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Bone defects are common orthopedic conditions, and due to the limited regenerative capacity of bone 
tissue, their repair remains a challenge in orthopedic surgery. Mesenchymal stem cells (MSCs) have 
demonstrated strong potential for osteogenic differentiation; however, their efficiency in vivo remains 
restricted, particularly in terms of differentiation and migration. Photobiomodulation (PBM), a non-
invasive therapeutic technique, has shown great promise in promoting stem cell differentiation. In this 
study, we cultured human umbilical cord mesenchymal stem cells (hUCMSCs) in vitro and treated them 
with 635/808 nm laser light. We measured alkaline phosphatase (ALP) activity, mineralized nodule 
formation, and the expression of osteogenesis-related genes and factors after 7, 14, and 21 days. 
The results showed that PBM treatment significantly enhanced hUCMSC proliferation and osteogenic 
differentiation. The mechanism behind this effect involves PBM activating the upstream Akt signaling 
pathway, increasing P-Akt expression, and elevating reactive oxygen species (ROS) levels to induce 
mild oxidative stress. This process enhances ALP activity, mineralized nodule formation, and the 
expression of osteogenesis-related genes and factors, thus promoting the osteogenic differentiation of 
hUCMSCs.
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Bone tissue defects are common complications resulting from trauma and diseases1. Despite the remarkable 
self-repair and regenerative capabilities of bone tissue, nearly 10% of fractures do not heal properly2,3. Due to 
the limitations of current treatments, such as bone grafting, innovative bone tissue engineering approaches, 
including cell inoculation, scaffold utilization, and cell activation, have emerged as promising strategies for 
treating bone defects4.

Mesenchymal stem cells (MSCs), multipotent cells derived from mesodermal layers and nerve sheaths5, 
possess the ability to migrate to injury sites, a crucial step in bone defect repair6. MSCs demonstrate multipotent 
differentiation abilities, particularly in osteogenesis and chondrogenesis7. Osteoblasts are critical for bone 
formation and progress through four stages: cell proliferation, extracellular matrix maturation, mineralization, 
and apoptosis. MSCs secrete paracrine factors that regulate the tissue microenvironment and modulate osteoclast 
activity, thereby maintaining a dynamic balance during bone formation8. Although there are currently a number 
of techniques to enhance MSC differentiation into osteoblasts, there continues to be interest in developing 
simple and noninvasive methods to further enhance osteoblastic differentiation and expedite the bone repair 
process, which is crucial in the clinical management of bone tissue defects .

Photobiomodulation (PBM) is a non-invasive therapeutic approach that employs red or near-infrared 
light within the range of 600-1,100 nm to exert an effect on tissues or cells, aiming to expedite and improve 
bone healing9. The 650-1,100 nm wavelength range is widely used in PBM because it is absorbed by cellular 
chromophores10. PBM promotes mitochondrial respiration, adenosine triphosphate (ATP) synthesis, and 
the regulation of reactive oxygen species (ROS) levels, enhancing osteoblast proliferation and differentiation, 
leading to bone healing. In addition, PBM stimulates inflammatory cells, promotes angiogenesis, and facilitates 
new bone formation11,12. Lee et al.. demonstrated that photobiomodulation therapy (PBMT) using 660 nm light 
significantly enhances the healing of cranial defects in a diabetic rat model, promoting osteogenic differentiation 
and bone regeneration13. In our previous study, we utilized human umbilical cord mesenchymal stem cells 
(hUCMSCs) as the seeding cells, seeded them onto a filipin/polycaprolactone scaffold, and subjected them to 
PBM treatment. The results indicated that PBM intervention significantly enhanced the expression of genes 
associated with mineralization and osteogenesis in hUCMSCs, thereby promoting osteogenic differentiation14. 
However, the absence of standardized guidelines for the use of PBM in bone regeneration has led to diverse 
treatment protocols with varying wavelengths, types, and parameters, resulting in inconsistent and sometimes 
contradictory results15–18. Furthermore, the specific substances modulated by PBM during bone healing and 
underlying intrinsic mechanisms remain unclear. Therefore, experimental studies are warranted to elucidate the 
effects of PBM on MSCs and to understand the regulatory mechanisms of osteoinduction, which will aid in the 
design of effective therapeutic programs.

MSCs can be isolated from various sources including bone marrow, umbilical cord, adipose tissue, and blood. 
Among these, hUCMSCs offer distinct advantages due to their ease of extraction and expansion, non-invasive 
collection, cost-effectiveness, low risk of infection, high proliferation capacity, and minimal immunogenicity19. 
These characteristics make hUCMSCs an ideal candidate for therapeutic applications.In this study, we investigated 
the effects of near-infrared light (635  nm and 808  nm) on the osteogenic differentiation of hUCMSCs. We 
evaluated the impact of near-infrared light on osteogenic differentiation using Alizarin Red staining, alkaline 
phosphatase (ALP) staining, and the measurement of osteogenesis-related genes and factors. To elucidate the 
molecular mechanisms underlying the effects of PBM on hUCMSCs, we examined the relationship between 
PBM-induced mitochondrial ROS production, phosphorylation of Akt (P-Akt), and osteogenic differentiation 
of hUCMSCs.

