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Abstract: Regenerative endodontic procedures (REPs) were used to recover the dental pulp’s vitality in
order to avoid the undesirable outcomes of conventional endodontic treatment and to promote dentinal
formation, especially for immature permanent teeth. Photobiomodulation therapy (PBMT) exhibits
photobiological and photochemical effects for improving the root canal’s environmental conditions by
compensating for oxidative stress and increasing the blood supply to implanted stem cells and improving
their survival. Basic research has revealed that PBMT can modulate human dental pulp stem cells’
(hDPSCs) differentiation, proliferation, and activity, and subsequent tissue activation. However, many
unclear points still remain regarding the mechanisms of action induced by PBMT in REPs. Therefore, in
this review, we present the applications of laser and PBMT irradiation to the procedures of REPs and in
endodontics. In addition, the effects of PBMT on the regenerative processes of hDPSCs are reviewed
from biochemical and cytological perspectives on the basis of the available literature. Furthermore, we
consider the feasibility of treatment in which PBMT irradiation is applied to stem cells, including dental
pulp stem cells, and we discuss research that has reported on its effect.

Keywords: photobiomodulation therapy; low-level laser therapy; regenerative endodontic procedures;
pulp regenerative endodontics; human dental pulp stem cells

1. Introduction

The typical method applied in endodontics is root canal treatment (RCT) to treat irreversibly
inflamed or necrotic pulp tissue that has been damaged by infectious diseases or trauma [1].
However, this approach has several impairments, such as the possibility of reinfection due to
microleakage [2], hypoesthesia, and increased susceptibility to root fracture due to brittleness [3].
To overcome these drawbacks, the purpose of regenerative pulp treatment is to maintain the
vitality of dental pulp [4]. Regenerative pulp treatment is an alternative treatment modality
during continuous tooth root development and root apical closure in the case of immature per-
manent teeth [5]. Traditionally, apexification has been performed to induce apical closure when
the pulp of immature permanent teeth is infected [6], but it cannot maintain pulp vitality [7].
Since the 1960s, regenerative endodontic procedures (REPs) have been proposed to be used in
uninfected, especially traumatic pulp tissue to replace the infected /inflamed pulp tissue with
viable tissue. Nevertheless, REPs have also been successfully used to treat necrotic pulps and
immature apices, with or without apical periodontitis [8,9].

The dental pulp is a neural-crest-derived, highly specialized mesenchymal tissue that
comprises odontoblasts and cells that produce extracellular matrix (ECM). The two updated
strategies for REPs to regenerate dental pulp-like tissues are cell transplantation (cell-based)
and cell homing (cell-free) [1]. The first strategy requires exogenously transplanted stem
cells (SCs) to form the dentin/pulp-like complex in the subcutaneous connective tissue after
transplant of stem cells, including postnatal human dental pulp stem cells (hDPSCs) [10],
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stem cells from human exfoliated deciduous teeth, periodontal ligament stem cells, dental
follicle progenitor stem cells, and stem cells from apical papilla (SCAPs) [11]. The second
strategy uses the host’s endogenous cells originated from the apical papilla to regenerate
tissue, which may be more clinically translatable [1]. hDPSCs have the capacity to dif-
ferentiate into multiple cell types, including odontoblasts, osteoblasts, and chondrocytes,
by expressing specific markers, promoting alkaline phosphatase (ALP) enzyme activity,
and producing precipitated mineralized nodules [12]. Basic research is aiming to establish
more effective regenerative methods for hPDSC transplantation into root canals. Therefore,
to circumvent root canal decontamination problems, maintain the vitality of pulp, and
regenerate pulp-like tissue, researchers are seeking strategies to regenerate pulp-like tissue
through either cell therapy or tissue-engineering methods.

Laser-induced photobiomodulation therapy (PBMT) has been proposed as an adjunctive
therapy with the potential to improve dental pulp tissue regeneration [13]. Notably, Marques
et al. (2016) [14] identified PBMT as “the fourth element of tissue engineering along with
stem cells, scaffolds, and growth factors” because of its benefits properties, which are able to
overcome some drawbacks of tissue engineering. When applied with adequate parameters,
PBMT stimulates cell proliferation and differentiation [15], ATP production [16], mitochondrial
respiration [17], protein synthesis, and bone formation in human periodontal ligament stem
cells, fibroblasts, and odontoblasts [18], which are directly involved in tissue repair [18,19]. It
has also been demonstrated that DPSCs respond positively to laser phototherapy, indicating
that PBMT may be a crucial therapy for tissue engineering associated with stem cells [20]. As
a matter of fact, the possible cell sources for pulp regeneration through cell homing include
DPSCs, SCAPs, and bone marrow stem cells (BMSCs) [21].

The term “PBMT” is used to characterize the various laser/LED light applications
with low-energy densities and is based on photochemical mechanisms where the photo
energy is absorbed by the mitochondrial chromophores and transmitted to respiratory-
chain components [22]. PBMT is activated through an electromagnetic radiation source
and has been demonstrated in many clinical applications to exert anti-inflammatory, anal-
gesic, and trophic-regenerative effects [22,23]. Previous studies have illustrated that in
endodontics, PBMT has been widely accepted for its beneficial effects, such as analgesia,
sterilization/disinfection, reduction of dentin sensitivity, and transpiration of infected
dentin and dentin formation in root canals [24]. The red and near-infrared light emitted by
PBMT is absorbed by the mitochondrial respiratory chain, which is one of the main sources
of reactive oxygen species (ROS), thereby causing the production of ROS, nitric oxide,
adenosine triphosphate (ATP), and cyclic adenosine monophosphate (cAMP) to initiate
stem cell proliferation and induce the signal cascade effect [25]. Lasers, such as diode lasers,
are usually used for PBMT of DPSCs, and the light is absorbed by mitochondria, causing
metabolic changes in the host cells through a cascade of photochemical and photoelectric
reactions, inducing both primary and secondary effects on the irradiated tissue [23].

Despite several basic and clinical studies being conducted on the effects of PBMT in
endodontic treatments, a lack of understanding regarding PBMT’s molecular and cellular
mechanisms in REPs, the interactions that occur after PBMT in the PDSCs, and the contra-
dictory results of previous studies, have made it challenging to obtain a precise mechanism
profile of PBMT. Accordingly, the purpose of the present review is to provide a knowledge
profile by understanding the mechanisms used for cellular modulation of novel adjuvant
treatment strategies in endodontics, specifically REPs, based on laboratory and clinical
studies published until now.

2. The Application of PBMT in Endodontics

PBMT applied with a low-level laser (LLLT) provides endodontists with a non-invasive
and non-thermal method that can be utilized as an adjunct to traditional RCT or as a
therapeutic tool in REPs due to its anti-inflammatory effects, apical cicatrization [26], and
acceleration benefits [27-30]. Commonly used clinical applications, such as direct pulp
capping (DPC), treatment of dentine hypersensitivity, dental analgesia, and reduction of
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postoperative pain after endodontic treatment, have been investigated (Table 1). It is also
an effective diagnostic tool for caries and pulp hyperemia.

Table 1. Current applications of PBMT in endodontics.

PBMT-Induced Anesthesia
Laser-assisted Diagnostics of Initial Caries Lesions and Pulp Status
Laser-based Prevention and Preparation of Enamel Caries
PBMT-assisted Direct Pulp Capping
Decontamination of Root Canal System
Postoperative Pain after Endodontic Treatment
PBMT used in Endodontic Surgery
Tooth/Dentinal Hypersensitivity
Tooth Bleaching
Regenerative Endodontic Procedures

O© O INUL B WN =

—
(=]

2.1. PBMT-Induced Anesthesia

Being a non-invasive method, PBMT is able to produce anesthesia with an estimated
significance of 60-95% [31]. In this regard, PBMT using an 810 nm diode laser (250 mW,
53.3]/cm? per side, 120 s, and continuous mode) achieves good-quality anesthesia during
conventional tooth excavation [32]. In another study, PBMT based on the 2940 nm Er:YAG
laser (60 mJ/point in non-contact mode) was used to achieve an appropriate anesthetic
effect during Er:YAG-assisted cavity preparation of primary teeth [31]. Previous systematic
reviews have shown that the current clinical parameters in this field are inadequate, so it
does not seem feasible to propose a precise treatment protocol.

