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Abstract 

Background  Embryoid bodies (EBs) are three-dimensional (3D) multicellular cell aggregates that are derived 
from stem cell and play a pivotal role in regenerative medicine. They recapitulate many crucial aspects of the early 
stages of embryonic development and is the first step in the generation of various types of stem cells, including neu-
ronal stem cells. Current methodologies for differentiating stem cells into neural embryoid bodies (NEBs) in vitro have 
advanced significantly, but they still have limitations which necessitate improvement. Photobiomodulation (PBM) 
a low powered light therapy is a non-invasive technique shown to promote stem cell proliferation and differentiation.

Methods  This in vitro study elucidated the effects of photobiomodulation (PBM) on the differentiation of immor-
talized adipose-derived stem cells (iADSCs) into NEBs within a 3D cell culture environment. The study utilized PBM 
at wavelengths of 825 nm, 525 nm, and a combination of both, with fluences of 5 and 10 J/cm2. Morphology, viability, 
metabolic activity, and differentiation following PBM treatment was analysed.

Results  The results revealed that the effects of photobiomodulation (PBM) are dose dependent. PBM, at 825 nm 
with a fluence of 10 J/cm2, significantly enhanced the size of neural embryoid bodies (NEBs), improved cell viability 
and proliferation, and reduced lactate dehydrogenase (LDH) levels, indicating minimal cell damage. Interestingly, 
the stem cell marker CD 44 was upregulated at 5 J/cm2 in all treatment groups at 24 and 96 hpi, CD105 increased 
with 825 nm at 10 J/cm2 at 24 hpi, which may be attributed to a heterogeneous cell population within the NEBs. 
Pax6 expression showed transient activation. Nestin was upregulated at 825 nm with 10 J/cm2 at 96 hpi, suggest-
ing a promotion of neural precursor populations. GFAP an intermediate filament protein was upregulated at 825 nm 
at 10 J/cm2 at both 24 and 96 hpi. SOX2, a pluripotency marker, was expressed at 5 J/cm2 across all wavelengths. 
Neu N a neuronal nuclei marker was expressed at 5 J/cm2 in all treatments at 24 hpi and over time the expression 
was observed in all treatment groups at 10 J/cm2.

Conclusion  In conclusion, the application of PBM at 825 nm with a fluence of 10 J/cm2 during the differentiation 
of iADSCs into NEBs resulted in optimal differentiation. Notably, the neuronal marker Nestin was significantly upregu-
lated, highlighting the potential of the PBM approach for enhancing neuronal differentiation its promising applica-
tions in regenerative medicine.
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Graphical Abstract

Introduction
The field of stem cell research has changed the funda-
mental notions about regenerative medicine and tissue 
engineering. Stem cells hold great promise in the treat-
ment of a wide range of diseases and injuries because 
of their unique capacity to self-renew and differentiate 
into various cell types [1]. Adipose-derived stem cells 
(ADSCs) have been recognized as highly suitable candi-
dates in regenerative medicine due to their capacity to 
undergo cellular differentiation into various cell lineages 
including neuronal cells through manipulation [2, 3]. 
Compared to mesenchymal stem cells from bone mar-
row, for in vitro studies ADSCs have a higher prolifera-
tion rate, differentiation capability, and the least amount 
of apoptosis [2]. Immortalized adipose-derived stem cells 
(iADSCs) have shown to be of high interest in regenera-
tive therapy because of their abundance, ability to main-
tain properties of parent cells and differentiation ability 
[4]. Furthermore, stem cell source can have significant 
ethical implications, where ADSCs offer a more com-
pelling alternative to bone marrow-derived stem cells 
(BMDSCs) due to their less invasive and more ethically 
favourable collection process [5].

Various methods have been employed to induce the 
transformation of iADSCs into neuronal cells for clinical 
applications. The application of low-level laser therapy, 
also known as photobiomodulation (PBM) [6]. PBM has 
been observed to elicit many effects, including the aug-
mentation of intracellular activities, promotion of cell 
proliferation, and facilitation of stem cell differentia-
tion [7, 8]. Specific wavelength of laser light and dura-
tion of exposure are critical factors that influence the 
regulatory effects of PBM on cellular activity [9]. Specific 
wavelengths of light, when applied to stem cell cultures, 
may enhance neural marker expression and encourage 
the development of neural progenitors [2, 10]. Stem cell 

activity and gene expression alterations, brought on by 
PBM, have the potential to enhance cell differentiation 
and proliferation [7, 10].

Recent research has increasingly focused on applying 
PBM to enhance neural cell development from ADSCs. 
However, most of this work has been conducted in two-
dimensional cultures [2, 11]. To bridge the gap between 
in  vitro and in  vivo cell culture, this study innovatively 
utilizes multiple or combined wavelengths of PBM and 
advances the research by employing a three-dimensional 
(3D) culture system, which more accurately mimics the 
in  vivo environment. Several techniques are currently 
being studied and validated for the transdifferentiation 
of ADSCs into neurons, aiming to advance potential 
therapeutic applications in regenerative medicine [12, 
13]. Advances in cell culture has shifted from working 
within a monolayer cell culture to three-dimensional 
(3D) cell culture. This is mainly because cells in 3D show 
more complex cell-to-cell interaction, and are grown in 
aggregates [14]. In a 3D cell culture environment, cells 
are differentiated into neural embryoid bodies. Neural 
embryoid bodies (NEBs) are 3D neural cell aggregates 
from pluripotent stem cells, mimicking early neural 
development stages, providing valuable models for study-
ing neurogenesis, differentiation, and tissue formation 
[15].

