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Abstract

Background: Surgical removal of jaw cysts may result in bone defects that compromise
local structural integrity and delay spontaneous regeneration. Photobiomodulation (PBM)
has been proposed as a minimally invasive intraoperative adjunct capable of modulat-
ing osteogenic activity; however, translational evidence derived from freshly harvested
human jawbone tissue remains limited. Objective: This study evaluated the effects of
an intraoperative 980 nm PBM protocol on early osteogenic activity, osteoblast-like cell
abundance, morphometric outcomes, and cell viability in primary human jawbone explants
obtained during cystectomy. Materials and Methods: A comparative translational ex vivo
study was conducted using cortical bone explants harvested from 40 patients undergoing
surgical treatment of medium- to large-sized maxillary or mandibular cystic lesions. For
each patient, one explant was exposed immediately after harvesting to pulsed 980 nm
laser irradiation (20 J total energy; 40 J/cm2 fluence), whereas the paired explant served
as an untreated control. Explants were cultured using a primary outgrowth technique
and subjected to osteogenic induction for 14 days. Osteogenic activity was evaluated by
immunofluorescence staining for alkaline phosphatase (ALPL) and osteocalcin (OCN), fol-
lowed by confocal microscopy and quantitative morphometric analysis. Cell viability was
assessed using a live/dead fluorescence assay. Results: Viable cultures were successfully
established from 34 patients (85% experimental yield). PBM-treated explants exhibited
significantly greater osteoblast-like cell counts than paired controls (median: 2820 vs.
1525 cells; p < 0.001), together with greater cumulative osteoblastic area (median: 537,028 vs.
325,166 relative units; p < 0.001) and higher osteoblastic area occupancy (median: 19.00% vs.
11.75%; p < 0.001). Immunofluorescence analysis demonstrated qualitatively stronger ALPL
and OCN expression in PBM-treated cultures. Cell viability did not differ significantly
between paired PBM-treated and control cultures (Wilcoxon signed-rank test, p = 0.18).
Conclusions: In this comparative ex vivo model, intraoperative 980 nm PBM significantly
enhanced early osteogenic activity and increased osteoblast-like cellular abundance in
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human jawbone explants while maintaining cellular viability. These findings provide trans-
lational support for further investigation of PBM as a biostimulatory adjunct to enhance
bone regeneration following cyst surgery.

Keywords: photobiomodulation; jaw cysts; bone regeneration; osteogenic activity; confocal
microscopy; ex vivo; oral and maxillofacial surgery

1. Introduction
Bone regeneration represents a critical aspect of contemporary oral and maxillofacial

surgery, particularly following the treatment of cystic lesions of the jaws [1–3]. Although
these lesions are generally benign, their progressive expansion and subsequent surgical
removal may result in residual bone defects of variable size, potentially compromising
local structural integrity, delaying functional rehabilitation, and affecting future implant-
supported rehabilitation [4–6]. Consequently, the development of adjunctive therapeutic
strategies capable of enhancing bone healing while minimizing surgical morbidity remains
an important objective in regenerative oral surgery [7–9].

Autologous bone grafting remains the gold standard for reconstructing osseous defects
because of its osteogenic, osteoinductive, and osteoconductive properties [1,10]. Neverthe-
less, donor-site morbidity, limited graft availability, and additional surgical interventions
have stimulated interest in biological approaches that enhance endogenous regenerative
processes [7,8,11–13]. Bone healing is a highly coordinated process involving interactions
among resident progenitor cells, extracellular matrix components, vascular networks, and
inflammatory mediators [14–16]. Therefore, modulation of early cellular events involved
in osteogenesis represents a promising strategy to improve regenerative outcomes [16,17].

Mesenchymal stem cells and osteoprogenitor populations residing within bone tissue
play a central role in skeletal regeneration through their capacity to proliferate, migrate,
and differentiate into mature osteoblasts [15,17]. These cells contribute to the synthesis and
mineralization of extracellular matrix, which ultimately determines the quality and quantity
of newly formed bone [14,16,18]. Consequently, interventions that stimulate osteoblastic
differentiation and activity have attracted considerable interest in bone tissue engineering
and regenerative medicine [16,17].