2.2. Laser-Assisted Diagnostics of Initial Caries Lesions and Pulp Status

Approaches based on light-induced fluorescence or light scattering properties related
to demineralization are laser fluorescence (LF) [33], quantitative light-induced fluorescence
(QLF) [34], and optical coherence tomography (OCT) [34], each of which is regarded as a
useful supplement to the conventional diagnostic tools for caries and has helped improve
the accuracy of caries detection in recent decades.

The LF technique, which is applied using a diode laser at a wavelength of 655 nm, quantifies
the fluorescence intensity of a tooth’s surface and displays it. QLF detects the auto-fluorescence
by irradiating teeth at 405nm. OCT uses a 1300 nm wavelength to detect the light backscattered
from tooth structures for dental caries detection applications. LF and QLF methods can quantify
the severity of demineralization by measuring the fluorescence loss; however, the disadvantage
of these methods is that they cannot measure the internal extension of carious lesions.

The patient will experience severe pain when the laser is used on a tooth with hyper-
emic pulp because laser irradiation increases the local blood flow in the pulp [35].

2.3. Laser-Based Prevention and Preparation of Enamel Caries

Diode lasers containing 810, 830, and 890 nm were used for caries prevention [36]. PBMT
(810 nm, 30 mM, and 90 s) has been shown to increase calcium and phosphate levels [37,38].
PBMT applied at a wavelength of 830 nm suppressed the process of demineralization around
orthodontic brackets on bovine teeth [39] and increased the hardness of the enamel surface [40].

The erbium laser is now also one of the options for cavity preparation, and it causes
minimal invasive damage [41].

2.4. PBMT-Assisted Direct Pulp Capping

PBMT has been proposed to contribute to the outcomes of DCP procedures [42] and
effectively improve the prognosis of DPC for permanent teeth [43], due to its considerable
effects in shortening the inflammatory phase, reducing pain, promoting the process of wound
healing, and stimulating the formation of hard dentin tissue [44,45]. The photo energy that
penetrates into the pulp tissue coagulates the exposed pulp, thereby creating the biological
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basis for forming reparative dentin [12]. However, the findings of these in vitro and animal
studies have shown that proper technique and materials (calcium hydroxide -Ca(OH), and
MTA [46]) in DPC are prioritized over optimization of PBMT [47], and so far, laboratory
results have not been generalized to clinical studies [44,48,49]. Therefore, it is still unclear how
to identify the contribution of a laser’s application to the clinical-outcome improvement in the
irradiated group, and further studies are needed to obtain more accurate results.

2.5. Decontamination of a Root Canal System

Due to infections by multiple and numerous aerobic and anaerobic bacteria, the key
procedure of REPs comprises effective root canal decontamination (disinfection/sterilization).
Decontamination of the root canal system is critical to the success of REPs and is accom-
plished through effective chemical-mechanical preparation, such as ultrasonically activated
NaOCl[50]/EDTA [51] and the use of antibiotics in combination [52]. Aside from the ultrasoni-
cally activated NaOCl in endodontics, laser-assisted elimination of intra-canal microorganisms
can be divided into two mechanisms: debris and smear-layer removal and disinfection of the
root canal [53].

Maximum debris and smear-layer removal effects are achieved when laser light is
used in root canals in conjunction with an appropriate concentration of a NaClO irrigating
solution [53]. Many lasers, such as CO, [54], Nd:YAG [55,56], and erbium family (Er:YAG [57]
and Er,Cr:YSGG [58]) ones have been reported to be used in removing debris and smear layers
from infected canal walls. Er:YAG is the most appropriate laser for this purpose [57,59].

Nd:YAG, Ho:YAG, and Er:YAG lasers eliminated more than 99% of Enterococcus faecalis
(E. faecalis) and Escherichia coli (E. coli) for root-canal disinfection [60]. Schoop et al. (2004)
demonstrated the antibacterial effects of diode, Er:YAG, Er,Cr:YSGG, and Nd:YAG lasers as
being efficacious for dentinal disinfection from E. facaelis and E. coli at varying thicknesses.
Therefore, laser treatment is a convenient adjunct to regular canal disinfection, especially
in combination with chemical-mechanical preparations [61].

The anti-bacterial effects of photodynamic therapy (PDT) [62] on the pulp of human
teeth with periapical and necrotic lesions indicated that it was an appropriate solution
for root-canal disinfections [63]. Photodynamic therapy using a diode laser at 60 J/cm?
and 50 mW plus methylene blue eliminated E. faecalis from root canals to the degrees of
77% [64] and 99% [65]. Photodynamic therapy using diode red light at 30 ] /cm? energy plus
methylene blue reduced 80% of the colonies of Actinomyces israelii, Fusobacterium nucleatum,
Porphyromonas gingivalis, and Prevotella intermedia. Based on available studies [66], PDT
provides endodontists with an antibacterial adjunctive device for RCT [67].

2.6. Postoperative Pain after Endodontic Treatment

Pain results from chemical-mechanical preparations or microbial damage to the pulp
tissue or root apex, and its emergence is significantly higher after RCT [68-70]. This therapeutic
technique, PBMT, makes endodontic treatment more comfortable by applying a preliminary
phase to avoid the use of pharmacological agents for postoperative pain control [71].

PBMT using a 970 nm laser at 0.5 W reduced the postoperative pain after RCT in patients
with symptomatic apical periodontitis [72]. However, another group showed that PBMT
applied by an 808 nm laser with 100 mW of power at 70 J/cm? has limited effects on reducing
the pain associated with root-canal retreatment [68]. Thus, research has indicated that PBMT
can delay the onset of postoperative pain and decrease its severity and duration after an RCT.

The mechanisms of PBMT’s actions in pain reduction are through facilitating the
synthesis of anti-inflammatory prostaglandins (PGEs), immunoglobulins, 3-endorphins,
and lymphokines. Additionally, it decreases the production of pro-inflammatory factors
and pain-related neurotransmitters. As a result, it has been suggested that PBMT could
be useful in relieving pain after RCT or root-canal retreatment. However, due to a limited
number of clinical studies, it is not yet time to formulate an exact clinical protocol; thus,
further studies should be performed to achieve more conclusive results [73].
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2.7. PBMT Used in Endodontic Surgery

Investigations have addressed the importance of PBMT in endodontic surgery with
regard to pain relief, swelling reduction, and soft and hard tissue healing. The diode laser
applied at 3-7.5 ] /cm? showed desirable results of PBMT on pain relief and tissue healing;
however, more clinical studies are needed to obtain further insights. [26,74].

2.8. Tooth/Dentinal Hypersensitivity (DH)

Matsumoto et al. (2018) used a laser to treat DH for the first time, and laser technology
is gradually being recognized as an important method for DH [75].

Up till now, lasers studied for DH treatment address three different mechanisms:
dentin tubal obliteration by high-power density output laser therapy, alteration in the pain
threshold of the pulp’s neural system, and stimulation of reactive dentine formation as a
result of the PBMT effect [76,77]. Clinical studies have shown that PBMT using GaAlAs
(795 or 830 nm) or InGaAIP (660 nm) at 1.8-10 J/cm? significantly reduced DH.

2.9. Tooth Bleaching

PBMT mainly reduces the mild to severe postoperative sensitivity that appears in
most patients after tooth bleaching [78], particularly with the in-office technique [79-81].
Clinical studies suggested that PBMT applied with a diode laser at 12 J/cm? effectively
reduced dental sensitivity after in-clinic bleaching. In vitro studies have investigated the
effect of PBMT on odontoblastic cell responses or the neutralization of gel bleaching.

3. PBMT on Regenerative Endodontic Procedures

The application of lasers in REPs introduces the idea that PBMT induces biostimulatory
effects on stem cells, including promoting stem cell growth, increasing their metabolism,
improving their regeneration, accelerating dentine regeneration after pulp exposure [82,83],
and having effective influences on the viability and differentiation of dentoalveolar-derived
mesenchymal stem cells” viability [84] (Figure 1). Pulp regeneration based on REPs under
PBMT has shown favorable outcomes in several preclinical studies [13,85] and could be a
feasible alternative to cell-homing therapies.
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Figure 1. Scheme of a PBMT-assisted REP. The blood clot containing the stem cells, scaffolding, and
growth factors is irradiated by PBMT to further induce favorable biostimulation.
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3.1. Biological Responses of hRDPSCs to PBMT

The provoked bleeding is stimulated by mechanical forces on periapical tissues, which
offer the essential regenerative elements of stem cells and scaffold to fill the canal space.
These elements release growth factors to allow platelets to form a blood clot and stimulate
cellular expansion [12]. Given that SCAPs with regenerative potential are found near the
root apices in immature necrotic permanent teeth, this, combined with wide-open apices,
facilitates the recruitment of more stem cells to the canal spaces, increasing the success of
the REP modality [86]. Due to the survival and continued potential differentiation of the
SCAPs, REO should be considered as the first choice of treatment for immature teeth with
necrotic pulp [87].