Methods
Culture of hUCMSCs
HUCMSCs were obtained from Onsai Cell Company (Tianjin, China), provided by Dr. Han Zhibo. Under 
specific conditions, these cells differentiate into osteoblasts, chondrocytes, and adipocytes. The hUCMSCs 
were cultured in an incubator at 37 °C with 5% CO2 using α-MEM medium supplemented (Gibco, USA) with 
100 U/mL penicillin-streptomycin (PS, Gibco, USA) and 10% fetal bovine serum (FBS: Gibco, USA). The 
cells were digested with trypsin (HyClone, USA) and passaged upon reaching 80% confluence. For osteogenic 
differentiation, once the cells reached 80% confluence the proliferation medium was replaced with an osteogenic 
induction medium. This osteogenic medium was prepared by further supplementing α-MEM with 10 nM 
dexamethasone (Sigma, USA), 10 mM β-glycerophosphate (Sigma, USA), and 50 µM L-ascorbic acid (Sigma, 
USA). In the experiments, 3rd to 5th generation cells were used. The experimental groups included a Control 
group, a 635 nm laser group, and an 808 nm laser group.

Laser irradiation
Cells were collected by digestion and centrifugation, then seeded at a density of 2 × 103 cells/well in 96-well plates 
and 1 × 105 cells/well in 6-well plates. After replacing the complete culture medium(90% α-MEM medium + 10% 
FBS + 1% PS) with an osteogenic induction medium (Sigma, USA), the cells were incubated overnight at 37 °C 
in a 5% CO2 environment. Laser irradiation was performed using continuous-output lasers at wavelengths of 
635 and 808 nm. The power density was set to 20 mW/cm2 and the energy density was set to 4 J/cm2. Laser 
irradiation was conducted 1 cm away from the cell culture plates. Control cultures were subjected to the same 
conditions without laser activation. The output energy was measured and verified using a power meter to ensure 
accuracy. Each group received irradiation twice daily for three consecutive days (Fig. 1).

Stem cell differentiation capacity testing
A 0.1% gelatin (Sigma, USA) solution was prepared to coat the wells for 20  min, after which the cells were 
seeded. On the second day, the growth medium (90% α-MEM medium + 10% FBS + 1% PS) was replaced with the 
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differentiation medium (Gibco, USA), which was changed every three days for 21 days of osteogenic induction. 
During lipid induction, cells were cultured in lipid-forming solution A (Procell, China) for three days, followed 
by culture in lipid-forming solution B (Procell, China) for one day. This alternating solution change was repeated 
for 20 days. Osteogenic and lipogenic staining was performed at the end of the induction period. Cells were fixed 
with 500 µL of fixative for 30 min at room temperature, then gently rinsed three times with PBS. The plates were 
stained with either Alizarin Red (Solarbio, China) or Oil Red O (Beyotime, China) for 15 min, followed by gentle 
rinsing twice with double distilled water. The plates were observed and photographed under a microscope.

Cell proliferation assay
To detect the growth curves of 5th generation hUCMSCs, the cells were seeded in 96-well plates and incubated at 
37 °C with 5% CO2 for seven consecutive days. The effect of PBM on the proliferation of hUCMSCs was assessed 
using the Cell Counting Kit-8 (CCK-8, Beyotime, China) assay, a widely employed method for evaluating cell 
viability. The CCK-8 solution was prepared by mixing 90% complete medium with 10% CCK-8 reagent under 
light/dark conditions. The culture medium in the 96-well plates was discarded and replaced with 100 µL of the 

Fig. 1.  Laser exposure. (a) Schematic diagram of the laser irradiation process. The schematic diagram in this 
figure was created using Adobe Illustrator (https://www.adobe.com/products/illustrator). (b) Osteogenesis test 
schedule. (c) Light parameter setting.
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CCK-8 solution per well. The cells were then incubated at 37 °C for 1 h. Absorbance was measured at 450 nm 
using a multifunctional microplate reader (Thermo, USA).

ALP assay and staining
Cells were lysed using Cell Lysis Solution (Beyotime, China) and collected in EP tubes. The samples were 
centrifuged at 12,000 g for 10 min in a pre-cooled centrifuge at 4 °C. Blank control, sample, and standard wells 
were prepared according to the ALP Assay protocol (Beyotime, China). Each sample was tested in triplicate and 
incubated in a thermostat for 10 min. To terminate the reaction, 100 µL of reaction termination solution was 
added to each well. Absorbance was measured at 405 nm using a multifunctional microplate (Thermo, USA) 
reader.

The NBT/BCIP (Beyotime, China) ALP staining solution was prepared in a lightproof environment. A mix of 
6 mL of color development buffer, 20 µL of BCIP solution, and 40 µL of NBT solution was used. The cell culture 
medium was discarded and the cells were gently rinsed three times with PBS. Fixation was done with 500 µL 
of fixative at room temperature for 30 min, followed by rinsing three times with PBS. The BCIP/NBT staining 
working solution (1 mL/well) was added and incubated at room temperature for 1 h in the dark. The staining 
solution was discarded, and the wells were rinsed twice with double-distilled water to stop the ALP staining, after 
which the cells were imaged using a microscope (Olympus, Japan).

Alizarin red staining assay
After 21 days of culture, stromal mineralization was evaluated using alizarin red staining (Solarbio, China). 
Cells were gently rinsed three times with PBS, then fixed with 500 µL of fixative at room temperature for 30 min. 
After discarding the fixative, the cells were rinsed three times with PBS. The cells were stained with 1 mL alizarin 
red dye per well for 15 min, followed by gentle rinsing twice with double-distilled water. The stained cells were 
observed and photographed under a microscope.