Experimental models based on primary human bone explants provide a valuable trans-
lational platform for investigating osteogenic responses under controlled conditions [16,17].
Unlike immortalized cell lines, explant-derived cultures preserve native cell–matrix interac-
tions and maintain important characteristics of the original tissue microenvironment [14,16].
Furthermore, they avoid interspecies biological differences inherent to animal models and
may therefore provide findings that are more directly relevant to clinical practice [18]. The
use of freshly harvested human bone tissue is particularly attractive in oral and maxillofa-
cial surgery, where surgical procedures routinely generate biological material suitable for
translational research.

PBM, formerly referred to as low-level laser therapy, has emerged as a promising
non-invasive adjunctive modality in regenerative medicine and tissue engineering [19,20].
PBM utilizes non-thermal light energy to modulate cellular metabolism and biological
signaling pathways, resulting in alterations in proliferation, differentiation, migration, and
tissue repair processes [20,21]. Experimental studies have demonstrated that PBM may
enhance mitochondrial respiratory activity, increase adenosine triphosphate production,
and influence the expression of genes associated with osteogenesis and tissue regenera-
tion [18,21–23]. In bone tissue, these biological effects have been associated with increased
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osteoblastic activity, enhanced expression of osteogenic markers, and improved matrix
formation and mineralization [20,22,23].

The biological effects of PBM are strongly dependent on irradiation parameters, in-
cluding wavelength, power output, energy density, exposure time, and treatment proto-
col [22–25]. Among the wavelengths commonly used in PBM, near-infrared lasers offer
greater tissue penetration than visible red-light systems and may therefore be particularly
suitable for applications involving mineralized tissues [21,24]. The 980 nm wavelength
has attracted increasing attention because of its ability to penetrate deeper tissue layers
and interact with both mitochondrial chromophores and water molecules [21,25,26]. These
interactions may influence cellular metabolism, inflammatory signaling pathways, and
regenerative processes within bone tissue [21,27,28].

Within oral and maxillofacial surgery, PBM has been investigated as an adjunctive
approach for promoting wound healing, reducing postoperative complications, and en-
hancing bone regeneration [20,23,28–30]. Nevertheless, the biological effects of PBM on
freshly harvested human jawbone tissue remain insufficiently characterized. Most avail-
able evidence originates from studies using animal models, pre-osteoblastic cell lines, or
immortalized osteoblast-like cultures such as MG-63 and SaOS-2 cells [31,32]. While these
experimental systems have provided important mechanistic insights, they do not fully
reproduce the biological complexity of native human bone tissue [17,18].

In the context of cystic jaw lesions, understanding how human bone tissue responds to
PBM may have particular clinical relevance. Surgical treatment of medium- and large-sized
cysts frequently results in defects that require prolonged healing periods and may benefit
from regenerative stimulation [33–35]. Explant-based models offer a unique opportunity to
investigate the direct effects of PBM on resident bone-derived cells under conditions that
closely resemble the biological environment encountered during surgery [14,17,18]. Such
translational approaches may contribute to the development of optimized protocols aimed
at enhancing postoperative bone regeneration while preserving the minimally invasive
nature of contemporary surgical management [34,36].

Therefore, the present study aimed to evaluate the effects of an intraoperative 980 nm
PBM protocol on human jawbone explants harvested during surgical treatment of cystic
lesions of the maxilla and mandible. Specifically, osteogenic activity was assessed using
quantitative morphometric analysis, immunofluorescence staining for alkaline phosphatase
(ALPL) and osteocalcin (OCN) expression, and cell viability assays [14,17]. By combining
clinically derived human tissue with controlled laboratory analysis, this study sought
to provide translational evidence regarding the influence of PBM on early osteogenic
responses relevant to bone regeneration following cyst surgery [17,21,26].