The impact of PBMT on DPSCs has often been evaluated in terms of cell growth,
survival rate, and cellular metabolism [88]. Moreover, the PBMT applied with 5]/cm?
energy density presented the most striking results for maintaining cell viability, improving
the proliferation and differentiation processes [21].

Additionally, upon stabilization of cell homing, the cells secrete the ECM containing
growth factors, which are the third essential element of tissue engineering and thus are
important for dental pulp regeneration. Garrido et al. (2019) showed that ECM secreted
by hDPSCs exhibited a higher level of fibronectin when irradiated to the PBMT [89].
Thus, PBMT seems to help maintain and contribute to the balance of the cell homeostasis
stabilization status.

Lovelace et al. (2011) studied in a rat model with pulp necrosis and an open apex
the effects of PBMT on root development by using cell homing and stem-cell transplanta-
tion [90,91]. They found that daily PBMT irradiations improved the tissue’s response to
apexification and favored apexogenesis, and thus played critical roles in maintaining the
bio-stimulating effect during an REP [21].

Vascular endothelial growth factor regulates intercellular signals, the angiogenesis
process, the formation of new blood vessels, and tissue regeneration [92]. This finding is
supported by the results of Moreira et al. (2017), who reported that a blood-clot scaffold
combined with PBMT resulted in the formation of dental pulp-like tissue with blood vessels,
nerves, odontoblast-like cell layers, and perivascular SCs [13]. The continuous healing
process of the pulp was observed in the presence of a blood clot as a scaffold, and the
healing was accelerated in the PBMT-irradiated group [13].

Recently, SCs exposed to PBMT have demonstrated enhanced cell growth, which
results in the activation of intracellular and extracellular chromophores and the initia-
tion of cellular signaling [25]. Zaccara et al. (2020) showed that PBMT can regulate
histone-acetylation signaling of hDPSCs through increasing the nuclear modifications that
chemically induce histone acetylation on H3 (Lys9), and it can influence gene expression to
increase the hDPSCs’ viability [93]. These results are consistent with studies that demon-
strated that PBMT irradiation of hDPSCs using a 600 nm InGaAIP diode laser or a 635 nm
LED laser was able to promote cell growth and survival, ATP production, and mitochon-
drial metabolic activity [94-96]. Moreover, Ferreira et al. (2019) reported that PBMT at
5]/cm? can help hDPSCs maintain undifferentiated status and replicate for a short-term
period [97].

Regarding the influence of PBMT on the mineralization of hDPSCs, Matsui et al. (2007)
irradiated dental pulp cells in vitro with a diode laser and observed significantly elevated
expression of calcified nodules, higher ALP activity, upregulation of bone morphogenetic
protein (BMP), and upregulation of osteocalcin after 1.0 W irradiation [98-100]. Addition-
ally, PBMT can improve the composition of the extracellular matrix synthesized by the
cell sheets of hDPSCs, facilitating cell transplantation by increasing fibronectin synthesis
induced by PBMT [89].

Divergent results have been obtained based on in vivo and in vitro experiments about
PBMT on regenerative pulp treatment procedures. Pereira et al. (2012) and Theochari-
dou et al. (2017) demonstrated that none of the PBMT protocols improved proliferation or
cell viability rates, nor the relative production levels of mineralized nodules for hDPSCs
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from normal and inflamed dental pulps [101,102], whereas the latter showed that scaf-
fold/DPSCs complexes irradiated by PBMT showed statistically significant increases in
odontogenesis-related markers and ALP enzymic activity [102].

To clearly clarify the mechanisms of PBMT on hDPSCs, basic cytological and histo-
logical studies are needed. Nevertheless, current clinical studies strongly suggest that
PBMT has positive effects on SCs migration, differentiation, proliferation, and cellular
activity (Figure 2).

| Cellular mechanisms

\22enn. PBMT-assisted regenerative endodontic procedures
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Figure 2. The cellular and molecular mechanisms of PBMT irradiation on DPSCs.

3.2. The Favorable Effect of PBMT on Vascularity and Fibroblast Proliferation

PBMT with 4 J/cm? promotes significantly higher cell growth in terms of vascularity
and fibroblast proliferation. Furthermore, PBMT influenced primary photochemical and
photophysical activities in the mitochondria, resulting in rapid increases in ATP and cell
viability due to an oxidative change. Additionally, a secondary PBM effect was triggered
when biochemical reactions and redox state were changed, which led to DNA synthesis,
and consequently, increased cell proliferation [82].

Moura-Netto et al. (2016) also reported increased proliferation of stem cells from
exfoliated deciduous teeth (SHEDs) under these same PBMT parameters during situations
of nutritional deficit [103]. This finding is consistent with those of Eduardo et al. (2008)
and Marques et al. (2017) [94,104], who demonstrated that pulp fibroblasts from human
primary teeth showed greater viability and proliferation when exposed to higher energy
densities of lasers for a shorter period of time, introducing the hypothesis that in laser
application, the dose applied plays a positive role in cell growth in vitro. One possible
explanation is that the transitory heating of the chromophores that may occur over longer
periods may trigger enzyme (cytochrome c oxidase) inhibition [105].

3.3. The Beneficial Effect of PBMT on Dentin Formation

PBMT stimulates dentin formation by inducing the dentin matrix to release a variety of
growth factors, including BMP, fibroblast growth factors, and transforming growth factor-f3,
all of which stimulate dental pulp cell and odontoblastic differentiation, and are related to
the ectodermal-mesenchymal molecular interactions [12].

For human primary teeth, the literature reports favorable tissue effects of PBMT
for dentine formation [85,106] and immature-connective-tissue synthesis to fill the root
canal [13]. PBMT increased the proliferation of human SHEDs [97] and maintained cell
viability [97].
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Fekrazad et al. (2015) [106] revealed that PBMT induces new dentine formation, and
Arany et al. (2014) [85] showed that PBMT promoted hDPSCs and mouse pre-odontoblasts
to differentiate new dentine and increased tertiary dentine volumes. Furthermore, Mor-
eira et al. (2017) [13] observed fewer and thinner collagen fibers and blood vessels, and a
layer of cells in intimate contact with the dentin wall that exhibited cytoplasmic extensions
into the dentinal tubules in the PBMT-irradiated group, resulting in the formation of an
immature connective tissue filling the mesial root canal and forming an odontoblast-like
cell layer [13].

3.4. Current Limitations of PBMT in REPs

Although the studies mentioned before demonstrated the efficacy and success of
PBMT for REPs, there are still many controversies about its effectiveness. Despite the
variety of PBMT parameters and the different comparative methods used in clinical trials,
it appears that accurate PBMT protocols need to be evaluated in well-designed and large
clinical studies before achieving evidence-based treatment protocols and conclusions. Ad-
ditionally, the combination of antimicrobial peptides (AMPs) with PBMT may be beneficial
for the clinical REPs due to its potential immunomodulation properties. However, such
combination therapy needs to be further investigated.

Although PBMT affects the SCs and pulp fibroblasts’ differentiation, proliferation,
and viability—and dentine formation—the findings of existing in vivo and in vitro studies
cannot yet fully explain the complete mechanisms of PBMT in REPs, and therefore, further
prospective and randomized clinical trials on REPs’ efficacy with PBMT are required. In
order to apply the therapy to patients, more in vivo research with adequately large samples
must be carried out, even though the results until now have been promising for dentin—-pulp
complex regeneration.

Based on the limited evidence available to date, we hypothesize that PBMT has positive
effects on regenerative endodontic procedures in terms of improved clinical outcomes or
molecular modulations.

4. Conclusions

The present review indicates that PBMT-assisted regenerative pulp procedures could
be useful adjunctive tools for future advancements in endodontics, specifically REPs.
However, the currently available scientific evidence is unable to specifically explain the
mechanism of action of PBMT in REPs. Therefore, further in vivo and in vitro research
is required.