The effects of PBM vary based on laser light exposure, 
cell type, and physiological context. Therefore, this study 
aims to explore the effects of PBM at 825 nm (NIR) and 
525  nm (green) and a combination of both at low (5  J/ 
cm2) and high dose (10 J/cm2) in a 3D cell culture envi-
ronment in the transdifferentiation of ADSCs into NEBs. 
Herein, we explore the effects of PBM on the transdif-
ferentaiation of iADSCs into NEBs. Biochemical changes 
in NEB structure and morphological changes were 
also evaluated. Finally, gene expression of early neural 
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markers and ADSCs markers were investigated to under-
stand the effect of PBM in gene expression levels.

Materials and methods
Experimental model
This experiment was divided into 4 groups (Fig. 1): There 
were three experimental groups and one control group 
(Group A) both of which cells were grown in EB forma-
tion media. Experimental groups received different PBM 
treatment, Group B (Experimental 1) PBM treatment 
at 825  nm, Group C (Experimental 2) PBM treatment 
525  nm, Group D (Experimental 3) PBM treatment at 
525 and 825 nm. The experimental cell culture model has 
been represented in depicting fluences of 5 and 10 J/cm2.

Cell Culture
ADSCs Cell culture
Immortalised ADMSCs (ASC52telo hTERT, ATCC 
SCRC-4000™) from American Type Culture Collection 
(ATCC) was used in this study. Dulbecco’s Modified Eagle 
Media (DMEM) (Sigma- Aldrich, South Africa) sup-
plemented with 20% fetal bovine serum (FBS Superior) 

(Biochrom, South Africa) and 1% antibiotics: 0.5% Peni-
cillin–Streptomycin (Sigma-Aldrich, South Africa) and 
0.5% Amphotericin B solution (Sigma-Aldrich, South 
Africa). Cultured cells were maintained and incubated 
at 37 °C in 5% CO2 and 85% humidity incubator till con-
fluency of 80–90%. Upon confluency complete media 
was discarded and cells were washed twice with Hank’s 
balanced salt solution (HBSS). Experimental cells were 
detached from the culture flask with TrypLE (Invitrogen, 
12,605–028). Afterwards, the experimental cells were 
cultured in a U bottom ultra-low attachment 96 well 
plate (Corning, CLS4520) at a concentration of 450 cells 
/µL.

Neural Embryoid Body (NEB) Formation and differentiation
Neural embryoid bodies (NEBs) were formed using mod-
ified low attachment surface technique. Neural embryoid 
bodies were produced by seeding 9000 cells in 200µL of 
embryoid body (EB) formation media. The EB formation 
medium consisted of DMEM, supplemented with 20% 
fetal bovine serum, 1% antibiotics: 0.5% Penicillin–Strep-
tomycin and 0.5% Amphotericin B solution, 4  ng/mL 

Fig. 1  Methodology overview
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basic fibroblast growth factor (Sigma, South Africa) and 
5  µM ROCK inhibitor (Sigma, South Africa). The well 
plate was centrifuged at 3000 gravitational forces (xg) for 
5 min to allow cells to aggregate and incubated and main-
tained in static culture conditions for 24 h to enable NEB 
compaction prior to photobiomodulation treatment.

Photobiomodulation
After 24 h of incubation, the embryoid formation media 
was changed prior to irradiation, cells were irradiated 
with G 825  nm Diode Laser (National Laser Centre of 
South Africa, SN 070900108), NIR 525 nm Diode Laser 
(National Laser Centre of South Africa, EN 60825–
1:2007) and G-NIR (525 and 825 nm) combination wave-
lengths at fluences of 5 and 10  J/cm2. The power of the 
laser output (mW) was measured using a FieldMate Laser 
Power Meter, a High-Sensitivity Thermopile Sensor PM3 
(Coherent, South Africa, 1,098,336) was used to deter-
mine the irradiation time of the laser based on fluency. 
The laser parameters used in the present study are dis-
played in Table 1.

Morphology
Cellular morphological changes were analyzed using 
inverted light microscope (Wirsan, Olympus CKX41) 
with attached microscope-connected digital camera 
(Olympus, SC30) at 24 and 96  h post irradiation (hpi). 
NEB size was determined by measuring the diameter 
of NEBs with 2 arbitrary points per experimental quad-
ruplets using the Olympus CellSens imaging software 
program (version 2.3). Captured images of the treat-
ment groups were compared to that of the control cells 
(untreated) and amongst the treatment groups to deter-
mine optimum PBM treatment.

Biochemical analysis
All biochemical assays were performed in quadruplicate 
and analysis was conducted 24 and 96 hpi. Results are 
represented relative to the control.

Proliferation ATP
Cellular proliferation of NEBs was evaluated using 
CellTiter-Glo® 3D ATP luminescence assay (Promega, 
G968A). Briefly, 100 µL volume of CellTiter-Glo® 3D rea-
gent was added to 100 µL of NEB in media in a 96-well 
opaque plate. The plate was mixed for 5 min on an orbital 
shaker and incubated for 30 min at room temperature in 
the dark. Following the incubation, colorimetric changes 
was measured using the VICTOR Nivo® multimode plate 
reader, (PerkinElmer, HH35940080 EN) in relative light 
units (RLUs).