2. Materials and Methods
2.1. Study Design

This study was designed as a comparative, exploratory translational ex vivo inves-
tigation evaluating the effects of an intraoperative PBM protocol on osteogenic behavior
in human jawbone explants [16]. Because no previous human studies had characterized
the variability of osteogenic outcomes in freshly harvested jawbone explants exposed to
PBM, a formal a priori sample size calculation was not feasible. Sample size was therefore
determined based on feasibility, expected explant viability reported in previous human
bone culture studies, and the objective of obtaining at least 30 evaluable paired samples [17].
The final analytic cohort comprised 34 paired explants, providing sufficient precision for
exploratory non-parametric analyses.

As an exploratory study, the primary objective was to estimate the magnitude and
direction of the biological effects of PBM rather than to test a predefined hypothesis.
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Accordingly, the findings should be regarded as hypothesis-generating and may serve to
inform sample size calculations for future confirmatory investigations.

Each patient served as their own biological control by providing two morphologically
comparable explants, one allocated to PBM and the other maintained as an untreated
control, thereby minimizing inter-individual biological variability. The analytical hierarchy
consisted of patient → paired explants → multiple microscopic fields. Five non-overlapping
microscopic fields (three for viability assessment) were acquired for each explant and aver-
aged to generate a single value per explant; these paired values constituted the statistical
units for all inferential analyses.

The primary outcomes were early osteogenic differentiation, osteoblast-like cell count,
cumulative osteoblastic area, and osteoblastic area occupancy under standardized in vitro
culture conditions [16,18]. The term osteoblast-like refers to cells exhibiting morphological
and immunophenotypic characteristics consistent with osteoblastic differentiation and does
not imply definitive terminal lineage identification [16].

2.2. Study Population and Ethical Approval

Bone explants were harvested from 40 consecutive patients undergoing surgical treat-
ment for cystic lesions of the maxilla or mandible measuring >10 mm in their greatest
radiological dimension and classified as medium (10–20 mm) or large (>20 mm) [1,2,34–36].
Histopathological diagnoses included radicular cysts, dentigerous cysts, and keratocystic
lesions [31,32]. Owing to the limited sample size, pathology-specific subgroup analyses
were not performed. The study was conducted at the Department of Oral and Maxillofacial
Surgery, Emergency County Clinical Hospital of Târgu Mures, , Romania, between January
and December 2023.

Eligible participants presented with cystic lesions of sufficient size to allow safe har-
vesting of adjacent cortical bone through the routine surgical access window without
modifying the standard operative procedure [34–36]. Exclusion criteria comprised previ-
ous radiotherapy or chemotherapy involving the head and neck region, osteonecrosis or
osteoradionecrosis [29], active acute cystic infection or local suppuration [28], and systemic
metabolic disorders or medications known to significantly affect bone metabolism [1,28].

The study protocol was approved by the Institutional Ethics Committee (Approval No.
13555/21 June 2022) and was conducted in accordance with the Declaration of Helsinki.
Bone harvesting did not require any additional surgical procedures beyond routine clinical
management, and all specimens were anonymized before laboratory processing. Because
of the intrinsic variability of primary explant cultures, only paired samples demonstrating
successful baseline cell outgrowth and osteogenic differentiation were included in the final
analytic cohort. Accordingly, the study population represents a biologically responsive
exploratory cohort rather than a population-based clinical sample [18,33].

2.3. Bone Explant Harvesting Procedure

Bone explants were collected during standard cystectomy procedures [1,2]. Following
surgical exposure of the cystic cavity through a vestibular approach, small cortical bone
fragments were harvested from the routine surgical access site without removing additional
perilesional bone or altering the standard surgical procedure [34]. Only medium- and large-
sized cystic lesions were included, as smaller lesions do not permit reliable or reproducible
explant harvesting [33–36]. Immediately after collection, bone fragments were placed under
sterile conditions in transport medium for subsequent laboratory processing.

For each patient, two morphologically comparable explants were obtained and ran-
domly allocated before laboratory processing to either the PBM or untreated control group
using a simple random allocation procedure. Cortical thickness and bone density were not
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quantitatively assessed, and all explants were harvested from clinically accessible cortical
bone adjacent to the cystic cavity. Although care was taken to select morphologically
comparable specimens, intrinsic variability in bone microarchitecture may have influenced
baseline osteogenic potential [18].

