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Introduction

Photobiomodulation (PBM), also known as low-level 
light/laser therapy or low-level light irradiation, is nonin-
vasive, effective, nontoxic, and has been clinically applied 
for various purposes owing to its therapeutic properties.1–6 
In various studies, PBM has been shown to reduce pain 
and inflammation and it is also used to treat diseases such 
as edema, acne, dermatitis, ulcers, burns, and arthri-
tis.2,5,7–14 As light sources, coherent light (laser) or nonco-
herent light (light-emitting diode, LED) are generally 
used.1–4 Despite the continuous development in light 
sources, there remains a concern of heat damage, and a 
proper heat sink is required.3,15 Furthermore, previous 
studies have been conducted with customized LED-based 
devices.16–18 Clinical LED devices based on point light 
sources have been reported to show unsatisfactory results 
due to nonuniform irradiation and difficulty in applying 
them to large lesions.2 Moreover, light irradiation param-
eters, such as wavelength, fluence (J/cm2), irradiance 
(mW/cm2), and radiation time, need to be established and 
optimized. Since the conditions previously reported vary 
widely, there is no standardization.1–4
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Most studies on the wound healing effect, using lasers 
and LEDs, have demonstrated that PBM stimulates the 
proliferation and migration of various types of cells, 
including mesenchymal stem cells (MSCs), and promotes 
angiogenesis, expression of growth factors, and produc-
tion of collagen, which helps wound healing.2,3,6,14,17,19 The 
mechanism of PBM has not yet been fully elucidated. 
However, the commonly theorized mechanism is that pho-
tons of light are absorbed by the enzyme cytochrome c 
oxidase (CCO), which acts as a primary photoreceptor in 
complex IV of the mitochondrial respiratory chain.2,4,6 As 
a result, the mitochondrial membrane potential is increased, 
and nitric oxide (NO) is photodissociated from the heme 
iron and copper center of CCO. In turn, the synthesis of 
adenosine triphosphate (ATP) and the production of mild 
reactive oxygen species (ROS) are increased. By altering 
the cellular redox state, PBM can regulate the numerous 
intracellular signaling pathways that lead to the enhance-
ment of cellular function.2,4,6 In the referenced studies, 
even though similar wavelengths were used, the range of 
irradiation time was wide, from seconds to hours, and irra-
diation was repeated according to the experimental condi-
tions.14,20–22 Therefore, a commercially available light 
source that could maintain the effect of PBM for a long 
time and establishing optimized conditions for irradiation 
are required.

In this study, we suggest that PBM using organic light-
emitting diodes (OLEDs) guarantees therapeutic effects 
through specific molecular mechanisms and increased 
angiogenic efficiency of hADSCs. Although OLEDs are 
expensive and have a short lifetime for high-quality light, 
it is an alternative device that can overcome the limitations 

of laser and LED.23,24 OLEDs are more useful because of 
their safety, high efficiency, low power consumption, and 
lack of overheating. In particular, unlike LEDs or lasers, 
OLEDs are surface light sources that can uniformly dis-
tribute light over a wide area. Recently, some research 
teams have applied OLEDs to PBM and confirmed the 
effects of improved cellular function and wound heal-
ing.25,26 However, the effect has yet to be proven by apply-
ing OLED-based PBM to stem cells, which are considered 
an attractive source in the tissue engineering field and have 
various advantages as effective therapeutics.

We investigated the influence of OLEDs, with estab-
lished parameters, on cellular function and angiogenesis in 
hADSCs, and confirmed wound closure efficacy in a 
mouse wound healing model (Figure 1). The red light irra-
diation was applied for 24 h to hADSCs. To observe the 
cellular behavioral changes, the red light irradiated hADSC 
samples were collected between 0 and 48 h after the 24 h 
irradiation. When hADSCs were basked with the red 
OLED light (B_RL), temperature of the medium in which 
the cells were cultured and the expression of heat shock 
proteins (HSP27, HSP70, HSP90α) were monitored to 
determine whether there was heat damage. Since there was 
no significant difference in temperature, ROS was identi-
fied as a factor affecting HSP expression. We found that 
enhancement of stemness, cell migration, and adhesion 
ability, and maintenance of cell viability. Subsequently, we 
conducted in vitro and in vivo experiments to demonstrate 
whether PBM using OLEDs promotes angiogenesis and 
the wound healing effect. Generally, wound healing is 
multiple processes (hemostasis, inflammation, cell prolif-
eration, and tissue remodeling), which involve high 

Figure 1.  Schematic illustration of red organic light-emitting diode (OLED) light-basked human adipose-derived mesenchymal stem 
cells (hADSCs) for effective wound healing. Cellular capacities of hADSCs basked with red OLED light (B_RL) were enhanced in 
terms of angiogenesis, cell adhesion, migration, and stemness.