Live/ Dead Viability Assay
Live / dead was used to qualitatively visualise the distri-
bution of live and dead NEB post PBM treatment. Briefly, 
the control and PBM treatment groups were washed 
thrice with ice-cold 1X PBS (200 µL). The NEBs were 
then suspended in 200 µL of 1X PBS followed by dual 
staining using 2 µL of acridine orange (AO) (1  µg/ mL) 
and 1 µL of ethidium homodimer-1 (EtBr) (1  µg/ mL) 
were added to each well and incubated for 5 min at room 
temperature. Following incubation NEBs were washed 
with 1X PBS (200 µL) and visualized using AO and EtBr 
channels under a Leica MICA microscope using a MICA 
Microhub microscope (Leica). Quantification of viabil-
ity was determined by measuring the mean fluorescence 
intensity of each stain using ImageJ.

Lactate Dehydrogenase Assay (LDH) (Cytotoxicity)
The effects of PBM on NEBs cell membrane integrity 
was quantitatively assessed by detecting the quantities 
of cytosolic lactate dehydrogenase (LDH) produced by 
NEB cells with deformed membranes using the Cyto-
Tox 96® Non-Radioactive cytotoxicity assay (Promega, 
G179A). Briefly, 50 µL of CytoTox 96® Non-Radioactive 
reagent was added to equal volume of NEB media in a 
96-well plate and incubated at room temperature in the 
dark for 10 min. VICTOR Nivo® multimode plate reader, 
(PerkinElmer, HH35940080 EN) was used at 490  nm 
absorbance.

Quantitative Polymerase Chain Reaction (qPCR)
To quantify the expression level of ADSCs marker and 
neuronal genes in iADSCs differentiated NEBs, qPCR 
was performed. Total RNA was isolated from NEBs using 
Quick-RNA™ MiniPrep Plus Kit (Zymo, ZR R1058), the 
RNA was adopted for cDNA synthesis using LunaScript 
RT SuperMix Kit (NEB, E3010) using universal reverse 
primer. Target genes Table  2 were amplified and quan-
tified using Luna Universal qPCR Master Mix (NEB, 
M3003) in an Agilent Aria MX Real-Time PCR (Agilent 
Technologies, G8830-64001). All qPCR reactions were 
performed in triplicate using the following conditions: 

Table 1  Photobiomodulation parameters employed on NEBs

Green Near infra-red (NIR)

Light Source Diode Laser Diode Laser

Wavelength (nm) 525 825

Power Output (mW) 525 159

Power Density (mW/cm2) 57.82 17.51

Emission Continuous wave Continuous Wave

Fluence (J/cm2) 5 and 10 5 and 10

Time of Irradiation (s) 86 and 173 286 and 571
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initial denaturation at 95  °C for 1  min followed by 40 
cycles at 95 °C for 15 s, annealing at 60 °C for 30 s. Gene 
expression level was normalized to Glyceraldehyde 
3-phosphate dehydrogenase (GAPDH) and the relative 
fold change was determined using the 2−(∆∆Ct) method.

Immunocytochemistry of SOX‑2 marker
To determine potential early transdifferentiation of 
immortalized ADSCs into NEBs, qualitative expression 
of transcription SOX-2 and Neuron-specific nuclear 
binding protein (Neu N) was studied using immunofluo-
rescences. Briefly, generated NEBs were washed thrice in 
1X PBS (200 µL) and fixed with 4% paraformaldehyde at 
room temperature for 1 h. The NEBs were washed thrice 
with 1X PBS (200 µL) to remove excess paraformalde-
hyde and permeabilized by incubation with 0.1% Triton 
X-100 PBS solution for 30 min at room temperature fol-
lowed by washing thrice with 1X PBS (200 µL). The sam-
ples were then blocked in 10% Bovine Serum Albumin 
(BSA)-PBS for 1 h at room temperature. Following incu-
bation NEBs were washed thrice with 1X PBS (200 µL) to 
avoid non-specific bindings and interaction. Primary (1°) 
and secondary (2°) antibodies were prepared according to 
manufacturer’s protocol. Primary antibody mouse anti-
SOX 2 (1:100, R&D Systems, MAB2018) and mouse anti-
Neu N (1:50, Sigma-Aldrich, MAB377) was added to the 
NEBs and incubated for 3 h at room temperature in the 
dark. After 3 h incubation NEBs were washed thrice with 
1X PBS (200 µL) to remove unbound primary antibodies, 
followed by secondary antibody staining R-phycoerythrin 
conjugate goat anti-mouse (1:20, Sigma Aldrich, South 
Africa) for 1 h at room temperature in the dark. Follow-
ing secondary antibody staining, NEBs were washed with 
1X PBS (200 µL) thrice followed by nuclear counter stain-
ing using 4′,6-diamidino-2-phenylindole (DAPI) solu-
tion (1 µg/ml) in PBS; and incubated for 15 min at room 
temperature. Lastly the NEBs were washed thrice with 
1X PBS (200 µL) to remove excess DAPI and NEBs were 
imaged using a Leica MICA (D-35578 Wetzlar, Germany) 

microscope using a MICA Microhub (Leica). In addition, 
a negative control without primary antibody was carried 
out to discard non-specific binding.