Author Contributions: Conceptualization, J.Y., ZW., S.G. and X.C.; methodology, J.Y., Y.Y. and X.C,;
validation, J.Y,, S.G., S.R. and X.C,; formal analysis, ].Y. and S.G.; investigation, ].Y., S.G. and Y.Y.; resources,
J.Y,; data curation, ].Y. and S.G.; writing—original draft preparation, J.Y. and S.G.; writing—review and
editing, J.Y,, 5.G., SR, Y.Y. and X.C,; supervision, S.R. and X.C.; project administration, S.G. and X.C. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets used and/or analyzed during the current study are
available from the corresponding author on reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

1. Eramo, S.; Natali, A.; Pinna, R.; Milia, E. Dental pulp regeneration via cell homing. Int. Endod. J. 2018, 51, 405-419. [CrossRef]

[PubMed]

2. Dammaschke, T.; Steven, D.; Kaup, M.; Ott, K.H. Long-term survival of root-canal-treated teeth: A retrospective study over 10
years. J. Endod. 2003, 29, 638-643. [CrossRef] [PubMed]


http://doi.org/10.1111/iej.12868
http://www.ncbi.nlm.nih.gov/pubmed/29047120
http://doi.org/10.1097/00004770-200310000-00006
http://www.ncbi.nlm.nih.gov/pubmed/14606785

Bioengineering 2023, 10, 371 90f 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

Nageh, M.; Ahmed, G.M.; El-Baz, A.A. Assessment of Regaining Pulp Sensibility in Mature Necrotic Teeth Using a Modified
Revascularization Technique with Platelet-rich Fibrin: A Clinical Study. J. Endod. 2018, 44, 1526-1533. [CrossRef] [PubMed]
Lee, B.N.; Moon, J.W.; Chang, H.S.; Hwang, I.N.; Oh, WM.; Hwang, Y.C. A review of the regenerative endodontic treatment
procedure. Restor. Dent. Endod. 2015, 40, 179-187. [CrossRef] [PubMed]

Iwaya, S.I.; Ikawa, M.; Kubota, M. Revascularization of an immature permanent tooth with apical periodontitis and sinus tract.
Dent. Traumatol. 2001, 17, 185-187. [CrossRef]

Rafter, M. Apexification: A review. Dent. Traumatol. 2005, 21, 1-8. [CrossRef]

Huang, G.T. Apexification: The beginning of its end. Int. Endod. ]. 2009, 42, 855-866. [CrossRef]

Moreno-Hidalgo, M.C.; Caleza-Jimenez, C.; Mendoza-Mendoza, A.; Iglesias-Linares, A. Revascularization of immature permanent
teeth with apical periodontitis. Int. Endod. J. 2014, 47, 321-331. [CrossRef]

Banchs, F,; Trope, M. Revascularization of immature permanent teeth with apical periodontitis: New treatment protocol? J. Endod.
2004, 30, 196-200. [CrossRef]

Gronthos, S.; Mankani, M.; Brahim, J.; Robey, P.G.; Shi, S. Postnatal human dental pulp stem cells (DPSCs) in vitro and in vivo.
Proc. Natl. Acad. Sci. USA 2000, 97, 13625-13630. [CrossRef]

Rodriguez-Lozano, EJ.; Bueno, C.; Insausti, C.L.; Meseguer, L.; Ramirez, M.C.; Blanquer, M.; Marin, N.; Martinez, S.; Moraleda,
J.M. Mesenchymal stem cells derived from dental tissues. Int. Endod. J. 2011, 44, 800-806. [CrossRef]

Yamakawa, S.; Niwa, T.; Karakida, T.; Kobayashi, K.; Yamamoto, R.; Chiba, R.; Yamakoshi, Y.; Hosoya, N. Effects of Er:YAG and
Diode Laser Irradiation on Dental Pulp Cells and Tissues. Int. J. Mol. Sci. 2018, 19, 2429. [CrossRef]

Moreira, M.S.; Diniz, LM.; Rodrigues, M.E,; de Carvalho, R.A.; de Almeida Carrer, F.C.; Neves, LL; Gavini, G.; Marques, M.M.
In vivo experimental model of orthotopic dental pulp regeneration under the influence of photobiomodulation therapy. .
Photochem. Photobiol. B 2017, 166, 180-186. [CrossRef]

Marques, M.M.; Diniz, L M.; de Cara, S.P.; Pedroni, A.C.; Abe, G.L.; D’Almeida-Couto, R.S.; Lima, P.L.; Tedesco, TK.; Moreira, M.S.
Photobiomodulation of Dental Derived Mesenchymal Stem Cells: A Systematic Review. Photomed. Laser Surg. 2016, 34, 500-508.
[CrossRef] [PubMed]

Lipovsky, A.; Oron, U.; Gedanken, A.; Lubart, R. Low-level visible light (LLVL) irradiation promotes proliferation of mesenchymal
stem cells. Lasers Med. Sci. 2013, 28, 1113-1117. [CrossRef]

Amaroli, A; Ravera, S.; Parker, S.; Panfoli, I.; Benedicenti, A.; Benedicenti, S. Effect of 808 nm Diode Laser on Swimming Behavior,
Food Vacuole Formation and Endogenous ATP Production of Paramecium primaurelia (Protozoa). Photochem. Photobiol. 2015, 91,
1150-1155. [CrossRef]

Amaroli, A.; Ravera, S.; Parker, S.; Panfoli, I.; Benedicenti, A.; Benedicenti, S. 808-nm laser therapy with a flat-top handpiece
photobiomodulates mitochondria activities of Paramecium primaurelia (Protozoa). Lasers Med. Sci. 2016, 31, 741-747. [CrossRef]
[PubMed]

Soares, D.M.; Ginani, F; Henriques, A.G.; Barboza, C.A. Effects of laser therapy on the proliferation of human periodontal
ligament stem cells. Lasers Med. Sci. 2015, 30, 1171-1174. [CrossRef]

Parker, S.; Cronshaw, M.; Anagnostaki, E.; Bordin-Aykroyd, S.R.; Lynch, E. Systematic Review of Delivery Parameters Used in
Dental Photobiomodulation Therapy. Photobiomodul. Photomed. Laser Surg. 2019, 37, 784-797. [CrossRef]

Staffoli, S.; Romeo, U.; Amorim, R.N.S.; Migliau, G.; Palaia, G.; Resende, L.; Polimeni, A. The effects of low level laser irradiation
on proliferation of human dental pulp: A narrative review. Clin. Ter. 2017, 168, €320-e326. [PubMed]

Moreira, M.S.; Sarra, G.; Carvalho, G.L.; Goncalves, F.; Caballero-Flores, H.V.; Pedroni, A.C.E,; Lascala, C.A.; Catalani, L.H.;
Marques, M.M. Physical and Biological Properties of a Chitosan Hydrogel Scaffold Associated to Photobiomodulation Therapy
for Dental Pulp Regeneration: An In Vitro and In Vivo Study. Biomed. Res. Int. 2021, 2021, 6684667. [CrossRef] [PubMed]
Dompe, C.; Moncrieff, L.; Matys, J.; Grzech-Lesniak, K.; Kocherova, I; Bryja, A.; Bruska, M.; Dominiak, M.; Mozdziak, P.; Skiba,
T.H.I; et al. Photobiomodulation-Underlying Mechanism and Clinical Applications. J. Clin. Med. 2020, 9, 1724. [CrossRef]
Kalhori, K.A.M.; Vahdatinia, F.; Jamalpour, M.R.; Vescovi, P.; Fornaini, C.; Merigo, E.; Fekrazad, R. Photobiomodulation in Oral
Medicine. Photobiomodul. Photomed. Laser Surg. 2019, 37, 837-861. [CrossRef] [PubMed]

Sun, G.; Tunér, J. Low-level laser therapy in dentistry. Dent. Clin. North Am. 2004, 48, 1061-1076. [CrossRef] [PubMed]
Khorsandi, K.; Hosseinzadeh, R.; Abrahamse, H.; Fekrazad, R. Biological Responses of Stem Cells to Photobiomodulation Therapy.
Curr. Stem. Cell Res. Ther. 2020, 15, 400-413. [CrossRef] [PubMed]

Metin, R.; Tatli, U.; Evlice, B. Effects of low-level laser therapy on soft and hard tissue healing after endodontic surgery. Lasers
Med. Sci. 2018, 33, 1699-1706. [CrossRef] [PubMed]

Zaky, A.A.; El Shenawy, H.M.; Harhsh, T.A_; Shalash, M.; Awad, N.M. Can Low Level Laser Therapy Benefit Bone Regeneration
in Localized Maxillary Cystic Defects?-A Prospective Randomized Control Trial. Open Access Maced. |. Med. Sci. 2016, 4, 720-725.
[CrossRef]