2.4. Experimental Groups and PBM Protocol

PBM was applied immediately after bone explant harvesting in the operating room,
before transport to the laboratory [36]. Although irradiation was performed on explanted
tissue, it was delivered during the same surgical session and therefore represented an
intraoperative adjunct rather than a delayed laboratory intervention. For each patient, two
morphologically comparable bone explants were obtained, with one randomly allocated to
the PBM group and the other serving as an untreated control.

PBM was delivered using a 980 nm diode dental laser (Litemedics Prime; Litemedics,
Cluj-Napoca, Romania) operating in pulsed mode with an output power of 1 W, pulse
frequency of 20 kHz, duty cycle of 50%, average power of 0.5 W, peak power of 1 W, and
the manufacturer’s preset biostimulation mode. Laser energy was delivered through a
320 µm optical fiber positioned 50 mm from the tissue in non-contact mode for 40 s [21,26].
Real-time temperature monitoring was not performed; however, non-contact irradiation,
pulsed emission, moderate average power, and a short exposure time were selected to
minimize thermal accumulation [25,37,38].

At a working distance of 50 mm, the laser spot diameter was approximately 8 mm,
corresponding to an irradiated area of approximately 0.50 cm2. With an average output
power of 0.5 W applied for 40 s, each explant received a total energy of 20 J, equivalent
to an energy density (fluence) of 40 J/cm2 [22,33,36]. Based on the pulsed emission mode
(peak power, 1 W; duty cycle, 50%), the theoretical peak energy density was approximately
80 J/cm2. All dosimetric calculations were standardized to the measured spot size at the
specified working distance to ensure reproducibility of the irradiation protocol [19]. These
parameters fall within the biostimulatory range reported for bone tissue and are consistent
with the recommendations of the World Association for Photobiomodulation Therapy
(WALT) [19].

2.5. Transport and Laboratory Processing

Bone explants were transported to the laboratory within 3 h of harvesting [35,36]. All
subsequent experimental procedures were performed at the Department of Immunology,
Center for Advanced Medical and Pharmaceutical Research (CCAMF), George Emil Palade
University of Medicine, Pharmacy, Science and Technology of Târgu Mures, . Upon arrival,
explants were processed under sterile conditions according to a standardized protocol
applied uniformly to all specimens. Laboratory personnel responsible for routine cell
culture procedures were aware of treatment allocation because laser irradiation had been
completed before sample processing [39]. In contrast, all morphometric analyses and image
quantification were performed by investigators blinded to treatment allocation.

2.6. Explant Culture and Cell Isolation

Bone fragments were rinsed with Dulbecco’s phosphate-buffered saline (DPBS) to
remove residual blood and transferred to culture flasks containing Dulbecco’s Modified
Eagle Medium (DMEM) supplemented with 10% fetal bovine serum and 1% antibiotic
solution [37,38]. Explants were cultured using the explant outgrowth technique, allowing
spontaneous migration of cells from the bone tissue [12,16,40,41]. Cultures were maintained
at 37 ◦C in a humidified atmosphere containing 5% CO2, with regular medium replacement.
Cellular outgrowth was monitored microscopically throughout the culture period. Once
adequate cell confluence had been achieved, bone fragments were removed, and adherent
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cells were detached by enzymatic dissociation for subsequent expansion or osteogenic
differentiation assays [37].

For morphometric analyses, five randomly selected, non-overlapping microscopic
fields were acquired from each culture using identical magnification and imaging parame-
ters. Imaging locations were standardized by systematic scanning of the central culture
region, and the mean value obtained from the five fields was used for statistical analysis of
each explant.

2.7. Osteogenic Differentiation Protocol

Cells derived from explant cultures were cultured under osteogenic conditions for
14 days before immunofluorescence and morphometric evaluation [14]. Osteogenic dif-
ferentiation was induced using a standard osteogenic medium consisting of basal culture
medium supplemented with β-glycerophosphate (10 mM), L-ascorbic acid (50 µg/mL), and
dexamethasone (100 nM) [16,17]. Cultures were maintained under controlled conditions
with regular medium replacement throughout the differentiation period, allowing evalua-
tion of early osteogenic differentiation using alkaline phosphatase (ALPL) and osteocalcin
(OCN) expression [14].