Statistical analysis
All in  vitro experiments were performed four times 
(n = 4), and experimental data are represented as 
means ± standard errors of the mean All in vitro acquired 
data were statistically analyzed using GraphPad Prism 
(version 10.1.1) software to determine statistical sig-
nificance. Two-way analysis of variance (ANOVA) and 
the Turkey post hoc test was performed at a confidence 
interval of 0.95 to determine statistical significance 
between the control (untreated NEBs) and treatment 
groups and amongst the treatment groups. Statistical 
significance was set at p < 0.05 and was also defined as 
*p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001.

Results
Morphology (Inverted light and live/dead assay)
The morphology of generated NEBs were examined using 
inverted light microscope using 20 X objective and data 
was captured 24 and 96 hpi (Fig. 2A and C).The assess-
ment of NEB structures involved examining shape uni-
formity, the progression of smooth edges forming around 
them and the development of a bright ring as a sign of 
early transdifferentiation. The employment of PBM 
treatment towards early neural transdifferentiation is 
novel. Morphological analysis of the control (untreated 
NEBs) and the experimental groups (PBM treated) was 
conducted on generated NEBs with PBM treatment at 
825 nm, 525 nm and the combination (825 and 525 nm). 
At 24 hpi the control showed the normal NEB spherical 
shape and when comparing to the experimental groups 
no distinct morphological changes was observed in the 
PBM treatment condition to the control.

Observation at 24 and 96 hpi revealed the emergence 
of smooth edges, suggesting the presence of healthy 
NEBs characterized by orderly cell organization [16]. 
The NEBs at 24 hpi maintained morphological uniform-
ity According to morphological analysis (Fig.  2A  &  C), 
it was observed that cells that received 5 J/cm2 and 10 J/
cm2 PBM started proliferating in a localized region, when 
compared to the control cells, no morphological changes 
were observed in cells treated with 5  J/cm2 laser light 
i.e., using NIR (825 nm), G (525 nm), and the combina-
tion NIR-G (Fig.  2A). However, morphological changes 
i.e., formation of the necrotic core was observed in cells 
treated with NIR, G, and the combination of NIR and G 
at a light dose of 10  J/cm2 laser. In addition, the size of 
the spheroids i.e., those treated with laser at light dose 
5  J/cm2 were compared to spheroids that received laser 

Table 2  Primer sequence

Forward primer (5’- 3’) Reverse primer (5’ – 3’)

GAPDH AGC​TGA​ACG​GGA​AGC​TCA​CT TGC​TGT​AGC​CAA​ATT​CGT​TG

Nestin AGA​GAG​CGT​AGA​GGC​AGT​AA GGT​GCT​TGA​GTT​TCT​GGA​GAT​

MAP2 ACA​GAG​AGG​GCA​TCT​CCT​
ATAA​

ATA​GTC​CCA​GCC​AAG​GAT​TTG​

PAX 6 GAA​GGG​CCA​AAT​GGA​GAA​GA TAT​CAG​CAG​TAG​TTT​CAG​CACC​

CD105 CCG​CCG​CAC​TGT​GGT​ACA​TCTA​ TGT​GGT​TGG​TGC​TAC​TGC​TCT​
CTG​

CD 44 GAC​AGC​GTG​TAC​CTG​ACT​TTAT​ CTC​GAT​AAA​GGG​TGG​GCT​TATT​

GFAP GCC​TCT​GGA​TTG​TGG​GAA​TTA​ GGC​CTT​TAG​AAA​TGG​GAC​AAAG​
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light irradiation at a dose of 10 J/ cm2 (Fig. 2C). Further, 
significant changes in size were observed in both NIR 
and G experimental models 24 hpi, however, there was 
no significant changes in size of the combination of two 
laser (Fig.  2C). In another experimental model where 
spheroids were treated with NIR, G, and the combination 
of NIR with G laser light, incubated for 96  h. All treat-
ment groups showed morphological alterations including 
increase in the necrotic core suggesting that cells have 
reached their life span and a decrease in the proliferation 
layer. This is seen as cells start budding of from the main 
spheroid in this context cells on the surface of the sphe-
roids would tend to bud off from the original spheroid to 
distant part of the cell culture model in search of nutri-
ents. Additionally, cells within the quiescent layer send 
cellular signals to cells in the proliferation layer (other 

cells) to migrate due to stress, injury lack of nutrients and 
oxygen exchange within the necrotic core (Fig. 2B & D).

In all experimental groups subjected to PBM treat-
ment, a distinct brightened ring was evident, contrast-
ing with the control group where no such ring appeared 
24 hpi. The structure of NEBs was observed as spherical 
and compact using 5 J/cm2 and NIR light, while minimal 
budding and breaking of NEBs is observed using G and 
NIR-G light. At a dose of 10 J/cm2 cells maintained com-
pact and spherical shapes. At 96 hpi using 5  J/cm2 and 
all wavelengths used, there was cell shape distortion in all 
groups. Using 10  J/cm2 cells maintained their spherical 
shape subjected to NIR and G light, while little cell shape 
distortion could be observed at NIR-G.