Ansari, G.; Safi Aghdam, H.; Taheri, P.; Ghazizadeh Ahsaie, M. Laser pulpotomy-an effective alternative to conventional
techniques-a systematic review of literature and meta-analysis. Lasers Med. Sci. 2018, 33, 1621-1629. [CrossRef]

Vahdatinia, F.; Gholami, L.; Karkehabadi, H.; Fekrazad, R. Photobiomodulation in Endodontic, Restorative, and Prosthetic
Dentistry: A Review of the Literature. Photobiomodul. Photomed. Laser Surg. 2019, 37, 869-886. [CrossRef]


http://doi.org/10.1016/j.joen.2018.06.014
http://www.ncbi.nlm.nih.gov/pubmed/30174103
http://doi.org/10.5395/rde.2015.40.3.179
http://www.ncbi.nlm.nih.gov/pubmed/26295020
http://doi.org/10.1034/j.1600-9657.2001.017004185.x
http://doi.org/10.1111/j.1600-9657.2004.00284.x
http://doi.org/10.1111/j.1365-2591.2009.01577.x
http://doi.org/10.1111/iej.12154
http://doi.org/10.1097/00004770-200404000-00003
http://doi.org/10.1073/pnas.240309797
http://doi.org/10.1111/j.1365-2591.2011.01877.x
http://doi.org/10.3390/ijms19082429
http://doi.org/10.1016/j.jphotobiol.2016.11.022
http://doi.org/10.1089/pho.2015.4038
http://www.ncbi.nlm.nih.gov/pubmed/27058214
http://doi.org/10.1007/s10103-012-1207-z
http://doi.org/10.1111/php.12486
http://doi.org/10.1007/s10103-016-1901-3
http://www.ncbi.nlm.nih.gov/pubmed/26984347
http://doi.org/10.1007/s10103-013-1436-9
http://doi.org/10.1089/photob.2019.4694
http://www.ncbi.nlm.nih.gov/pubmed/29044355
http://doi.org/10.1155/2021/6684667
http://www.ncbi.nlm.nih.gov/pubmed/33575339
http://doi.org/10.3390/jcm9061724
http://doi.org/10.1089/photob.2019.4706
http://www.ncbi.nlm.nih.gov/pubmed/31873066
http://doi.org/10.1016/j.cden.2004.05.004
http://www.ncbi.nlm.nih.gov/pubmed/15464564
http://doi.org/10.2174/1574888X15666200204123722
http://www.ncbi.nlm.nih.gov/pubmed/32013851
http://doi.org/10.1007/s10103-018-2523-8
http://www.ncbi.nlm.nih.gov/pubmed/29713842
http://doi.org/10.3889/oamjms.2016.140
http://doi.org/10.1007/s10103-018-2588-4
http://doi.org/10.1089/photob.2019.4707

Bioengineering 2023, 10, 371 10 of 12

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Paolone, G.; Mazzitelli, C.; Formiga, S.; Kaitsas, F.; Breschi, L.; Mazzoni, A.; Tete, G.; Polizzi, E.; Gherlone, E.; Cantatore, G.
One-year impact of COVID-19 pandemic on Italian dental professionals: A cross-sectional survey. Minerva Dent. Oral Sci. 2022,
71,212-222. [CrossRef]

Tanboga, I; Eren, E; Altinok, B.; Peker, S.; Ertugral, F. The effect of low level laser therapy on pain during dental tooth-cavity
preparation in children. Eur. Arch. Paediatr. Dent. 2011, 12, 93-95. [CrossRef] [PubMed]

Efthymiou, A.; Marques, M.M.; Franzen, R.; Moreira, M.S.; Gutknecht, N. Acceptance and efficiency of anesthesia by photo-
biomodulation therapy during conventional cavity preparation in permanent teeth: A pilot randomized crossover clinical study.
Lasers Dent. Sci. 2017, 1, 65-71. [CrossRef]

Lussi, A.; Hibst, R.; Paulus, R. DIAGNOdent: An optical method for caries detection. J. Dent. Res. 2004, 83, C80—-C83. [CrossRef]
Heinrich-Weltzien, R.; Kuhnisch, J.; van der Veen, M.; de Josselin de Jong, E.; Stosser, L. Quantitative light-induced fluorescence
(QLF)—A potential method for the dental practitioner. Quintessence Int. 2003, 34, 181-188. [PubMed]

Ross, G.; Ross, A.-W. Photobiomodulation: An Invaluable Tool for All Dental Specialties, 2009.

Al-Maliky, M. A ; Frentzen, M.; Meister, J. Laser-assisted prevention of enamel caries: A 10-year review of the literature. Lasers
Med. Sci. 2020, 35, 13-30. [CrossRef]

de Sant’anna, G.R.; dos Santos, E.A.; Soares, L.E.; do Espirito Santo, A.M.; Martin, A.A.; Duarte, D.A.; Pacheco-Soares, C.;
Brugnera, A., Jr. Dental enamel irradiated with infrared diode laser and photoabsorbing cream: Part 1-FI-Raman Study. Photomed.
Laser Surg. 2009, 27, 499-507. [CrossRef]

de Sant’Anna, G.R.; dos Santos, E.A.; Soares, L.E.; do Espirito Santo, A.M.; Martin, A.A.; Duarte, D.A.; Pacheco-Soares, C.;
Brugnera, A., Jr. Dental enamel irradiated with infrared diode laser and photo-absorbing cream: Part 2-EDX study. Photomed.
Laser Surg. 2009, 27, 771-782. [CrossRef]

Lacerda, A.S.; Hanashiro, ES.; de Sant’Anna, G.R.; Steagall Junior, W.; Barbosa, P.S.; de Souza-Zaroni, W.C. Effects of near infrared
laser radiation associated with photoabsorbing cream in preventing white spot lesions around orthodontic brackets: An in vitro
study. Photomed. Laser Surg. 2014, 32, 686—-693. [CrossRef]

da Silva Barbosa, P.; da Ana, P.A ; Poiate, L. A.; Zezell, D.M.; de Sant’ Anna, G.R. Dental enamel irradiated with a low-intensity
infrared laser and photoabsorbing cream: A study of microhardness, surface, and pulp temperature. Photomed. Laser Surg. 2013,
31, 439-446. [CrossRef]

Delme, K.; Meire, M.; De Bruyne, M.; Nammour, S.; De Moor, R. Cavity preparation using an Er:YAG laser in the adult dentition.
Rev. Belge Med. Dent. 2009, 64, 71-80.

Javed, E; Kellesarian, S.V.; Abduljabbar, T.; Gholamiazizi, E.; Feng, C.; Aldosary, K.; Vohra, F.; Romanos, G.E. Role of laser
irradiation in direct pulp capping procedures: A systematic review and meta-analysis. Lasers Med. Sci. 2017, 32, 439-448.
[CrossRef] [PubMed]

Deng, Y.; Zhu, X.; Zheng, D.; Yan, P,; Jiang, H. Laser use in direct pulp capping: A meta-analysis. J. Am. Dent. Assoc. 2016, 147,
935-942. [CrossRef] [PubMed]

Bidar, M.; Moushekhian, S.; Gharechahi, M.; Talati, A.; Ahrari, F.; Bojarpour, M. The Effect of Low Level Laser Therapy on Direct
Pulp Capping in Dogs. J. Lasers Med. Sci. 2016, 7, 177-183. [CrossRef]

Jayawardena, ]J.A.; Kato, J.; Moriya, K.; Takagi, Y. Pulpal response to exposure with Er:YAG laser. Oral Surg. Oral Med. Oral Pathol.
Oral Radiol. Endod. 2001, 91, 222-229. [CrossRef] [PubMed]

Santos, ].M.; Marques, J.A.; Diogo, P.; Messias, A.; Sousa, V.; Sequeira, D.; Palma, PJ. Influence of Preoperative Pulp Inflammation
in the Outcome of Full Pulpotomy Using a Dog Model. J. Endod. 2021, 47, 1417-1426. [CrossRef] [PubMed]

Alsofi, L.; Khalil, W.; Binmadi, N.O.; Al-Habib, M.A.; Alharbi, H. Pulpal and periapical tissue response after direct pulp capping
with endosequence root repair material and low-level laser application. BMC Oral Health 2022, 22, 57. [CrossRef]

Shigetani, Y.; Sasa, N.; Suzuki, H.; Okiji, T.; Ohshima, H. GaAlAs laser irradiation induces active tertiary dentin formation after
pulpal apoptosis and cell proliferation in rat molars. J. Endod. 2011, 37, 1086-1091. [CrossRef]

