent the accumulated dose of photobiomodulation which
can result in the bio-inhibition range (Fekrazad et al. 2015).

Also, a Diode laser with an infrared wavelength
(700-1000 nm) is preferred to treat deeper tissues as
red wavelengths penetrate 0.5 to 1 mm only but near-
infrared energy penetrates 2 mm before losing 37% of its
intensity (Padalkar and Pleshko 2015). Also, it can pass the
surrounding tissues of the teeth and reach dental pulp cells,
in addition, the energy of such lasers has a low absorption
coefficient in haemoglobin and water (Rathod et al. 2022).
Moreover, the optical probe was applied in close contact
with the tissues to minimise light reflection from the surface
of the tissue and increase the number of light photons that
penetrate the tissues to reach the target tissue (Ng et al.
2018).

In addition, studies have shown that PBMT can improve
cell migration, raise cell metabolism, and support the
synthesis of growth factors, which, in turn, will enhance
cell differentiation, and proliferation (Peng et al. 2017,
Marques et al. 2017; Diniz et al. 2018) and could accelerate
dentine regeneration after pulp exposure and improve dent
alveolar-derived mesenchymal stem cells viability and
proliferation, so it can enhance the endodontic regeneration
process (Zaccara et al. 2019). Therefore, we suggested that
a combination of PBMT with a blood clot scaffold could
improve the regenerative procedures.

Histological assessment of the collected samples slides
showed a more organised structure of the regenerated tissue
at different intervals in the study group than the positive
control group, in addition, the statistical analysis of the
data regarding the vascular area percentage and fibroblasts
count revealed higher mean values in the study group than
positive control group. These findings could be attributed
to the effect of PBMT which improves the environmental
situations that enhance the survival rate of stem cells and

prevent their premature death (Peng et al. 2017; Marques
et al. 2017; Diniz et al. 2018).

Although the blood clot scaffold that is rich in stem cells
was formed in the root canal in the same way in both the
positive control group and the study group, the differences in
the results may be related to the survival, and differentiation
capacity of such cells. It has been suggested that such cells
maintain their viability long enough after exposure to PBMT
to allow tissue formation. Similar to the study observations,
Tuby et al. 2011 discussed comparable findings in their
research on the infarcted rat hearts, which revealed that
although the number of stem cells in the infarcted area
was elevated owing to homing of bone marrow stem cells
into the infarcted area but the heart scarring progression
was not decreased. Only rats whose bone marrow was
exposed to laser irradiation had a prominent reduction in
the size of their infarcted area. The stem cells were much
more proliferative in irradiated bone marrow than the non-
irradiated bone marrow.

Evaluating the tissue formed inside the root canals of
the study group of the present study, revealed dental pulp-
like characteristics in view of the formation of dilated
new vessels, numerous fibroblasts, collagen fibres, and
newly formed circular capillaries, and few odontoblasts.
Such tissue has a quality that differs from those formed in
other studies that were more comparable to bone or dental
cement or osteoid tissue than to dental pulp-like structure
(Torabinejad et al. 2014; Wang et al. 2015; Minic et al.
2022)*"4°_ However, our findings are comparable to those
reported by Moreira et al. 2017 who revealed that blood clot
scaffold combined with PBMT protocol resulted in a dental
pulp-like tissue with vessels, odontoblast-like cell layer, and
perivascular SCs.

On the other hand, these results were inconsistent with
the study conducted by Fahmy et al. 2017 which revealed
reduced cellular viability and vascular abundance. This
difference could be attributed to their use of rapidly
degrading collagen scaffolds in revascularization procedures.
Further to this, collagen’s physical state had a dramatic effect
on the degradation rate and provoked a different foreign
body reaction. It could also be due to the combined therapy
of PBM to REPs in our study.

Applying PBM therapy was suggested to prevent
premature cell death. This could be partially related to a
prominent increase in ATP, ROS content, angiogenesis,
heat shock proteins, and inducible nitric oxide (NO)
synthase (Rahmati et al. 2022). These biological effects
of PBM therapy led us to apply this treatment to maintain
the viability of stem cells present in a blood clot. Thus,
one possible explanation for the dental pulp-like tissue
regeneration in this study is the influence of PBM
therapy, which allowed the stem cells to survive long
enough to be affected by the growth factors in the blood
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clot released from the root canal walls. Other possible
factors contributing to tissue regeneration are the vascular
endothelial growth factor, expressed by different cell types
and acts on the regulation of intercellular signals, and the
process of angiogenesis, the formation of new vessels from
pre-existing vessels (Grando Mattuella et al. 2007).