The NEB diameter is significantly influenced by 
the seeding density [17, 18] and optimal NEB size is 

Fig. 2  Morphology and size development of neural embryoid bodies (NEBs). A Morphology of NEBs 24-h post-irradiation (hpi) (Magnification 20X), 
B Size development of NEBs 24 hpi, C Morphology of NEBs 96 hpi (Magnification 20X), D Size development of NEBs 96 hpi. Each bar represents 
the mean diameter ± standard error of the mean (SEM). Statistical significance *p < 0.05, ** p < 0.01, ***p < 0.001, ****p < 0.0001. (mean ± SEM) 
comparing control to the treatment groups
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important in differentiation protocols as differentiation 
depends highly upon the size of the NEBs [19]. In this 
study, an increase in the diameter of NEBs was observed 
as early as 24 hpi in PBM treatment of 825  nm at flu-
ence of 10 J/cm2. The decrease in NEBs diameter in PBM 
treated groups was recorded to be significantly lower at 
5 J/cm2 in all treatment groups and maintained average 
size below the control. The diameter of NEBs over time 
at 96 hpi, increased significantly so in all PBM treated 
groups compared to the control at high fluences of 10 J/
cm2 with increased proliferation and growth. On the 
other hand NEBs following PBM treatment maintained 
a diameter size small than that of the control. When 
assessing the effects of the different fluences there is 

significant increase in diameter in 10 J/cm2 compared to 
5 J/cm2.

Biochemical assays
Cytotoxicity
The release of LDH following PBM treatment was 
recorded, in this study at 24 hpi (Fig. 3A), there was a sig-
nificant increase in cellular membrane damage at 825 nm 
at 5 J/cm2 compared to the control. The amount of LDH 
released over time at 96 hpi (Fig. 3B), the amount of LDH 
released from the control decreased and a similar trend 
of a two-fold decrease was recorded for all PBM treat-
ment groups at 5  J/cm2. And an increase in LDH was 
recorded when treated with 525 nm and combination at 
10  J/cm2. When comparing the effects of PBM on LDH 

Fig. 3  LDH cytotoxicity investigating membrane integrity following PBM (A) 24 hpi and (B) 96 hpi with relation to positive control. Statistical 
significance *p < 0.05, ** p < 0.01, ***p < 0.001. (mean ± SEM) comparing control to the treatment groups. Red asterisks represent data statistical 
significance compared to the control and black asterisks show comparison between the groups. 

Fig. 4  ATP level evaluation following PBM treatment (A) 24 hpi (B) 96 hpi. Statistical significance *p < 0.05, ***p < 0.001 and ****p < 0.0001. 
(mean ± SEM) comparing control to the treatment groups. Red asterisks represent data statistical significance compared to the control and black 
asterisks show comparison between the groups
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release between treatment group a significant observa-
tion was observed when comparing the combination 
treatment. All experimental groups had higher LDH lev-
els than the control samples, however not to the same 
extent as the positive control, which is 100% toxic and 
causes cell death Fig. 3.

Proliferation  In this study, intracellular ATP content 
within the cells was determined, as a measurement of cell 
proliferation and metabolic activity, following PBM treat-
ment. Initially, following PBM at 24 hpi (Fig. 4A), experi-
mental groups 825  nm and 525  nm maintained steady 
state of proliferation compared to the control with a sig-
nificant increase at combination wavelength treatment at 
10 J/cm2. Over time at 96 hpi (Fig. 4B) PBM treatment at 
825 nm showed significant increase compared to that of 
the control at 10 J/cm2, while for the combination a signif-
icant increase in ATP metabolic activity was observed at 
5 J/cm2. When comparing amongst the treatment groups, 
5  J/cm2 showed to increase cellular metabolic activity 
when treated with 525  nm and the combination and at 
825  nm 10  J/cm2 showed increased metabolic activity. 
Indicating that PBM augments stem cell metabolic activ-
ity of time and is wavelength and fluence dependent.

Live/Dead cellular viability assay
The live/ dead assay using acridine orange and ethidium 
bromide (AO/ EtBr) was performed to qualitatively vis-
ualize the distribution of live and dead within the NEBs 
following PBM treatment. Acridine oranges dye enters 
live viable cells and produces green fluorescence in the 
nuclei while ethidium bromide only penetrates cells with 
damaged cytoplasmic membranes and stains the nuclei 
red [20, 21]. In this study we found 24 hpi (Fig. 5A and B), 
NEB viability remained higher compared to non-viable 
cells, significantly so in cells treated with 525  nm PBM 
at 10  J/cm2 compared to the control. At 96 hpi (Fig. 5A 
and C) an increase in the amount of non-viable NEBs was 
observed with PBM treatment at 525  nm and the com-
bination while other treatment groups. In this study we 
found that the viability of the NEBs remained above 80% 
throughout the study period at both 24 and 96 hpi.

A necrotic core was observed in the NEBs spheroids. 
The presence of the necrotic core is indictive of the insuf-
ficient nutrients and oxygen exchange within the sphe-
roids This shows that the inner cells are not receiving 
adequate nutrients and oxygen [22].

Gene expression
To determine the extent to which transdifferentiation of 
immortalized adipose-derived stem cells (ADSCs) into 
neural lineage gene expression occurs, we evaluated the 

expression of ADSCs primary markers CD 44 (hyalu-
ronan receptor) and CD 105 (Endoglin) and key neural 
markers PAX 6 (Paired-box 6), and Nestin (neuroepithe-
lial stem cell protein) as well as the intermediate filament 
protein GFAP (Glial Fibrillary Acidic Protein) were eval-
uated (Fig. 6). Gene expression of each gene was investi-
gated relative to the control.