After imaging, the calcium content was quantified by staining with alizarin red. The wells were emptied, and 
200 µL of 0.5% cetylpyridinium chloride solution was added to each well to dissolve the calcium nodules. The 
absorbance was measured at 562 nm using a multifunctional microplate reader (Thermo, USA) after complete 
dissolution.

Real-time polymerase chain reaction analysis
The expression levels of runt-related transcription factor 2 (RUNX2), collagen type I alpha 1 chain (COL1A1), 
osteocalcin (OCN), ALP, osteopontin (OPN), and osterix (SP7) mRNA were quantified using RT-PCR. The 
reaction volume was set to 10 µL, with three replicates per sample. The methods and steps followed the TB 
Green® Premix Ex Taq™ (Tli RNaseH Plus) protocol. The primer sequences are listed in Table 1.

ELISA
Secretion levels of bone morphogenetic protein type 2 (BMP-2), OCN and OPN in the cells were measured 
using ELISA kits (Shanghai Tongwei, China). Except for the blank wells, 50 µL of enzyme reagent was added to 
each well. The wells were covered with a sealing membrane and incubated at 37 °C for 60 min under 5% CO2. 
After removing the membrane and discarding the waste solution, a wash solution was added, the membrane was 
allowed to stand for 30 s, and then discarded. The washing process was repeated five times. In the next step, 50 µL 
of Color Developer A and 50 µL of Color Developer B were added to each well, followed by a 15 min incubation 
period, protected from light. Lastly, to stop the reaction, 50 µL of a termination solution was added to each well, 
followed by measuring the absorbance at 450 nm using a multifunctional microplate reader (Thermo, USA).

Target primer name Target primer sequence

ALP pre primer sequence ​A​T​T​T​C​T​C​T​T​G​G​G​C​A​G​G​C​A​G​A​G​A​G​T

ALP post primer sequence ​A​T​C​C​A​G​A​A​T​G​T​T​C​C​A​C​G​G​A​G​G​C​T​T

COL1A1 pre primer sequence ​C​A​G​A​T​C​A​C​G​T​C​A​T​C​G​C​A​C​A​A​C

COL1A1 post primer sequence ​G​A​G​G​G​C​C​A​A​G​A​C​G​A​A​G​A​C​A​T​C

OCN pre primer sequence ​C​C​C​A​G​G​C​G​C​T​A​C​C​T​G​T​A​T​C​A​A

OCN post primer sequence ​G​G​T​C​A​G​C​C​A​A​C​T​C​G​T​C​A​C​A​G​T​C

OPN pre primer sequence ​C​T​C​C​A​T​T​G​A​C​T​C​G​A​A​C​G​A​C​T​C

OPN post primer sequence ​C​A​G​G​T​C​T​G​C​G​A​A​A​C​T​T​C​T​T​A​G​A​T

RUNX2 pre primer sequence ​C​C​C​G​T​G​G​C​C​T​T​C​A​A​G​G​T

RUNX2 post primer sequence ​C​G​T​T​A​C​C​C​G​C​C​A​T​G​A​C​A​G​T​A

SP7 pre primer sequence ​A​G​C​C​C​A​T​T​A​G​T​G​C​T​T​G​T​A​A​A​G​G

SP7 post primer sequence ​C​C​T​C​T​G​C​G​G​G​A​C​T​C​A​A​C​A​A​C

β-actin pre primer sequence ​T​G​G​C​A​C​C​C​A​G​C​A​C​A​A​T​G​A​A

β-actin post primer sequence ​C​T​A​A​G​T​C​A​T​A​G​T​C​C​G​C​C​T​A​G​A​A​G​C​A

Table 1.  Sequence of the primers.
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ROS level detection
A 1:1,000 dilution of DCFH-DA (Beyotime, China) was prepared in a serum-free medium. After removing 
the medium, each well was treated with 200 µL of diluted DCFH-DA and incubated for 20 min. Subsequently, 
the cells were washed thrice with serum-free medium to eliminate any unpermeated excess DCFH-DA before 
imaging. Excess DCFH-DA was avoided to minimize background fluorescence and anti-fluorescence quenching 
was added to reduce fluorescence fading. Confocal microscopy (Olympus, Japan) was employed to perform the 
measurements at excitation and emission wavelengths of 488 and 525 nm, respectively.

Immunofluorescence staining
After removing the culture medium, the cells were fixed in 4% paraformaldehyde (Solarbio, China) for 
15 min. Subsequently, the fixative was aspirated and the cells were rinsed three times with PBS. The cells were 
permeabilized on ice with 0.2% Triton X-100 (Solarbio, China) for 10 min and blocked with 5% goat serum 
(Solarbio, China) at room temperature for 1 h. A working solution of primary antibody targeting P-Akt (1:200, 
Beyotime, China) was incubated overnight at 4 °C. The next day, the cells were incubated with a fluorescent 
secondary antibody (Solarbio, China) at room temperature for 2 h. After rinsing with PBS, a DAPI solution 
(10 µg/mL) was added and incubated for 5 min, followed by three additional rinses with PBS and gentle shaking. 
Lastly, images were obtained using a confocal microscope (Olympus, Japan).