Supporting the present study findings, Arany et al. 2014
demonstrated that the use of PBMT stimulates endogenous
bioactive factors that guide the differentiation of host
stem cells to encourage the partially removed dental pulp
regeneration process.

Recently, fibroblasts gained importance in pulp repair
because they release growth factors that differentiate
and direct stem cells to the injury site in addition to
odontoblasts and pulp stem cells, pulp fibroblasts should
be considered as a central cell that represents a real target
in strategies to induce the dentin-pulp regeneration process
(Jeanneau et al. 2017; Sequeira et al. 2021; Li et al. 2024).
In our study, the mean values for fibroblast count were
significantly higher in the study group than the positive
control, and comparable to negative control at the 15th
week period (p > 0.05) suggesting a possible increase at
longer follow-up intervals. Jeanneau et al. 2017, reported
insignificant differences in fibroblast proliferation and
viability positive control group and negative control
group. However, both groups were significantly lower
than the study group, they observed an abundance of
fibroblasts in the study group. This difference would be
due to the energy density PBMT. An energy destiny of
4 J/cm?2 was utilised in the present study which presented
significantly higher values of cellular proliferation in view
of vascularity and fibroblast proliferation. Also, PBMT
influenced primary photochemical and photophysical
events on the mitochondria leading to an increase in
ATP and cell viability due to the change in the redox
state towards oxidation. A secondary PBM effect occurs
due to the modulation of biochemical reactions and
changes in the redox state leading to DNA synthesis and
consequently an increase in cell proliferation (AlGhamdi
et al. 2012). This is supported by Bergamo et al. 2021, who
revealed that energy densities between 2.5 and 6.2 J/cm?2
exhibited greater viability and proliferation of human-pulp
fibroblasts.

Results of the current study are in agreement with other
studies which revealed that the histological examination of
human primary fibroblasts proliferation and viability when
exposed to higher powers density of lasers at shorter time
exhibit greater viability and gives the assumption that this
laser application dosimetry is better for in vitro cell growth
(Eduardo et al. 2008; Marques et al. 2017). One explana-
tion could be the transient heating of the chromophores
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that might occur during longer periods and would trigger
enzyme inhibition (Marques et al. 2017; Karu 2008).

Therefore, the main results showed that PBM therapy
supports REPs in non-vital mature permanent teeth, and thus
the authors of the current study rejected the null hypothesis.

The present study is one of few studies that investigated
the effect of PBMT on the regeneration process of non-vital
mature permanent teeth and the nature of regenerated tissues,
and it would provide a promising and relevant strategy on
how non-thermal and non-invasive photobiomodulation
treatment impacts the capability of non-vital mature
permanent teeth to regenerate or revitalise. The study also
adopted rigorous measures to achieve a maximum level of
standardisation such as the regenerative procedures were
performed by a single investigator, assessment was carried
out by expert blind calibrated assessors and the statistician
was blinded about study groups.

However, some concerns must be taken into account; the
nature of the trial that lacks the typical mimicking of the oral
environment as well as differences in biological response
between animal models and humans, also a possible
biological differences in the regeneration response across
the selected dogs In addition, the difficulties encountered
in creating bleeding in canals of mature permanent teeth.
Moreover, the examination of the longitudinal section of
the pulp was difficult because of the microtone cutting of the
samples. Moreover, fibroblast cells were evaluated based on
their morphology, no cellular labelling or markers were used
which cannot ascertain that the counted cells were purely
fibroblasts due to their morphological similarity to other cell

types.

Conclusions

Within the limitations of the current study and according to
the results, the following may be concluded:

e Revascularization of non-vital mature permanent teeth
can be a successful alternative treatment modality for
regaining vascularity.

e PBM after blood clot revascularization was found to be
an effective way to improve the structure of regenerated
tissue.

e The positive results recorded by the end of follow-up
interval would suggest future studies with longer
follow periods to understand the long-term process of
regeneration. In addition, further research focussing on
characterising regenerated tissues would be promising
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