2.8. Immunofluorescence Staining and Confocal Microscopy

Osteogenic differentiation was evaluated by immunofluorescence staining for alkaline
phosphatase (ALPL) and osteocalcin (OCN), established markers of osteoblastic differen-
tiation and matrix maturation [14,42,43]. Cells were fixed, permeabilized, and incubated
with primary antibodies against ALPL and OCN, followed by fluorochrome-conjugated
secondary antibodies. Nuclei were counterstained with 4′,6-diamidino-2-phenylindole
(DAPI). Images were acquired using a Leica TCS SP8 confocal microscope (Leica Microsys-
tems, Wetzlar, Germany). Identical acquisition settings, including magnification, laser
power, detector gain, and field of view, were applied to all samples to ensure standardized
qualitative and morphometric comparisons between PBM-treated and control cultures.

Morphometric analyses were performed using ImageJ software (version 1.54f; Na-
tional Institutes of Health, Bethesda, MD, USA).Osteoblast-like structures were identified
by manual and threshold-assisted segmentation based on fluorescence intensity, cell mor-
phology, and ALPL/OCN positivity [37,38,44]. Uniform segmentation thresholds and anal-
ysis parameters were applied to all images. Quantitative image analysis was performed
independently by two investigators, blinded to treatment allocation, using predefined
morphological criteria, and the mean of the two measurements was used for statistical
analysis. Inter-observer agreement was excellent (intraclass correlation coefficient > 0.90).
Differences between cumulative osteoblastic area and cell counts reflect variations in indi-
vidual cell size and clustering, as segmentation quantified contiguous fluorescent regions
rather than individual cells.

2.9. Cell Viability Assessment and Statistical Analysis Framework

Cell viability was evaluated using a live/dead fluorescence assay based on Calcein
AM and Ethidium Homodimer III [37,39]. Viable cells exhibited green cytoplasmic fluores-
cence, whereas non-viable cells showed red nuclear fluorescence. Stained cultures were
imaged immediately by confocal microscopy under standardized acquisition settings. Cell
viability was quantified as the percentage of live cells relative to the total cell count in three
standardized, non-overlapping microscopic fields per explant. Mean viability values were
calculated for each explant and compared between PBM-treated and paired control cultures.
Viability assessment served as a quality-control endpoint rather than a primary morphome-
tric outcome. Images were acquired according to a predefined systematic scanning protocol
to minimize selection bias.
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Statistical analyses were performed using IBM SPSS Statistics version 29.0 (IBM Corp.,
Armonk, NY, USA). Because PBM-treated and untreated explants were paired within each
patient, comparisons were performed using the Wilcoxon signed-rank test, an appropriate
non-parametric method for paired data. Morphometric outcomes are presented as median
(interquartile range [IQR]), whereas cell viability is reported as mean ± standard deviation
(SD). Statistical significance was defined as p < 0.05.

3. Results
3.1. Study Cohort and Experimental Yield

Bone explants were harvested from 40 consecutive patients undergoing surgical treat-
ment for cystic lesions of the maxilla or mandible and processed according to the standard-
ized experimental protocol. Of the 40 enrolled patients, 34 generated viable osteogenic
cultures suitable for comprehensive morphometric analysis and constituted the final an-
alytic cohort (85% yield). Six paired explant samples were excluded because at least one
explant failed to demonstrate adequate cellular outgrowth or baseline osteogenic differenti-
ation [37]. Analysis of the excluded samples revealed no apparent clustering according to
patient age or anatomical localization. Histopathological diagnosis and operative duration
were not systematically recorded for the excluded specimens; therefore, it was not possible
to determine whether lesion type or surgical complexity contributed to culture failure.
These variables should be prospectively collected in future investigations. All subsequent
analyses were performed on the final analytic cohort (n = 34). A detailed comparison
of cyst histopathology and surgical duration between included and excluded samples
was not performed, as these variables were not systematically recorded; therefore, their
potential influence on explant viability and osteogenic responsiveness cannot be completely
excluded. The final analytic cohort included 23 males and 11 females with a mean age
of 41.8 ± 11.6 years. Explants were evenly distributed between the maxilla (n = 17) and
mandible (n = 17).