Ferriello, V.,; Faria, M.R.; Cavalcanti, B.N. The effects of low-level diode laser treatment and dental pulp-capping materials on the
proliferation of L-929 fibroblasts. ]. Oral Sci. 2010, 52, 33-38. [CrossRef]

Di Spirito, F.; Pisano, M.; Caggiano, M.; Bhasin, P.; Lo Giudice, R.; Abdellatif, D. Root Canal Cleaning after Different Irrigation
Techniques: An Ex Vivo Analysis. Medicina 2022, 58, 193. [CrossRef]

Lo Giudice, G.; Lizio, A.; Giudice, R.L.; Centofanti, A.; Rizzo, G.; Runci, M.; Alibrandi, A.; Cicciu, M. The Effect of Different
Cleaning Protocols on Post Space: A SEM Study. Int. J. Dent. 2016, 2016, 1907124. [CrossRef]

Sato, I.; Ando-Kurihara, N.; Kota, K.; Iwaku, M.; Hoshino, E. Sterilization of infected root-canal dentine by topical application of a
mixture of ciprofloxacin, metronidazole and minocycline in situ. Int. Endod. J. 1996, 29, 118-124. [CrossRef] [PubMed]
Asnaashari, M.; Safavi, N. Disinfection of Contaminated Canals by Different Laser Wavelengths, while Performing Root Canal
Therapy. . Lasers Med. Sci. 2013, 4, 8-16.

Takeda, FH.; Harashima, T.; Kimura, Y.; Matsumoto, K. A comparative study of the removal of smear layer by three endodontic
irrigants and two types of laser. Int. Endod. J. 1999, 32, 32-39. [CrossRef] [PubMed]

Stabholz, A.; Khayat, A.; Ravanshad, S.H.; McCarthy, D.W.; Neev, J.; Torabinejad, M. Effects of Nd:YAG laser on apical seal of
teeth after apicoectomy and retrofill. J. Endod. 1992, 18, 371-375. [CrossRef] [PubMed]

Goya, C.; Yamazaki, R.; Tomita, Y.; Kimura, Y.; Matsumoto, K. Effects of pulsed Nd:YAG laser irradiation on smear layer at the
apical stop and apical leakage after obturation. Int. Endod. J. 2000, 33, 266-271. [CrossRef]


http://doi.org/10.23736/S2724-6329.21.04632-5
http://doi.org/10.1007/BF03262786
http://www.ncbi.nlm.nih.gov/pubmed/21473840
http://doi.org/10.1007/s41547-017-0007-y
http://doi.org/10.1177/154405910408301s16
http://www.ncbi.nlm.nih.gov/pubmed/12731599
http://doi.org/10.1007/s10103-019-02859-5
http://doi.org/10.1089/pho.2008.2331
http://doi.org/10.1089/pho.2008.2401
http://doi.org/10.1089/pho.2014.3747
http://doi.org/10.1089/pho.2013.3485
http://doi.org/10.1007/s10103-016-2077-6
http://www.ncbi.nlm.nih.gov/pubmed/27659037
http://doi.org/10.1016/j.adaj.2016.07.011
http://www.ncbi.nlm.nih.gov/pubmed/27665108
http://doi.org/10.15171/jlms.2016.31
http://doi.org/10.1067/moe.2001.111943
http://www.ncbi.nlm.nih.gov/pubmed/11174601
http://doi.org/10.1016/j.joen.2021.06.018
http://www.ncbi.nlm.nih.gov/pubmed/34229033
http://doi.org/10.1186/s12903-022-02099-0
http://doi.org/10.1016/j.joen.2011.05.020
http://doi.org/10.2334/josnusd.52.33
http://doi.org/10.3390/medicina58020193
http://doi.org/10.1155/2016/1907124
http://doi.org/10.1111/j.1365-2591.1996.tb01172.x
http://www.ncbi.nlm.nih.gov/pubmed/9206435
http://doi.org/10.1046/j.1365-2591.1999.00182.x
http://www.ncbi.nlm.nih.gov/pubmed/10356467
http://doi.org/10.1016/S0099-2399(06)81221-5
http://www.ncbi.nlm.nih.gov/pubmed/1431691
http://doi.org/10.1046/j.1365-2591.2000.00300.x

Bioengineering 2023, 10, 371 11 of 12

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.
73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Harashima, T.; Takeda, F.H.; Kimura, Y.; Matsumoto, K. Effect of Nd:YAG laser irradiation for removal of intracanal debris and
smear layer in extracted human teeth. J. Clin. Laser Med. Surg. 1997, 15, 131-135. [CrossRef] [PubMed]

Altundasar, E.; Ozcelik, B.; Cehreli, Z.C.; Matsumoto, K. Ultramorphological and histochemical changes after ER,CR:YSGG laser
irradiation and two different irrigation regimes. J. Endod. 2006, 32, 465-468. [CrossRef] [PubMed]

Takeda, EH.; Harashima, T.; Eto, J.N.; Kimura, Y.; Matsumoto, K. Effect of Er:YAG laser treatment on the root canal walls of
human teeth: An SEM study. Endod. Dent. Traumatol. 1998, 14, 270-273. [CrossRef] [PubMed]

Moritz, A.; Schoop, U.; Goharkhay, K.; Jakolitsch, S.; Kluger, W.; Wernisch, J.; Sperr, W. The bactericidal effect of Nd:YAG, Ho:YAG,
and Er:YAG laser irradiation in the root canal: An in vitro comparison. J. Clin. Laser Med. Surg. 1999, 17, 161-164. [CrossRef]
[PubMed]

Schoop, U.; Kluger, W.; Moritz, A.; Nedjelik, N.; Georgopoulos, A.; Sperr, W. Bactericidal effect of different laser systems in the
deep layers of dentin. Lasers Surg. Med. 2004, 35, 111-116. [CrossRef]

Alves-Silva, E.G.; Arruda-Vasconcelos, R.; Louzada, L.M.; de-Jesus-Soares, A.; Ferraz, C.C.R.; Almeida, J.F.A.; Marciano, M.A.;
Steiner-Oliveira, C.; Santos, ].M.M.; Gomes, B.P. Effect of antimicrobial photodynamic therapy on the reduction of bacteria and
virulence factors in teeth with primary endodontic infection. Photodiagn. Photodyn. Ther. 2023, 41, 103292. [CrossRef]

Garcez, A.S.; Nunez, S.C.; Hamblin, M.R,; Ribeiro, M.S. Antimicrobial effects of photodynamic therapy on patients with necrotic
pulps and periapical lesion. J. Endod. 2008, 34, 138-142. [CrossRef] [PubMed]

Foschi, F; Fontana, C.R.; Ruggiero, K.; Riahi, R.; Vera, A.; Doukas, A.G.; Pagonis, T.C.; Kent, R.; Stashenko, P.P.; Soukos, N.S.
Photodynamic inactivation of Enterococcus faecalis in dental root canals in vitro. Lasers Surg. Med. 2007, 39, 782-787. [CrossRef]
[PubMed]

Fonseca, M.B.; Junior, P.O,; Pallota, R.C.; Filho, H.F; Denardin, O.V.; Rapoport, A.; Dedivitis, R.A.; Veronezi, ].F.; Genovese, W.J.;
Ricardo, A.L. Photodynamic therapy for root canals infected with Enterococcus faecalis. Photomed. Laser Surg. 2008, 26, 209-213.
[CrossRef] [PubMed]

Diogo, P; Goncalves, T.; Palma, P,; Santos, ]. M. Photodynamic Antimicrobial Chemotherapy for Root Canal System Asepsis: A
Narrative Literature Review. Int. ]. Dent. 2015, 2015, 269205. [CrossRef]

Fimple, ].L.; Fontana, C.R.; Foschi, F; Ruggiero, K.; Song, X.; Pagonis, T.C.; Tanner, A.C.; Kent, R.; Doukas, A.G.; Stashenko, P.P;
et al. Photodynamic treatment of endodontic polymicrobial infection in vitro. J. Endod. 2008, 34, 728-734. [CrossRef]

de Andrade, A.L.; Bossini, P.S.; Parizotto, N.A. Use of low level laser therapy to control neuropathic pain: A systematic review. J.
Photochem. Photobiol. B 2016, 164, 36—42. [CrossRef]