Introduction to inhibitors
The Akt inhibitor MK-2206 (Beyotime, China) was used at a final concentration of 5 µM. To attain this 
concentration, MK-2206 (initial concentration: 10 mM) was diluted to 500 µM with DMSO in a 1:20 ratio. 
Subsequently, the 500 µM MK-2206 was further diluted to 5 µM in osteogenic induction medium using a 1:100 
ratio. Cells undergoing Akt pathway inhibition were cultured with 5 µM MK-2206.

To minimize DMSO’s (Sigma, USA) potential impact of DMSO on the results, DMSO was added to the 
osteogenic induction medium at a 1:100 ratio. This medium was used to culture the cells in the non-inhibited Akt 
pathway group. After a three-day incubation, the medium was replaced with a regular osteogenic differentiation 
medium. Following Akt pathway inhibition by MK-2206, the cells were irradiated with 635 and 808 nm lasers. 
The power density was set to 20 mW/cm2 with an energy density of 4 J/cm2. The experimental groups included 
the Control, MK-2206, MK-2206 + 635, and MK-2206 + 808 nm group.

Statistical analysis
All experiments were conducted in triplicates. Mean differences were analyzed using SPSS through one-way 
analysis ANOVA and chi-square test for variance. Image plotting was performed using GraphPad Prism 8. 
Statistical significance was set at p < 0.05.

Results
HUCMSCs culture and characterization
The cell growth curve exhibited an “S” shape, indicating robust proliferation ability (Fig. 2a). By day 5, the cells 
were evenly distributed on the surface of the culture flask, with minimal gaps (Fig. 2b). Osteogenic–lipogenic 
induction, considered the standard for assessing the differentiation potential of MSCs, was performed. After 
21 days of osteogenic induction, multilayer growth was observed, characterized by the presence of red-stained 
calcium nodules (Fig. 2c). Similarly, after 20 days of lipid formation induction, numerous lipid droplets formed 
in the cytoplasm, exhibiting a dark purple color when stained with Oil Red O (Fig. 2d). These experimental 
results confirmed that P5 hUCMSCs met the requirements for subsequent experiments.

PBM enhances hUCMSCs activity
We assessed the proliferative activity of each group of cells over three consecutive days to investigate the effects 
of 635/808 nm laser irradiation on the activity of hUCMSCs. The results indicated that exposure to 635 nm laser 
significantly enhanced the proliferative activity of hUCMSCs compared to the Control group, while irradiation 
at 808 nm did not significantly affect cell proliferation (Fig. 2e).

PBM promoted hUCMSCs ALP activity and calcium nodule formation
To evaluate the effects of PBM on the osteogenic differentiation of hUCMSCs, we measured the activity of ALP, 
a key marker of osteogenic differentiation, after 7 days of induction, as illustrated in Fig. 2f. Compared to the 
Control group, hUCMSCs exposed to 635/808 nm laser irradiation exhibited a deeper purple color in ALP 
staining, indicating that PBM induced higher ALP levels. Further validation was provided by measuring ALP 
activity, as shown in Fig. 2g. The results revealed a significant increase in ALP activity in hUCMSCs following 
exposure to 635/808 nm laser irradiation compared to the Control group. Notably, the effect of 808 nm laser 
irradiation on ALP levels was more pronounced than that of the 635 nm laser irradiation.

The formation of mineralization nodules is a crucial marker of the osteogenic process, reflecting the capacity 
and effectiveness of bone formation. The deposition of extracellular matrix during mineralization provides a 
foundation for the growth and differentiation of osteoblasts, thereby promoting the regeneration and repair of 
bone tissue. Therefore, after 21 days of osteogenic induction, we performed Alizarin Red staining and calcium 
content assays to investigate the impact of 635/808 nm laser irradiation on mineralization nodules. As shown 
in Fig. 2h, there was a significant increase in the formation of mineralization nodules following treatment with 
635/808 nm laser irradiation compared to the Control group. The results of the Alizarin Red calcium content 
assay in Fig. 2i further confirmed the staining results, indicating that exposure to 635/808 nm laser irradiation 
induced a greater number of mineralization nodules compared to the Control group.
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PBM promotes differentiation of hUCMSCs in the osteogenic direction
After seven days of osteogenesis induction, the mRNA expression levels of osteogenesis-related genes (ALP, 
COL1A1, OCN, OPN, Runx2, and SP7) were evaluated using RT-PCR. Compared with the Controls, 635 and 
808 nm laser treatment resulted in increased expression of osteogenic differentiation marker genes (Fig. 3a). 
Furthermore, seven days post-osteogenic induction, the levels of osteogenic factors (BMP-2, OCN, and OPN) 
were measured using ELISA. Irradiation with either the 635–808  nm laser elevated the expression levels of 
osteogenesis-related elements in comparison with the corresponding values in the Control group (as shown in 
Fig. 3b).

Fig. 2.  Impact of PBM intervention on osteogenic differentiation of hUCMSCs. (a) Growth curves of cultured 
P5 hUCMSCs. (b) Day 5 growth status of P5. (c) Osteogenic staining. (d) Lipogenic staining. (e) Effect of 
PBM on cell proliferation. (f) Effect of PBM on the level of ALP. (g) Measurement of ALP activity. (h) Effect 
of PBM on calcium nodules. (i) Quantification of calcium nodule content in hUCMSCs. Data are expressed 
as mean ± standard deviation. Compared with the Control group, *p < 0.05; Compared with the 635 nm group, 
#p < 0.05, ns indicates no statistically significant difference.
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Low levels of ROS can act as secondary messengers in various signaling pathways involved in cell 
differentiation. To further explore the mechanism of PBM intervention in the osteogenic differentiation of 
hUCMSCs, we analyzed ROS production levels in each cell group by irradiating hUCMSCs with 635 nm and 
808  nm lasers. Representative confocal microscopy images are shown in Fig.  3c, and quantification of ROS 
fluorescence is provided in Fig. 3d. The results indicated a minor increase in the production of ROS in both the 
635 and 808 nm treatment groups, in comparison to the Control group. Notably, irradiation with the 635 nm 
laser induced a marginally stronger increase in ROS levels than did irradiation at 808 nm.