3.2. Quantitative Morphometric Analysis

Quantitative morphometric analysis demonstrated significantly greater osteogenic
activity and expansion of osteoblast-like cell populations in PBM-treated explants compared
with paired untreated controls (Table 1; Figure 1). Osteoblast-like cell count increased from
a median of 1525 (IQR 1100–2300) in controls to 2820 (IQR 2050–3900) following PBM
(Wilcoxon signed-rank test, W = 0, p < 0.001). Similarly, cumulative osteoblastic area
increased from 325,166 (IQR 190,551–530,111) to 537,028 (IQR 380,440–820,221) relative
units (W = 53, p < 0.001), while osteoblastic area occupancy increased from 11.75% (IQR
7.10–18.50) to 19.00% (IQR 13.80–28.60) (W = 34, p < 0.001). Collectively, these findings
indicate that PBM increased both the abundance and spatial distribution of osteoblast-like
cellular structures in paired human jawbone explants.

Table 1. Quantitative morphometric comparison between paired untreated and PBM-treated human
jawbone explants (Wilcoxon signed-rank test).

Outcome Control Median (IQR) PBM Median (IQR) Wilcoxon W p-Value

Osteoblast-like cell count 1525 (1100–2300) 2820 (2050–3900) 0 <0.001

Cumulative osteoblastic area (RU) 325,166 (190,551–530,111) 537,028 (380,440–820,221) 53 <0.001

Osteoblastic area occupancy (%) 11.75 (7.10–18.50) 19.00 (13.80–28.60) 34 <0.001

Data are presented as median (interquartile range, IQR). Statistical comparisons were performed using the
Wilcoxon signed-rank test because paired treated and untreated explants originated from the same patient.
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Figure 1. Paired quantitative morphometric comparison of osteogenic outcomes in human jawbone
explants following PBM.

Paired dot plots illustrating the three primary morphometric outcomes obtained from
human jawbone explants cultured under osteogenic conditions for 14 days. Each pair
of connected dots represents matched explants obtained from the same patient, with un-
treated control explants shown in blue and PBM-treated explants shown in red. Gray
connecting lines indicate the paired experimental design. (A) Osteoblast-like cell count.
(B) Cumulative osteoblastic area (relative units). (C) Osteoblastic area occupancy (%).
Statistical comparisons were performed using the paired Wilcoxon signed-rank test. PBM
treatment resulted in significantly greater osteoblast-like cell counts, cumulative osteoblas-
tic area, and osteoblastic area occupancy than paired untreated controls (p < 0.001 for
all comparisons).

3.3. Immunofluorescence Assessment of Osteogenic Marker Expression

Immunofluorescence staining confirmed ALPL and OCN expression in both groups [43].
PBM-treated cultures exhibited qualitatively stronger and more extensive ALPL and OCN
fluorescence than paired controls [14,44], consistent with enhanced osteogenic differentia-
tion following PBM exposure [21]. Semi-quantitative fluorescence intensity measurements
were not performed; therefore, morphometric quantification of osteoblast-like structures
and surface occupancy served as indirect quantitative indicators of osteogenic activity.

3.4. Cell Viability Analysis

Live/dead fluorescence assays demonstrated high baseline cellular viability in both
groups [37,42].

Quantitative analysis showed no significant difference in viability between paired
PBM-treated and control cultures (Wilcoxon signed-rank test, p = 0.18).

No increase in non-viable cells was observed following PBM exposure, suggesting
that the applied irradiation parameters did not induce detectable cytotoxic effects [32,42].

4. Discussion
The present exploratory ex vivo study demonstrates that intraoperative PBM using

a 980 nm diode laser significantly enhances early osteogenic activity in paired human
jawbone explants obtained during cystectomy. Compared with untreated paired controls,
PBM-treated explants exhibited significantly higher osteoblast-like cell counts, greater
cumulative osteoblastic area, and greater osteoblastic surface occupancy, while maintaining
high cellular viability. Because each treated explant was directly compared with its paired
control from the same patient, analysis using the Wilcoxon signed-rank test appropriately
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accounted for within-subject biological variability and strengthened the reliability of the
observed treatment effects.