In this study, expression of CD 44 was upregulated in all 
treatment groups when using 5 J/cm2 at 24 hpi (Fig. 6A), 
significantly so at 825  nm and 525  nm. When using 
10  J/cm2 a downregulation in expression was observed 
in treatment of 825  nm and 525  nm. The expression of 
CD44 over time, at 96 hpi (Fig.  6F) remained upregu-
lated at 5 J/cm2 in all treatment groups while at 10 J/cm2 
expression increased but remained low. In this study, CD 
105 expression was upregulated in all treatment groups 
when using 10  J/cm2 and when using 5  J/cm2 upregu-
lation was observed at 525  nm and the combination 
at 24 hpi. When comparing the different fluence it was 
observed that 10  J/cm2 increased CD 105 expression 
at 825  nm and the combination and at 525  nm 5  J/cm2 
showed increased expression compared to the 10 J/cm2. 
A significant decrease in the stem cell marker CD105 was 
observed over time when using 5 J/cm2 across all wave-
lengths at 96 hpi. Conversely, when using 10  J/cm2 at 
all wavelengths an increase in CD105 expression level is 
observed (Fig. 6B & G).

Results on the expression of PAX 6 indicated that at 
24 hpi, there was an increase in PAX 6 expression when 
using 10 J/cm2 compared to 5 J/cm2 (Fig. 6 C). However, 
over time, PAX 6 expression was notable downregulated 
across all experimental groups. Notably, a decrease was 
observed particularly in groups exposed to 825  nm and 
the combination treatment at 10 J/cm2 (Fig. 6 H). Overall, 
10 J/cm2 has the most impact on the down regulation of 
PAX 6.

In our study, early neural marker Nestin was investi-
gated under various experimental conditions. At 5 J/cm2 
at 24 hpi (Fig. 6 D), upregulation of Nestin was observed 
across all experimental groups. However, at 10  J/cm2, 
upregulation was noted specifically at 825 nm and in the 
combination group, while 525 nm showed a downregula-
tion of the gene. Over time, there was a downregulation 
of Nestin expression at 825 nm and in the combination 
group at 5  J/cm2. In contrast, at 10  J/cm2 (Fig. 6I) at 96 
hpi, expression levels remained higher at 825 nm and in 
the combination group.

The expression of intermediate filament protein glial 
fibrillary acidic protein (GFAP) was evaluated. At 24 hpi 
expression was increased at 825 nm at 10 J/cm2 and also 
with the combination treatment at 5  J/cm2. Over time 
the expression remained high and upregulated at 825 nm 
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at 10 J/cm2 while a downregulation was observed in the 
combination at 5  J/cm2. Expression at 525  nm at both 
time at both 5 and 10 J/cm2 remained the same.

Immunofluorescence of SOX 2 and Neu N
Neural embryoid bodies were exposed to immunofluores-
cence labelling with early neural marker SRY-Box Tran-
scription Factor 2 (SOX2) and late neural marker Neu 
N (Neuronal Nuclei), co-stained with DAPI to validate 

Fig. 5  Cellular viability experiment. (A) Live/dead assay of all samples 24 and 96 hpi. PBM treatment was conducted 24 h post seeding with NIR 
825 nm, Green 525 nm and consecutive 825 and 525 nm at 5 and 10 J/cm2. Live cells appear green and dead cells appear red. (Magnification 
10X) (B) Mean fluorescence intensity of the live/ dead assay post irradiation at 24 hpi. (C) Mean fluorescence intensity of the live/ dead assay 
post irradiation at 96 hpi. Statistical significance *p < 0.05, ** p < 0.01, ***p < 0.001, ****p < 0.0001 (mean ± SEM comparing acridine orange (AO) 
and ethidium bromide (EtBr) mean fluorescence intensity)
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the neural characteristics of and visualized using a Leica 
MICA confocal microscope. As shown in Fig.  7A at 24 
hpi, SOX2 expression was observed at 5  J/cm2 across 
all treatment groups, with notably higher expression at 
825  nm and in the combination group compared to the 
control, which exhibited no detectable expression. At 
24 hpi expression is observed at 5  J/cm2 in all treatment 
groups more so when using 825 nm and the combination 
compared to the control where no expression is exhibited. 
Over time the expression of SOX 2 at 5  J/cm2 tapering 
down of SOX 2 expression was observed at 96 hpi.

The expression of neuronal nuclei marker (NeuN) 
(Fig. 7B) was assessed in all treatment groups, at both 5 J/
cm2 and 10 J/cm2. Intially at 24 hpi, NeuN expression was 
observed in the control group and all treatment groups at 
5 J/cm2. In contrast, no expression was detected at 10 J/
cm2 in any of the groups. Over time, NeuN expression in 
the 5 J/cm2 groups decreased across all treatment condi-
tions (825  nm, 525  nm, and combination), while in the 
10 J/cm2 groups, NeuN expression became progressively 
more evident. A similar decreasing trend in expression 
was noted in the control group over time. To validate 
these findings, a negative control (Fig.  7) for immuno-
fluorescence was performed, and no signal was detected, 
confirming the specificity of SOX 2 and NeuN expression 
in the experimental groups.