Fig. 3.  Study of the mechanism of PBM intervention in osteogenic differentiation of hUCMSCs. (a) RT-PCR 
was performed to detect relevant gene expression. (b) ELISA was performed to detect cytokines. (c) Effect of 
PBM on the level of reactive ROS in hUCMSCs. Scale bar: 100 μm. (d) Relative fluorescent intensities of ROS 
levels analysed using Image J software. Data are expressed as mean ± standard deviation. Compared with the 
Control group, *p < 0.05; Compared with the 635 nm group, #p < 0.05, ns indicates no statistically significant 
difference.
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Akt activation regulates numerous downstream protein functions including cell proliferation, migration, 
survival, metabolism, and angiogenesis. To investigate the effects of PBM on Akt signaling, P-Akt protein 
expression was evaluated using immunofluorescence staining. PBM treatment was administered continuously 
for three days, and Akt expression was measured one hour after the completion of the three-day intervention. 
Representative confocal microscopy images are shown in Fig. 4a, and quantitative fluorescence measurements 

Fig. 4.  The effect of PBM intervention on P-Akt expression in hUCMSCs. (a) Immunofluorescence assay to 
detect the expression of P-Akt in hUCMSCs. Data are expressed as mean ± standard deviation. P-Akt (red), 
DAPI (blue), Scale bar: 100 μm. (b) Relative fluorescent intensities of P-Akt analysed using Image J software. 
Compared with the Control group, *p < 0.05. Compared with the 635 nm group, #p < 0.05, ns indicates no 
statistically significant difference.
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are shown in Fig. 4b. The results revealed a significant increase in intracellular red fluorescence intensity in cells 
treated with either the 635–808 nm lasers compared to the Control group, indicating an upregulation of P-Akt 
protein expression.

ALP activity and calcium nodulation in hUCMSCs decreased when Akt was inhibited
Previous experimental results demonstrated that PBM intervention can promote osteogenic differentiation of 
hUCMSCs, enhancing ALP activity, mineralized nodule formation, and the expression of osteogenesis-related 
genes and factors. Additionally, ROS and P-Akt levels were also altered. However, it remains unclear whether 
there is a regulatory relationship between these factors. To explore this further, we used the inhibitor MK-2206 
to suppress the Akt signaling pathway and examined the effects of 635/808 nm laser intervention on ALP activity 
in hUCMSCs (as shown in Fig. 5a). Compared to the Control group, 635/808 nm laser treatment significantly 
increased the area of purple staining, reflecting elevated ALP activity. However, this increase was markedly 

Fig. 5.  Impact of Akt pathway inhibition on hUCMSCs osteogenic differentiation. (a) Effect of inhibiting 
Akt pathway on ALP activity of hUCMSCs. Data are expressed as mean ± standard deviation. (b) The effect of 
inhibiting the Akt pathway on calcium nodules of hUCMSCs osteogenic differentiation, *p < 0.05 compared 
with the Control group; #p < 0.05 compared with 635–808 nm irradiation group.
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reduced when the Akt pathway was inhibited. Furthermore, the use of 635/808 nm laser irradiation after Akt 
inhibition did not restore the decreased ALP activity.

Similarly, we evaluated the impact of 635/808 nm laser treatment on the formation of mineralized nodules in 
hUCMSCs after Akt pathway inhibition. As shown in Fig. 5b, compared to the Control group, laser irradiation 
significantly increased mineralized nodule formation and calcium content. However, inhibition of the Akt 
pathway significantly diminished these effects. After suppression of the Akt pathway, 635/808 nm laser treatment 
no longer promoted mineralized nodule formation or calcium accumulation in hUCMSCs.

Osteogenic differentiation of hUCMSCs decreased by Akt pathway inhibition
To further evaluate the role of the Akt signaling pathway in PBM-induced osteogenic differentiation of 
hUCMSCs, we inhibited the Akt pathway using MK-2206 and examined the effects of 635 nm laser irradiation 
on the mRNA expression levels of osteogenic genes ALP, COL1A1, OCN, OPN, RUNX2, and SP7, as shown in 
Fig. 6a. Compared to the Control group, 635 nm laser treatment significantly increased the mRNA expression 
of these osteogenic genes. However, inhibition of the Akt signaling pathway led to a marked decrease in the 
expression of these osteogenic markers. Notably, following the inhibition of the Akt pathway, PBM intervention 
did not further enhance osteogenic gene expression compared to the group treated solely with 635 nm laser.

Figure 6b illustrates the impact of 808 nm laser irradiation on the expression of osteogenesis-related genes 
in hUCMSCs. The 808 nm laser significantly increased the expression of these genes compared to the Control 
group. However, when PBM was applied following Akt pathway inhibition, there was no further significant 
increase in osteogenic gene expression. These findings suggest that when the Akt signaling pathway is inhibited, 
PBM is unable to further enhance the expression of osteogenesis-related genes, indicating that the Akt pathway 
plays a critical role in PBM-mediated osteogenesis of hUCMSCs.