Bone regeneration following surgical removal of maxillary and mandibular cysts
remains a clinically important challenge, particularly when medium- to large-sized defects
require prolonged healing before complete structural restoration [3,34–36]. Although spon-
taneous regeneration frequently occurs, healing may be slow and unpredictable, prompting
continued interest in minimally invasive adjunctive therapies capable of enhancing en-
dogenous osteogenesis without increasing surgical morbidity [6,10,38]. Within this context,
PBM has attracted considerable attention because of its reported ability to modulate cellular
metabolism, proliferation, differentiation, and tissue repair [16,18].

The magnitude of the observed biological response was substantial. Relative to paired
untreated controls, PBM increased the median osteoblast-like cell count by approximately
85%, the cumulative osteoblastic area by approximately 65%, and the osteoblastic area
occupancy by approximately 62%. Although direct quantitative comparisons with previous
human PBM studies remain challenging because of differences in irradiation protocols,
wavelengths, biological models, and outcome measures, the magnitude and direction of
these effects are consistent with the growing body of experimental evidence demonstrating
stimulatory effects of PBM on osteogenic cells and mesenchymal stem cell differentia-
tion [18,21,23,36].

The concurrent increase in cell number, cumulative cellular area, and spatial occupancy
suggests that PBM may promote not only expansion of osteoblast-like cell populations but
also a more organized distribution of osteogenic cells throughout the culture surface [37,44].
Such coordinated changes are biologically relevant because successful bone regeneration
depends not only on the presence of osteogenic cells but also on their ability to populate the
regenerative environment and initiate extracellular matrix deposition [15,38]. Nevertheless,
because no functional mineralization assays were performed, these findings should be
interpreted as evidence of enhanced early osteogenic differentiation rather than confirmed
mineralized bone formation.

Qualitative immunofluorescence further supported this interpretation. PBM-treated
cultures appeared to demonstrate stronger and more extensive ALPL and OCN immunoflu-
orescence, two well-established markers of osteoblastic differentiation [14,43,44]. Although
fluorescence intensity was not quantified and complementary assays such as alkaline
phosphatase activity, Alizarin Red S staining, or von Kossa staining were not included,
the concordance between immunofluorescence findings and quantitative morphometric
outcomes provides consistent evidence supporting enhanced osteogenic activity following
PBM exposure.

The biological mechanisms responsible for these observations cannot be directly
established by the present study but are compatible with previously proposed mechanisms
of PBM action. Experimental investigations have shown that near-infrared irradiation
may enhance mitochondrial respiratory chain activity, increase adenosine triphosphate
production, regulate reactive oxygen species, and activate intracellular signaling pathways
involved in osteogenic differentiation [18,21,36]. Unlike many previous investigations
that relied on immortalized osteoblast-like cell lines or animal models [31,32], the present
study employed freshly harvested human jawbone explants, thereby preserving native
cell–matrix interactions and providing a biologically relevant translational model that
more closely reflects the tissue environment encountered during oral and maxillofacial
surgery [17,37,43]. However, because molecular analyses were beyond the scope of this
exploratory investigation, these mechanistic explanations remain hypothetical.

From a translational perspective, PBM should be considered a potential adjunct rather
than an alternative to established regenerative strategies. Management of cystic jaw defects
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currently ranges from spontaneous healing to the use of autogenous grafts, biomaterials,
platelet-rich fibrin, and staged surgical approaches [4,6,8]. The present findings suggest
that PBM may represent an attractive complementary intervention because it requires
only a brief intraoperative application, introduces no additional donor-site morbidity, and
integrates easily into routine surgical workflows [35,36]. Nevertheless, the absence of
a positive control group, such as recombinant BMP-2 or another validated osteogenic
stimulator, prevents direct comparison of PBM with established regenerative interventions.
Future comparative studies are therefore needed to determine the relative biological efficacy
of PBM within the broader spectrum of bone regeneration strategies.