Kim et al.	 3

expression levels of anti-inflammatory cytokines and 
growth factors. Previous studies have shown that the 
wound healing was effective in animal models by control-
ling inflammation, promoting collagen deposition, and 
vascularization through the regulation of various factors 
expression.27–34 Especially angiogenesis is a necessary 
process for enhancing blood flow and forming extracellu-
lar matrix microenvironment formation.35,36 Therefore, we 
hypothesized that the increased expression of factors 
related to angiogenesis in hADSCs via OLED-based PBM 
would accelerate wound closure compared to that in hAD-
SCs without light irradiation. We applied commercially 
available OLED-based PBM to stem cells under optimized 
parameters and suggested an original technology that can 
be applied to wound treatment using stem cells and cell 
therapy research in the future.

Methods

Reagents and antibodies

The following antibodies were used for western blot anal-
ysis and immunofluorescence staining: anti-BCL2 (1:500, 
Abcam, Cambridge, MA, USA), anti-KLF4(1:500, 
Abcam), anti-SOX2 (1:500, Abcam), anti-NANOG 
(1:200, Abcam), anti-CASPASE3 (1:1000, Cell Signaling 
Technology, Danvers, MA, USA), anti-MMP2 (1:1000, 
Cell Signaling Technology), anti-MMP14 (1:1000, Cell 
Signaling Technology), anti-Laminin (1:1000, Abcam), 
anti-involucrin (1:500, Abcam), anti-col Ⅰ (1:1000, 
Abcam), anti-beta actin (1:5000, Sigma-Aldrich, St. 
Louis, MO, USA), goat anti-mouse IgG-HRP (1:5000), 
and rabbit IgG-HRP (1:10,000, Bethyl Laboratories, 
Montgomery, TX, USA).

Cell culture and basking in red light using 
OLED

hADSCs were purchased from Lonza (Walkersville, MD, 
USA) and cultured in cell culture dishes (Corning, Steuben, 
NY, USA) with Dulbecco’s modified Eagle’s medium 
(DMEM; Gibco BRL, Gaithersburg, MD, USA), supple-
mented with 10% (v/v) fetal bovine serum (FBS; Gibco 
BRL) and 1% (v/v) penicillin-streptomycin (PS; Gibco 
BRL), in a 5% carbon dioxide (CO2) cell incubator at 
37°C. The culture medium was changed every second day. 
The hADSCs at passages 4–7 were used in the experi-
ments. One day after seeding, the culture medium was 
replaced with fresh medium, and the cells were incubated 
with red OLED for 24 h. The red OLED was located under 
the dishes, and the gap between the OLED and the dishes 
was approximately 1 cm. Temperature of the culture 
medium was recorded immediately after irradiation using 
an infrared thermal imaging system (FLIR i2, FLIR 
Systems Inc., Wilsonville, OR, USA).

Quantitative reverse transcription-PCR  
(qRT-PCR)

TRIzol (Ambion, Austin, TX, USA), chloroform (Sigma-
Aldrich), and 75% (v/v) ethanol (Sigma-Aldrich, in water) 
were used to isolate total RNA from cells according to the 
manufacturer’s instructions. Reverse transcription was 
performed using 1.5 μg of pure total RNA and the 
Primescript RT Master Mix (TaKaRa, Kusatsu, Japan) to 
synthesize complementary DNA. The SsoAdvanced 
Universal SYBR Green Supermix (Bio-Rad, Hercules, 
CA, USA) and CFX Connect™ Real-time PCR Detection 
System (Bio-Rad) were used for qRT-PCR. The relative 
expression level was analyzed using the 2(−ΔΔCT) method.37 
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH, in 
vitro) and beta-actin (β-actin, in vivo) served as the inter-
nal controls.