Ramalho, K.M.; de Souza, L.M.; Tortamano, I.P.; Adde, C.A.; Rocha, R.G.; de Paula Eduardo, C. A randomized placebo-blind
study of the effect of low power laser on pain caused by irreversible pulpitis. Lasers Med. Sci. 2016, 31, 1899-1905. [CrossRef]
Yoo, Y.J.; Shon, W].; Baek, S.H.; Kang, M.K.; Kim, H.C.; Lee, W. Effect of 1440-nanometer neodymium:yttrium-aluminum-garnet
laser irradiation on pain and neuropeptide reduction: A randomized prospective clinical trial. J. Endod. 2014, 40, 28-32. [CrossRef]
Chen, Y.; Chen, X.L.; Zou, X.L.; Chen, S.Z.; Zou, J.; Wang, Y. Efficacy of low-level laser therapy in pain management after root
canal treatment or retreatment: A systematic review. Lasers Med. Sci. 2019, 34, 1305-1316. [CrossRef]

Trope, M. Flare-up rate of single-visit endodontics. Int. Endod. ]. 1991, 24, 24-26. [CrossRef] [PubMed]

Femiano, F,; Femiano, R.; Femiano, L.; Aresu, G.; Festa, V.M.; Rullo, R.; Perillo, L. Effectiveness of low-level diode laser therapy
on pain during cavity preparation on permanent teeth. Am. J. Dent. 2018, 31, 267-271. [PubMed]

Payer, M.; Jakse, N.; Pertl, C.; Truschnegg, A.; Lechner, E.; Eskici, A. The clinical effect of LLLT in endodontic surgery: A
prospective study on 72 cases. Oral Surg. Oral Med. Oral Pathol. Oral Radiol. Endod. 2005, 100, 375-379. [CrossRef] [PubMed]
Moraschini, V.; da Costa, L.S.; Dos Santos, G.O. Effectiveness for dentin hypersensitivity treatment of non-carious cervical lesions:
A meta-analysis. Clin. Oral Investig. 2018, 22, 617-631. [CrossRef] [PubMed]

Gholami, G.A.; Fekrazad, R.; Esmaiel-Nejad, A.; Kalhori, K.A. An evaluation of the occluding effects of Er;Cr:YSGG, Nd:YAG,
CO; and diode lasers on dentinal tubules: A scanning electron microscope in vitro study. Photomed. Laser Surg. 2011, 29, 115-121.
[CrossRef]

Aranha, A.C.; Eduardo Cde, P. Effects of Er:YAG and Er,Cr:YSGG lasers on dentine hypersensitivity. Short-term clinical evaluation.
Lasers Med. Sci. 2012, 27, 813-818. [CrossRef]

Roderjan, D.A.; Stanislawczuk, R.; Hebling, J.; Costa, C.A.; Reis, A.; Loguercio, A.D. Response of human pulps to different
in-office bleaching techniques: Preliminary findings. Braz. Dent. ]. 2015, 26, 242-248. [CrossRef]

Bortolatto, J.F.; Pretel, H.; Floros, M.C.; Luizzi, A.C.; Dantas, A.A.; Fernandez, E.; Moncada, G.; de Oliveira, O.B., Jr. Low
Concentration H(2)O(2) /TiO_N in Office Bleaching: A Randomized Clinical Trial. |. Dent. Res. 2014, 93 (Suppl. 7), 66s—71s.
[CrossRef]

Loguercio, A.D.; Tay, L.Y.; Herrera, D.R.; Bauer, J.; Reis, A. Effectiveness of nano-calcium phosphate paste on sensitivity during
and after bleaching: A randomized clinical trial. Braz. Oral Res. 2015, 29, 1-7. [CrossRef]

Cartagena, A.F,; Parreiras, 5.0.; Loguercio, A.D.; Reis, A.; Campanha, N.H. In-office bleaching effects on the pulp flow and tooth
sensitivity-case series. Braz. Oral Res. 2015, 29. [CrossRef]

AlGhamdi, K.M.; Kumar, A.; Moussa, N.A. Low-level laser therapy: A useful technique for enhancing the proliferation of various
cultured cells. Lasers Med. Sci. 2012, 27, 237-249. [CrossRef]

Anders, ].J.; Lanzafame, R.J.; Arany, P.R. Low-level light/laser therapy versus photobiomodulation therapy. Photomed. Laser Surg.
2015, 33, 183-184. [CrossRef] [PubMed]


http://doi.org/10.1089/clm.1997.15.131
http://www.ncbi.nlm.nih.gov/pubmed/9612160
http://doi.org/10.1016/j.joen.2005.08.005
http://www.ncbi.nlm.nih.gov/pubmed/16631850
http://doi.org/10.1111/j.1600-9657.1998.tb00851.x
http://www.ncbi.nlm.nih.gov/pubmed/9972159
http://doi.org/10.1089/clm.1999.17.161
http://www.ncbi.nlm.nih.gov/pubmed/11199839
http://doi.org/10.1002/lsm.20026
http://doi.org/10.1016/j.pdpdt.2023.103292
http://doi.org/10.1016/j.joen.2007.10.020
http://www.ncbi.nlm.nih.gov/pubmed/18215668
http://doi.org/10.1002/lsm.20579
http://www.ncbi.nlm.nih.gov/pubmed/18081066
http://doi.org/10.1089/pho.2007.2124
http://www.ncbi.nlm.nih.gov/pubmed/18484911
http://doi.org/10.1155/2015/269205
http://doi.org/10.1016/j.joen.2008.03.011
http://doi.org/10.1016/j.jphotobiol.2016.08.025
http://doi.org/10.1007/s10103-016-2068-7
http://doi.org/10.1016/j.joen.2013.07.011
http://doi.org/10.1007/s10103-019-02793-6
http://doi.org/10.1111/j.1365-2591.1991.tb00866.x
http://www.ncbi.nlm.nih.gov/pubmed/1917085
http://www.ncbi.nlm.nih.gov/pubmed/30346674
http://doi.org/10.1016/j.tripleo.2004.10.006
http://www.ncbi.nlm.nih.gov/pubmed/16122669
http://doi.org/10.1007/s00784-017-2330-9
http://www.ncbi.nlm.nih.gov/pubmed/29330655
http://doi.org/10.1089/pho.2009.2628
http://doi.org/10.1007/s10103-011-0988-9
http://doi.org/10.1590/0103-6440201302282
http://doi.org/10.1177/0022034514537466
http://doi.org/10.1590/1807-3107BOR-2015.vol29.0099
http://doi.org/10.1590/1807-3107BOR-2015.vol29.0026
http://doi.org/10.1007/s10103-011-0885-2
http://doi.org/10.1089/pho.2015.9848
http://www.ncbi.nlm.nih.gov/pubmed/25844681

Bioengineering 2023, 10, 371 12 of 12

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

Borzabadi-Farahani, A. Effect of low-level laser irradiation on proliferation of human dental mesenchymal stem cells; a systemic
review. . Photochem. Photobiol. B 2016, 162, 577-582. [CrossRef] [PubMed]

Arany, PR.; Cho, A.; Hunt, T.D.; Sidhu, G.; Shin, K.; Hahm, E.; Huang, G.X.; Weaver, J.; Chen, A.C.; Padwa, B.L.; et al.
Photoactivation of endogenous latent transforming growth factor-betal directs dental stem cell differentiation for regeneration.
Sci. Transl. Med. 2014, 6, 238ra69. [CrossRef]

El-Kateb, N.M.; El-Backly, R.N.; Amin, WM.; Abdalla, A.M. Quantitative Assessment of Intracanal Regenerated Tissues after
Regenerative Endodontic Procedures in Mature Teeth Using Magnetic Resonance Imaging: A Randomized Controlled Clinical
Trial. J. Endod. 2020, 46, 563-574. [CrossRef] [PubMed]

Palma, PJ.; Martins, J.; Diogo, P.; Sequeira, D.; Ramos, J.C.; Diogenes, A.; Santos, ].M. Does Apical Papilla Survive and Develop in
Apical Periodontitis Presence after Regenerative Endodontic Procedures? Appl. Sci. 2019, 9, 3942. [CrossRef]

Daigo, Y.; Daigo, E.; Fukuoka, H.; Fukuoka, N.; Ishikawa, M.; Takahashi, K. Wound Healing and Cell Dynamics Including
Mesenchymal and Dental Pulp Stem Cells Induced by Photobiomodulation Therapy: An Example of Socket-Preserving Effects
after Tooth Extraction in Rats and a Literature Review. Int. ]. Mol. Sci. 2020, 21, 6850. [CrossRef]