Figure 7a and b demonstrate the effects of 635 nm and 808 nm laser irradiation on the osteogenesis-related 
factors BMP-2, OCN and OPN in hUCMSCs after inhibition of the Akt pathway. The results showed that laser 
irradiation at 635–808 nm significantly increased the levels of osteogenesis-related factors compared with the 
Control group. In contrast, inhibition of the Akt pathway significantly reduced the expression of osteogenic 
factors. Notably, the application of laser intervention after inhibition of the Akt pathway did not reverse the 
decrease in osteogenesis-related factor levels compared with the group irradiated with 635–808 nm laser only.

Low level of ROS generation can promote the differentiation of hUCMSCs in the osteogenic direction, in 
order to further investigate the relationship between Akt on mitochondrial ROS level generation in this study. 
Figure  7c, d and e demonstrates the effect of laser irradiation on ROS levels in hUCMSCs after inhibiting 
the Akt pathway using MK-2206. Compared with the Control group, hUCMSCs receiving 635–808 nm laser 
irradiation showed stronger green fluorescence, indicating elevated ROS levels. However, when the Akt pathway 
was inhibited, the intensity of green fluorescence diminished, resulting in a significant decrease in ROS levels. 
Importantly, application of PBM after Akt pathway inhibition failed to restore ROS levels compared to the groups 
receiving 635–808 nm laser irradiation alone. These results suggest that ROS production is closely related to the 
Akt pathway and that the Akt pathway plays an upstream regulatory role in this process.

Discussion
In this study, we examined how PBM using dual-wavelength near-infrared light (635 nm and 808 nm) affects 
the osteogenic differentiation of hUCMSCs. We also explored the mechanisms by which PBM impacts these 
osteogenic processes. First, our results showed that 635 nm laser irradiation significantly enhanced the viability 
of hUCMSCs, while 808  nm laser irradiation had no significant effect on cell viability. PBM interacts with 
key intracellular chromophores to activate multiple signaling pathways, thereby promoting cell proliferation, 
migration, and differentiation20. Moreover, the biological effects of PBM typically follow a biphasic dose-
response: an energy density that is too low may fail to activate the necessary signaling pathways, whereas an 
energy density that exceeds the optimal range can lead to excessive ROS generation and local thermal damage, 
ultimately impairing cell function or inducing apoptosis21,22. Consistent with our observations, de Andrade et 
al.. evaluated the effect of PBM at different energy levels on the proliferation of MSCs of adipose tissue origin. 
Low-energy lasers (660  nm, 40 mW, 0.56/1.96  J/cm2) promoted MSCs proliferation, whereas irradiation at 
higher energy (5.04 J/cm2) resulted in cellular damage23. Similarly, Tani et al.. investigated the effects of PBM on 
human osteoblasts and mesenchymal stromal cells, concluding that 808 nm wavelength laser irradiation did not 
significantly affect cell viability16. Apart from this, Zare et al.. investigated the impact of 630 and 810 nm single-
wavelength irradiation and combined interventions on the survival and recovery of MSCs derived from human 
bone marrow and stem cells derived from human adipose tissue, the authors reported that the combined 630 and 
810 nm PBM treatment was more effective in promoting cell viability and significantly reducing apoptosis24. In 
summary, these findings indicate that PBM induced by low-energy lasers, particularly at a wavelength of 635 nm, 
can significantly enhance the viability of MSCs. Our study highlights the varying effects of different wavelengths 
and energy levels on cell viability, underscoring the importance of selecting appropriate laser parameters to 
achieve optimal therapeutic outcomes.

Osteoblastic differentiation is crucial for bone development, fracture repair, and tissue maintenance3. 
Elevated ALP activity and mineralized nodule formation are early markers of osteoblast differentiation and 
maturation. Our study shows that laser irradiation at 635 and 808 nm significantly increased ALP activity and 
mineralized nodule formation in hUCMSCs. This aligns with the previous findings. For instance, Bueno et al.. 
isolated bone marrow MSCs from diabetic rats and found that irradiation at 660 nm increased the viability of 
stem cells and the activity of the osteogenic marker ALP, and the level of mineralization ultimately restored 
the osteogenic differentiation potential of MSCs from diabetic rats25. Furthermore, Amaroli et al.. evaluated 
the efficacy of 808-nm laser therapy in vitro by irradiating bone marrow mesenchymal cells with an 808-nm 
laser26. Their findings showed that PBM increased ALP expression, elevated anti-inflammatory factor levels, and 
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decreased pro-inflammatory factor levels, thereby effectively influencing bone marrow mesenchymal osteogenic 
differentiation of BMSCs. However, our study has certain limitations. We observed that PBM promoted cell 
proliferation (as shown in Fig. 2), but we did not normalize the mineralization levels to cell number or total 
protein. Therefore, we cannot completely rule out the possibility that the observed increases in ALP activity 
and mineralization levels are partly attributable to increased cell numbers, rather than a direct effect of PBM on 
single-cell osteogenic activity. To more accurately assess the impact of PBM on single-cell osteogenic activity, in 
future studies, we will actively explore single-cell level detection methods to gain a deeper understanding of the 
effects of PBM on osteogenic differentiation.