Discussion
Adipose-derived stem cells have gained prominence in 
the field of regenerative medicine during the last dec-
ade. ADSCs appear to be the most beneficial cell type for 
regenerative treatments because of their simple acces-
sibility and multipotency [23]. One of the major chal-
lenges in stem cell-based therapies is the translation of 

ADSCs-based therapies (in vitro) to clinical practice 
(in vivo) [23]. Huang et al. (2022) have underscored the 
potential of 3D culture environments to enhance cellu-
lar proliferation and differentiation [24]. Moreover, the 
application of PBM in 3D cell culture environment pre-
sents an intriguing avenue for investigating the effects on 
stem cell trans differentiation.

Herein, we characterized NEBs derived from ADSCs 
and assessed their morphology, viability, metabolic activ-
ity, and differentiation following PBM. PBM results are 
highly dependent on the parameters, including fluence 
(J/cm2), exposure time (sec), and number of irradiation 
treatments applied [25].

Nie et  al. (2023) elucidated a biphasic dose–response 
to PBM, suggesting that NEBs may not be significantly 
affected by laser fluence and wavelength in a 2D envi-
ronment [26]. This response in a 3D cell culture context 
remains unvalidated. NEBs typically exhibit three layers: 
the necrotic core, quiescent layer, and proliferative layer. 
These layers indicate differentiation status and overall cell 
health, with the necrotic core arising from inadequate 
nutrients, the quiescent layer showing reduced metabolic 
activity, and the proliferative layer displaying active cell 
division. PBM at 825 nm and 10 J/cm2 notably enhanced 
NEB size, indicative of increased cellular prolifera-
tion and reduced cytotoxicity. The observed expansion 
aligns with previous findings that PBM promotes cellular 
growth and tissue repair through improved mitochon-
drial function and reduced oxidative stress [27, 28].

Wavelength-specific effects are also notable. At 
825 nm, 10 J/cm2 significantly improves cell viability and 
proliferation, accompanied by decreased lactate dehy-
drogenase (LDH) levels, indicating reduced cellular dam-
age. This is in line with findings that longer wavelengths 

Fig. 6  The expression of ADSCs marker CD 44 and CD 105 and early neural marker PAX 6 and Nestin and glial markers GFAP. (A) CD 44 24 hpi, (B) CD 
105 24 hpi, (C) PAX 6 (24 hpi), (D) NESTIN 24 hpi, (E) GFAP 24 hpi, (F) CD 44 96 hpi, (G) CD 105 96 hpi, (H) PAX 6 96 hpi,(I) NESTIN 96 hpi, and (J) GFAP 
96 hpi. Statistical significance * p < 0.05, ** p < 0.01, ***p < 0.001, ****p < 0.0001. (SEM) comparing the relative expression between the treatment 
groups of 5 J/cm2 and 10 J/cm2
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(near-infrared) are often associated with enhanced cel-
lular health and proliferation, likely due to better tissue 
penetration and reduced cellular toxicity [29, 30]. Con-
versely, 525 nm and combined treatments at 10 J/cm2 are 
less effective in maintaining these parameters, suggesting 
that shorter wavelengths might not support cell viability 
and proliferation as effectively at higher doses.

In the process differentiation, expression of ADSCs 
markers is expected to decrease while neural markers 
are expected to increase. The ADSC marker CD44, a 
cell surface glycoprotein expressed by various immune 
and progenitor cells was investigated [31]. In this study 
expression of CD 44 remained upregulated at 5  J/cm2 
in all treatment group at both 24 and 96 hpi. CD44 has 

Fig. 7  Immunofluorescence staining against SOX 2 and Neu N at 5 and 10 J/cm2 24 and 96 hpi. Nuclei stained with DAPI and internal markers (A) 
SOX 2 stained with pink and (B) Neu N stained with yellow. Objective of 10 X
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been found to be expressed in certain populations of 
neural progenitors during neurogenesis. Although it is 
traditionally associated with mesenchymal stem cells, 
its expression in neural progenitors could indicate its 
involvement in maintaining stemness and the regulation 
of the progenitor state during early neural differentiation 
[32]. During early stages of differentiation, CD44 may 
still be expressed as ADSCs transition into neural pro-
genitors, as observed with 5 J/cm2. As cells further more 
specialize neural lineage (e.g. neurons or glia), CD44 
expression may decrease or be maintained at lower levels 
in some populations[33], coinciding with higher doses of 
10 J/cm2.

CD105, also known as endoglin, is a marker for 
endothelial cells and mesenchymal stem cells, and its 
expression can vary based on the cellular microenviron-
ment and differentiation stage [34]. Unexpectedly, ADSCs 
marker CD105 expression was overall upregulated sig-
nificantly at 10  J/cm2 over time instead of decreasing. 
which might be attributed to the heterogeneous cell 
population within the NEBs. The mixed cellular composi-
tion could lead to variations in CD105 expression levels, 
influencing the observed data. Previous research by Wen 
and colleagues they showed that large spheroids actively 
proliferation are likely to be heterogenous [35]. This is 
because cells in the outer region are actively proliferat-
ing, whereas those in the inner region are quiescent due 
to restricted nutrient and gas exchange [36].

In contrast, Pax6 expression, a key transcription fac-
tor in neural development [37], did not show consist-
ent expression across treatment groups but exhibited 
an early spike at 10  J/cm2 followed by a decrease. This 
pattern may reflect a transient activation of neural pro-
genitor pathways, with subsequent downregulation as 
cells advance through differentiation stages or due to the 
complex interplay of PBM with cellular signalling path-
ways [38, 39]. Nestin is a widely recognized intermediate 
filament protein commonly used as a marker for neural 
precursor cells [40]. In our study, the increased expres-
sion of Nestin in NEBs treated with PBM at 825 nm and 
10 J/cm2 confirms the promotion of neural precursor cell 
populations. This finding aligns with the established role 
of Nestin as an indicator of neural progenitors, which are 
capable of further differentiation into mature neurons 
and glia [41].