Several methodological considerations should be acknowledged when interpreting
these findings. First, this was an exploratory ex vivo study designed to investigate early
biological responses rather than clinical healing outcomes. The analytic cohort consisted
exclusively of explants demonstrating successful cellular outgrowth and osteogenic dif-
ferentiation, representing a biologically responsive subset rather than a population-based
sample [18]. Furthermore, the explant model preserves important native cell–matrix interac-
tions [14] but cannot reproduce the complex biological environment present in vivo, where
vascularization, inflammatory signaling, immune regulation, and biomechanical loading
all contribute to bone regeneration [7,8,24,42]. Consequently, the observed effects should
be interpreted as modulation of early osteogenic potential rather than direct evidence of
accelerated clinical bone healing.

Second, several potentially influential variables could not be evaluated. Histopatho-
logical subtype, surgical duration, inflammatory status, smoking history, lesion size, and
other patient-related characteristics were not systematically recorded, precluding subgroup
analyses that might explain inter-individual variability in osteogenic responsiveness. Simi-
larly, cortical thickness and bone density were not quantitatively assessed before culture.
Future studies incorporating comprehensive baseline characterization may help identify
clinical predictors of responsiveness to PBM and explain why some explants exhibit greater
biological stimulation than others.

Third, although the selected irradiation parameters were chosen within established
biostimulatory ranges [22,23], thermal monitoring was not performed during laser applica-
tion. To minimize potential photothermal effects, irradiation was delivered in non-contact
mode using pulsed emission, moderate average power, and a short exposure time [21,25].
These methodological precautions were intended to favor photobiomodulatory rather than
thermal mechanisms; however, future investigations should include independent laser
output calibration together with real-time temperature monitoring to further distinguish
photobiological from photothermal effects.

Finally, osteogenic differentiation was evaluated at a single 14-day time point follow-
ing a single PBM exposure. While this design permitted assessment of early differentiation
markers, it could not characterize the temporal evolution of the cellular response. Ear-
lier evaluations would help define proliferative effects, whereas longer culture periods
combined with quantitative mineralization assays would determine whether the observed
increase in osteogenic activity ultimately translates into enhanced matrix maturation and
mineral deposition. Likewise, repeated PBM applications may produce different biological
responses and deserve systematic investigation.

Despite these limitations, several methodological strengths support the validity of
the present findings. The paired experimental design minimized inter-patient biological
variability by allowing each patient to serve as their own control. Image acquisition and
morphometric analyses were standardized, measurements were performed by blinded in-
vestigators with excellent inter-observer agreement, and all quantitative endpoints demon-
strated a consistent direction of effect. Together, these observations provide coherent
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evidence that intraoperative PBM favorably modulates early osteogenic behavior in freshly
harvested human jawbone explants.

Overall, the present study contributes clinically relevant translational evidence sup-
porting the biological potential of PBM as an intraoperative adjunct during cyst surgery.
Although definitive conclusions regarding clinical efficacy cannot yet be drawn, the con-
sistent enhancement of early osteogenic activity observed in this human ex vivo model
provides a strong rationale for prospective clinical trials incorporating longitudinal imag-
ing, quantitative mineralization assessment, and functional healing outcomes to determine
whether these promising cellular effects translate into improved postoperative bone regen-
eration [35,36].

5. Conclusions
This exploratory translational ex vivo study suggests that photobiomodulation ap-

plied to human jawbone explants enhances early osteogenic activity, as reflected by an
increased osteoblast-like cell count, cumulative osteoblastic area, and osteoblastic area
occupancy. Compared with paired untreated controls, laser-treated explants exhibited
significantly greater osteoblast-like cellular abundance and osteogenic tissue expansion
across all quantitative morphometric endpoints.

These findings are limited to indirect cellular measures of osteogenic activity ob-
tained from an exploratory ex vivo model and should therefore be regarded as hypothesis-
generating. Prospective clinical studies incorporating quantitative mineralization assays,
radiographic bone fill, and functional healing outcomes are warranted to determine
whether these biological effects translate into improved clinical bone regeneration following
cyst surgery.
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