Osteogenic differentiation is a complex process regulated by various transcription factors. In this study, we 
assessed the expression of osteogenesis-related genes, including RUNX2, COL1A1, OCN, ALP, OPN, and SP7, as 

Fig. 6.  Effect of inhibition of the Akt pathway on osteogenesis-related gene expression. (a) Influence of 635 nm 
laser exposure on osteogenesis-associated gene expression in hUCMSCs following Akt pathway inhibition. (b) 
Influence of 808 nm laser exposure on osteogenesis-associated gene expression of hUCMSCs after Akt pathway 
inhibition. Data are expressed as mean ± standard deviation, *p < 0.05 compared to the Control group and 
#p < 0.05 compared with 635–808 nm irradiation group.
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well as other factors such as BMP-2, OCN, and OPN. These genes and factors play critical roles in the osteogenic 
differentiation process. For instance, RUNX2 is a primary regulatory factor in osteogenic differentiation, 
promoting the maturation and mineralization of osteoblasts27. COL1A1 is one of the main components of bone 
matrix, essential for the strength and stability of bone structure. OCN, a protein secreted by mature osteoblasts, 
facilitates mineralization and serves as a marker for bone metabolism. ALP acts as an early marker of osteogenic 

Fig. 7.  Effect of inhibition of the Akt pathway on osteogenesis-related factors and ROS. (a) Influence of 
635 nm laser exposure on hUCMSCs expression of osteogenic correlated factors after Akt pathway inhibition. 
(b) Influence of 808 nm laser exposure on hUCMSCs expression of osteogenic correlated factors after Akt 
pathway inhibition. (c) Impact of Akt pathway inhibition on the level of ROS in hUCMSCs. (d) Fluorescence 
quantification was performed using ImageJ to evaluate the effect of 635 nm laser irradiation on ROS levels in 
hUCMSCs following Akt pathway inhibition. (e) Fluorescence quantification was performed using ImageJ to 
assess the impact of 808 nm laser irradiation on ROS levels in hUCMSCs after Akt pathway inhibition. Scale 
bar: 100 μm. Data are expressed as mean ± standard deviation, *p < 0.05 compared to the Control group and 
#p < 0.05 compared with 635–808 nm irradiation group.
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differentiation, participating in the mineralization of inorganic phosphate, while OPN promotes the adhesion 
and mineralization of osteoblasts during the bone repair process. Additionally, SP7 plays a significant role in the 
transcriptional regulation of osteoblast differentiation and is involved in bone development and mineralization. 
BMP-2 is a crucial factor in bone tissue formation, stimulating the proliferation and differentiation of osteoblasts 
while promoting bone matrix formation. In our study, these results demonstrate that PBM significantly enhanced 
the expression of these genes and factors in hUCMSCs, which is consistent with previous studies. De Farias et al.. 
assessed the impact of 660 nm on the migration of osteoblasts, ALP, COL-1, and RUNX2 in dentin, and study 
showed that laser intervention at 660 nm and 3.2 J/cm2 can significantly enhance the migration of osteoblasts 
and promote the expression of osteogenic genes, this could potentially help form a new layer of tooth bone28. In 
addition, Abdelgawad et al.. investigated human dental ligament stem cells using a combination of an 808-nm 
laser and vitamin D. They discovered that PBM combined with vitamin D significantly increased hUCMSCs 
proliferation as well as the expression of osteogenic genes (ALP, RUNX2, and COL-1), further promoting 
osteogenic differentiation of hUCMSCs29. These studies indicate that PBM can enhance the osteogenic 
differentiation of hUCMSCs and accelerate bone defect healing.

Research highlights that PBM’s primary mechanism is the modulation of mitochondrial function, which 
subsequently influences various cellular activities30. High levels of ROS are cytotoxic, causing damage by 
oxidizing and nitrating essential macromolecules such as DNA, RNA, proteins, and lipids. Conversely, 
controlled ROS production plays a pivotal role in cellular signaling, acting as secondary messengers in pathways 
that regulate metabolism, proliferation, differentiation, survival, and apoptosis. This redox regulation reflects 
a delicate balance between ROS generation and their neutralization by the cell’s antioxidant systems31,32. PBM 
reacts photochemically with target cells by absorbing photons via the mitochondrial chromophore cytochrome 
C oxidase, leading to changes in the activity of ATP, ROS, and Ca[2+ 33. Another key finding of our study was the 
slight increase in ROS production in hUCMSCs after PBM. This finding is consistent with those of the previous 
studies. For instance, Yaralı Çevik et al.. studied the impact of 655 and 808 nm wavelength laser irradiation 
on osteogenic differentiation in human umbilical vein endothelial cells and human bone marrow stem cells 
co-cultured on 3D scaffold-free microtissues. The findings indicated that PBM elevated ROS and ATP levels in 
hUCMSCs, enhancing ALP activity, calcium content, and expression of genes associated with ALP, COL, and 
OPN. This resulted in an improved osteogenic differentiation capacity within the co-culture34. Ateş et al.. utilized 
the photosensitizer indocyanine green in conjunction with PBM to generate low ROS doses, which promoted 
human osteoblast activity, increased ALP activity, and enhanced mineralization35. Therefore, regulation of bone 
defect repair by PBM is associated with low levels of mitochondrial ROS production. It is noteworthy that our 
study results indicate that, compared to the 808 nm laser, the 635 nm laser generates higher levels of ROS.