Garrido, PR.; Pedroni, A.C.E; Cury, D.P.; Moreira, M.S.; Rosin, F,; Sarra, G.; Marques, M.M. Effects of photobiomodulation
therapy on the extracellular matrix of human dental pulp cell sheets. J. Photochem. Photobiol. B 2019, 194, 149-157. [CrossRef]
Lovelace, TW.; Henry, M.A.; Hargreaves, K.M.; Diogenes, A. Evaluation of the delivery of mesenchymal stem cells into the root
canal space of necrotic immature teeth after clinical regenerative endodontic procedure. J. Endod. 2011, 37, 133-138. [CrossRef]
Asghari Sana, F; Capkin Yurtsever, M.; Kaynak Bayrak, G.; Tuncay, E.O.; Kiremitci, A.S.; Gumusderelioglu, M. Spreading,
proliferation and differentiation of human dental pulp stem cells on chitosan scaffolds immobilized with RGD or fibronectin.
Cytotechnology 2017, 69, 617-630. [CrossRef]

Grando Mattuella, L.; Westphalen Bento, L.; de Figueiredo, J.A.; Nor, ].E.; de Araujo, EB.; Fossati, A.C. Vascular endothelial
growth factor and its relationship with the dental pulp. J. Endod. 2007, 33, 524-530. [CrossRef] [PubMed]

Zaccara, LM.; Mestieri, L.B.; Pilar, E.ES.; Moreira, M.S.; Grecca, ES.; Martins, M.D.; Kopper, PM.P. Photobiomodulation therapy
improves human dental pulp stem cell viability and migration in vitro associated to upregulation of histone acetylation. Lasers
Med. Sci. 2020, 35, 741-749. [CrossRef] [PubMed]

Eduardo Fde, P.; Bueno, D.F,; de Freitas, PM.; Marques, M.M.; Passos-Bueno, M.R.; Eduardo Cde, P; Zatz, M. Stem cell
proliferation under low intensity laser irradiation: A preliminary study. Lasers Surg. Med. 2008, 40, 433-438. [CrossRef]

Holder, M.J.; Milward, M.R.; Palin, W.M.; Hadis, M.A.; Cooper, PR. Effects of red light-emitting diode irradiation on dental pulp
cells. J. Dent. Res. 2012, 91, 961-966. [CrossRef] [PubMed]

Zaccara, LM.; Ginani, F.; Mota-Filho, H.G.; Henriques, A.C.; Barboza, C.A. Effect of low-level laser irradiation on proliferation
and viability of human dental pulp stem cells. Lasers Med. Sci. 2015, 30, 2259-2264. [CrossRef]

Ferreira, L.S.; Diniz, LM.A.; Maranduba, C.M.S.; Miyagi, S.P.H.; Rodrigues, M.; Moura-Netto, C.; Marques, M.M. Short-term
evaluation of photobiomodulation therapy on the proliferation and undifferentiated status of dental pulp stem cells. Lasers Med.
Sci. 2019, 34, 659-666. [CrossRef]

Matsui, S.; Tsujimoto, Y.; Matsushima, K. Stimulatory effects of hydroxyl radical generation by Ga-Al-As laser irradiation on
mineralization ability of human dental pulp cells. Biol. Pharm. Bull. 2007, 30, 27-31. [CrossRef]

Matsui, S.; Takeuchi, H.; Tsujimoto, Y.; Matsushima, K. Effects of Smads and BMPs induced by Ga-Al-As laser irradiation on
calcification ability of human dental pulp cells. J. Oral Sci. 2008, 50, 75-81. [CrossRef]

Ohbayashi, E.; Matsushima, K.; Hosoya, S.; Abiko, Y.; Yamazaki, M. Stimulatory effect of laser irradiation on calcified nodule
formation in human dental pulp fibroblasts. J. Endod. 1999, 25, 30-33. [CrossRef]

Pereira, L.O.; Longo, J.P.; Azevedo, R.B. Laser irradiation did not increase the proliferation or the differentiation of stem cells
from normal and inflamed dental pulp. Arch. Oral Biol. 2012, 57, 1079-1085. [CrossRef]

Theocharidou, A.; Bakopoulou, A.; Kontonasaki, E.; Papachristou, E.; Hadjichristou, C.; Bousnaki, M.; Theodorou, G.; Pa-
padopoulou, L.; Kantiranis, N.; Paraskevopoulos, K.; et al. Odontogenic differentiation and biomineralization potential of
dental pulp stem cells inside Mg-based bioceramic scaffolds under low-level laser treatment. Lasers Med. Sci. 2017, 32, 201-210.
[CrossRef]

Moura-Netto, C.; Ferreira, L.S.; Maranduba, C.M.; Mello-Moura, A.C.V.; Marques, M.M. Low-intensity laser phototherapy
enhances the proliferation of dental pulp stem cells under nutritional deficiency. Braz. Oral Res. 2016, 30. [CrossRef] [PubMed]
Marques, N.C.T.; Neto, N.L.; Prado, M.T.O.; Vitor, L.L.R.; Oliveira, R.C.; Sakai, V.T.; Santos, C.F.; Machado, M.; Oliveira, T.M.
Effects of PBM in different energy densities and irradiance on maintaining cell viability and proliferation of pulp fibroblasts from
human primary teeth. Lasers Med. Sci. 2017, 32, 1621-1628. [CrossRef] [PubMed]

Karu, T.I. Mitochondrial signaling in mammalian cells activated by red and near-IR radiation. Photochem. Photobiol. 2008, 84,
1091-1099. [CrossRef] [PubMed]

Fekrazad, R.; Seraj, B.; Ghadimi, S.; Tamiz, P.; Mottahary, P.; Dehghan, M.M. The effect of low-level laser therapy (810 nm) on root
development of immature permanent teeth in dogs. Lasers Med. Sci. 2015, 30, 1251-1257. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.jphotobiol.2016.07.022
http://www.ncbi.nlm.nih.gov/pubmed/27475781
http://doi.org/10.1126/scitranslmed.3008234
http://doi.org/10.1016/j.joen.2020.01.026
http://www.ncbi.nlm.nih.gov/pubmed/32173020
http://doi.org/10.3390/app9193942
http://doi.org/10.3390/ijms21186850
http://doi.org/10.1016/j.jphotobiol.2019.03.017
http://doi.org/10.1016/j.joen.2010.10.009
http://doi.org/10.1007/s10616-017-0072-9
http://doi.org/10.1016/j.joen.2007.01.003
http://www.ncbi.nlm.nih.gov/pubmed/17437865
http://doi.org/10.1007/s10103-019-02931-0
http://www.ncbi.nlm.nih.gov/pubmed/32095920
http://doi.org/10.1002/lsm.20646
http://doi.org/10.1177/0022034512456040
http://www.ncbi.nlm.nih.gov/pubmed/22879579
http://doi.org/10.1007/s10103-015-1803-9
http://doi.org/10.1007/s10103-018-2637-z
http://doi.org/10.1248/bpb.30.27
http://doi.org/10.2334/josnusd.50.75
http://doi.org/10.1016/S0099-2399(99)80395-1
http://doi.org/10.1016/j.archoralbio.2012.02.012
http://doi.org/10.1007/s10103-016-2102-9
http://doi.org/10.1590/1807-3107BOR-2016.vol30.0080
http://www.ncbi.nlm.nih.gov/pubmed/27253140
http://doi.org/10.1007/s10103-017-2301-z
http://www.ncbi.nlm.nih.gov/pubmed/28801810
http://doi.org/10.1111/j.1751-1097.2008.00394.x
http://www.ncbi.nlm.nih.gov/pubmed/18651871
http://doi.org/10.1007/s10103-014-1588-2
http://www.ncbi.nlm.nih.gov/pubmed/24858234

	Introduction 
	The Application of PBMT in Endodontics 
	PBMT-Induced Anesthesia 
	Laser-Assisted Diagnostics of Initial Caries Lesions and Pulp Status 
	Laser-Based Prevention and Preparation of Enamel Caries 
	PBMT-Assisted Direct Pulp Capping 
	Decontamination of a Root Canal System 
	Postoperative Pain after Endodontic Treatment 
	PBMT Used in Endodontic Surgery 
	Tooth/Dentinal Hypersensitivity (DH) 
	Tooth Bleaching 

	PBMT on Regenerative Endodontic Procedures 
	Biological Responses of hDPSCs to PBMT 
	The Favorable Effect of PBMT on Vascularity and Fibroblast Proliferation 
	The Beneficial Effect of PBMT on Dentin Formation 
	Current Limitations of PBMT in REPs 

	Conclusions 
	References