GFAP (Glial Fibrillary Acidic Protein) encodes the key 
intermediate filament protein. GFAP is a marker com-
monly associated with astrocytes in the central nervous 
system [42]. When adipose-derived mesenchymal stem 
cells are differentiated into neural lineages, temporal 
changes in GFAP expression may be observed, reflecting 
stages of neural differentiation[43]. In a previous study, 
it was found that there were small increases in GFAP 

following differentiation treatment compared to the 
non-differentiated ADSCs. The results revealed minor 
changes in the study time frame [43]. However, even low 
levels of GFAP expression in these mesenchymal ADSCs 
suggest an early stage of neural differentiation, poten-
tially indicating a shift towards a more glial lineage [43, 
44]. In this study, early expression of GFAP was observed 
in cells treated with PBM at 10  J/cm2 and 825 nm con-
sistently over time suggesting early differentiation. This 
slight upregulation may indicate the cells are committing 
to a neural fate, but still maintain some stemness.

SOX 2  is a well-established pluripotent transcription 
factor that plays an essential role in establishing and main-
taining pluripotent [45]. SOX 2 has been reported to be 
involved in embryogenesis proliferation and maintains of 
stem cell germ cells [46]. At 5 J/cm2, SOX 2, is expressed 
across all wavelengths (825 nm, 525 nm, and their combi-
nation). However, SOX 2 expression is sensitive to envi-
ronmental conditions conducive to stem cell maintenance 
for SOX 2 expression. This observation aligns with reports 
suggesting that excessive stress or oxidative conditions 
can downregulate stem cell markers [47].

Neuronal nuclei (NeuN) is a neuron-specific nuclear 
protein that serves as a reliable marker for identifying 
mature neurons in various regions of the brain [48]. At 
5  J/cm2, NeuN expression was robust across all wave-
lengths at the early stages, but diminished over time, 
suggesting that lower energy densities may be effective 
for initiating neuronal differentiation but are insufficient 
for long-term maintenance. This observation aligns with 
the understanding that Neu N is expressed in differenti-
ating and terminally differentiated neurons throughout 
ontogeny, which suggests that while initial differentiation 
may be supported, sustaining these effects may require 
additional stimulation [48]. Conversely, the delayed yet 
progressive increase in Neu N expression at 10  J/cm2 at 
96 hpi suggests that higher energy densities may require 
more time to elicit a cellular response but can potentially 
promote sustained neuronal differentiation. This results 
are consistent with previous studies suggesting that near-
infrared light can modulate glial activity by promoting cel-
lular repair mechanisms and reducing oxidative stress [2]. 
Studies have shown that higher PBM doses can activate 
cellular signalling pathways that enhance neuronal differ-
entiation and survival, albeit in a delayed manner [49].

Conclusion
This study demonstrates that PBM using wavelengths 
of 525  nm, 825  nm, and their combination effectively 
influences neural differentiation in NEBs derived from 
iADSCs. Lower doses of PBM (5  J/cm2) support the 
maintenance of pluripotency, as indicated by the expres-
sion of SOX2 and Neu N at 24 hpi. In contrast, higher 
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doses (10  J/cm2) at 825  nm improve cellular health and 
proliferation, likely due to enhanced tissue penetration 
and reduced cellular toxicity. However, these higher 
doses may also induce differentiation or stress, leading 
to altered marker expression. The observed variability in 
cellular populations and marker responses underscores 
the need for more refined methods to accurately assess 
PBM effects. Employing advanced analytical techniques 
and three-dimensional in vitro models could further elu-
cidate PBM’s role in stem cell differentiation and opti-
mize protocols for neural tissue engineering.

Future directions
A more comprehensive assessment of NEB differen-
tiation potential would provide significant insights into 
their utility in regenerative medicine. Future studies 
should include differentiation assays to assess the poten-
tial of NEBs to differentiate into specific neuronal sub-
types or other cell lineages. Molecular characterization 
to evaluate the expression of key markers associated with 
neuronal differentiation and maturation and investigating 
the functional properties of NEBs, such as their response 
to stimuli and their ability to form neural networks.

This study has several notable limitations that compli-
cate the interpretation of PBM effects. Specifically, the 
lack of SOX2 detection at higher doses (10  J/cm2) and 
the transient nature of Pax6 expression introduce uncer-
tainty about the dose-dependent effects of PBM, poten-
tially indicating that high doses may induce cellular stress 
or accelerate differentiation processes. Furthermore, the 
variation in NeuN expression at 5  J/cm2 and 10  J/cm2 
at the different time points could indicate a non-linear 
dose–response relationship. It might be useful to con-
duct additional experiments with intermediate doses to 
better understand the dose–response curve. These issues 
highlight the need for further investigation into how dif-
ferent PBM doses affect cellular outcomes. Future studies 
should also implement and develop 3D in  vitro models 
to provide an accurate assessment of PBM effects and 
improve the optimization of differentiation protocols for 
ADSC-derived NEBs, as two-dimensional models doesn’t 
capture the complex in vivo environment.
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