Akt, a 57-kDa serine/threonine kinase commonly known as Protein Kinase B (PKB), plays a crucial role in 
various cellular processes. Numerous studies have highlighted the role of Akt in the regulation of various cellular 
processes, such as mitochondria-mediated apoptosis, redox reactions, dynamic homeostasis, autophagy, and 
metabolism36,37. Our study revealed that PBM activated the Akt signaling pathway in hUCMSCs, leading to 
elevated expression levels of P-Akt, the phosphorylated form of Akt. The role of the Akt pathway in osteogenic 
differentiation was also investigated. For example, Liu et al.. found that ammonia promoted the proliferation 
of bone marrow-derived MSCs by modulating the Akt/Mtor/S6k pathway38. Zhang et al.. indicated that 
phenytoin significantly increased the expression of the osteogenic factors ALP and RUNX2 by activating the 
PI3K/Akt pathway, ultimately improving osteogenic differentiation efficiency in human bone marrow stem 
cells39. Additionally, Wang et al.. detailed how moderate calcium intake could lower apoptosis levels, reverse 
histopathological damage, and increase ALP activity in osteofluorosis-affected mice by activating the PI3K/Akt 
pathway40. Thus, the activation of the Akt signaling pathway may promote the osteogenic differentiation of stem 
cells.

To further investigate the impact of Akt on the generation of low levels of ROS in the mitochondria and the 
differentiation of hUCMSCs in the osteogenic direction, we employed Akt inhibitors for reverse validation. 
Our results demonstrate that the addition of an Akt inhibitor reduced ROS levels, ALP activity, mineralized 
nodule formation, and the expression of genes and factors associated with osteogenesis in hUCMSCs. Notably, 
PBM intervention did not reverse the declining trend of these osteogenesis-related indices, further confirming 
the crucial role of PBM in regulating osteogenic differentiation of hUCMSCs through the Akt-ROS signaling 
pathway. The interplay between the Akt signaling pathway and ROS levels has been extensively studied. Di 
Sante et al.. found that the mitochondrial flavoenzyme monoamine oxidase A promotes ROS generation and 
calcium homeostasis, activates the Akt/WNT signaling pathway, and facilitates human pluripotent stem cell 
differentiation into cardiomyocytes41. Zhang et al.. investigated the effect of formyl peptide receptors on neural 
stem cell differentiation and observed that the activation of formyl peptide receptors increased ROS production 
and Akt phosphorylation in neural stem cells42. This process encouraged neural stem cells to differentiate 
into neurons. Conversely, when the corresponding inhibitors were employed, both ROS levels and Akt 
phosphorylation decreased, and neural stem cell differentiation into neurons was blocked. Collectively, these 
results indicate that the activation of P-Akt can promote the generation of ROS, inducing a low level of oxidative 
stress, which effectively enhances the differentiation capability of stem cells.

Our study yielded noteworthy results, highlighting the distinct effects of 635 and 808 nm laser treatment 
on hUCMSCs. Specifically, we observed that the 635 nm laser intervention significantly enhanced the activity 
of hUCMSCs, whereas the 808 nm laser had no appreciable effect on their activity. However, the 808 nm laser 
outperformed the 635  nm laser in enhancing ALP activity, osteogenic differentiation gene expression, and 
osteogenic factor production. Previous studies have demonstrated that different wavelengths of light can activate 
distinct intracellular signaling pathways21,43,44. Based on these findings, we speculate that the low levels of ROS 
induced by 635 nm laser exposure may function as signaling molecules within an appropriate range, activating 
pathways related to cell cycle regulation and promoting proliferation, whereas the 808 nm laser may facilitate an 
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earlier exit from the cell cycle and initiate differentiation. Although previous studies have individually explored 
the therapeutic effects of these wavelengths on osteoblast differentiation and related gene expression, our study 
offers a side-by-side assessment. Based on these research findings, we believe that dual-wavelength combination 
therapy may be an effective strategy that can enhance cell activity while promoting osteogenic differentiation 
and bone repair. Therefore, our future research will further explore the potential of combined use of 635 nm and 
808 nm lasers to optimize their application in bone defect repair and regenerative medicine.

In summary, our findings indicate that PBM can significantly enhance the osteogenic differentiation of 
hUCMSCs. PBM can upregulate P-Akt expression and increase ROS levels to induce low levels of oxidative stress, 
thereby promoting the osteogenic differentiation of hUCMSCs (Fig. 8). Future research will focus on further 
elucidating the complex mechanisms underlying the PBM effect. While our results highlight the involvement 
of the Akt signaling pathway and the role of low levels of ROS as important signaling molecules promoting 
osteogenic differentiation, PBM may also regulate other potential cellular pathways and biological processes. 
For instance, studies have indicated that PBM can influence mitochondrial function, potentially increasing the 
production of ATP, thereby providing the necessary metabolic support for osteogenic differentiation45. Therefore, 
systematically investigating the interplay between these signaling pathways and specific PBM parameters, such as 
wavelength, power density, and irradiation time, is crucial for a comprehensive understanding of its therapeutic 
potential and for optimizing its clinical applications. These findings not only deepen our understanding of 
the regulatory role of PBM in hUCMSCs but also establish a robust foundation for the prospective clinical 
application of PBM in the treatment of bone defects. The results of this study introduce novel possibilities for 
future clinical applications.

Data availability
All data in support of the findings of this paper are available within the article. Raw data are available from cor-
responding author on reasonable request.
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