Intracellular ROS staining and analysis

2′,7-dichlorodihydrofluorescein diacetate (DCF-DA) (D339, 
Invitrogen, Carlsbad, CA, USA), a fluorescent indicator of 
ROS, was used to stain intracellular ROS. After basking in 
red light, the cells were incubated with 10 μmol/L DCF in 
phosphate-buffered saline (PBS; Gibco BRL) for 20 min at 
37°C. After incubation, the cells were washed twice with 
PBS and observed under a fluorescence microscope (DFC 
3000 G, Leica, Wetzlar, Germany). The concentration of 
intracellular ROS was determined by measuring the fluores-
cence intensity (Ex/Em of 494/524 nm) using a microplate 
reader (Varioskan LUX multimode microplate reader, 
Thermo Fisher Scientific, Waltham, MA, USA).

Live/dead staining

The live/dead assay was performed using fluorescein diace-
tate (FDA, 1.5 mg/mL in acetone; Sigma-Aldrich) and eth-
idium bromide (EB, 1 mg/mL in PBS; Sigma-Aldrich). FDA 
and EB stain the cytoplasm of viable cells green and the 
nuclei of nonviable cells red, respectively. The hADSCs 
were then treated with the staining solution for 5 min at 37°C. 
Following staining, the cells were washed thrice with PBS 
and observed under a fluorescence microscope (Leica).

Western blot analysis

Protein samples were prepared by extracting cells or tissues 
in RIPA buffer (Sigma-Aldrich). The Bradford reagent was 
used to quantify protein concentration (Bio-Rad). Proteins 
were boiled at 100°C for 10 min in 4× Laemmli sample 
buffer (Bio-Rad) containing β-mercaptoethanol, and the 
equivalent amounts of protein were loaded onto an 10% 
SDS-PAGE gel. Separated proteins were transferred onto 
nitrocellulose membranes and blocked with 1× TBS-T, 
containing 5% skim milk, for 1 h at room temperature (RT). 
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The membranes were incubated overnight with primary 
antibodies, then washed with 1× TBS-T and incubated 
with secondary antibodies for 1 h at room temperature (RT). 
Following TBS-T washes, protein bands were visualized 
using the ECL reagent WESTSAVE UP (ABfrontier, Seoul, 
Korea), and the membranes were exposed to X-ray films. 
The Image J software (National Institutes of Health, 
Bethesda, MD, USA) was used to analyze the expression of 
bands. Beta-actin (in vitro) and GAPDH (in vivo) were 
used as internal controls.

Cell adhesion analysis

For the re-adhesion test, untreated or B_RL-treated 
hADSCs were dissociated using trypsin-EDTA (Gibco 
BRL), and then the cells were reseeded in cell culture 
plates. Following 3 h of incubation under normoxia or 
hypoxia (2% O2), the plates were washed with PBS to 
remove the unattached cells. The adherent cells were 
fixed with 4% paraformaldehyde (PFA; 10 min, RT). 
Cell membranes were stained with 1,1′-dioctadecyl-
3,3,3′3′-tetramethylindocarbocyanine perchlorate (DiI; 
Sigma-Aldrich) according to the manufacturer’s instruc-
tions. Nuclei were counterstained with 4,6-diamidino-
2-phenylindole (DAPI; Vector Laboratories, Burlingame, 
CA, USA) and observed under a fluorescence micro-
scope (Leica). The relative cell adhesion rate of the cells 
following treatment was examined in 24-well plates 
(2 × 104 cells/well) using the Cell Counting Kit-8 (CCK-
8; Dojindo Molecular Technologies, Inc., Kumamoto, 
Japan). The cells incubated without OLED treatment 
served as the control group. Two hours after incubation 
with the CCK-8 solution at 37°C, the optical density 
(OD) of each well was measured at 450 nm using a 
microplate reader (Tecan, Mannedorf, Switzerland).

Cell scratch migration assay

To perform the cell scratch migration assay, hADSCs were 
cultured in 6-well plates until they reached confluence. 
After the cells were exposed to red light, the cell mon-
olayer was scratched with a sterile 1000 μL tip (Neptune 
Scientific, San Diego, CA, USA) to create a linear gap. 
The floating cells were removed by washing with PBS 
(Gibco BRL). Cell migration was examined under a  
microscope equipped for 48 h. The relative migration area 
was calculated as [(original scratched area − remaining 
scratched area)/original scratched area] × 100%.38

Angiogenesis antibody array

To analyze angiogenesis-related protein expression in 
hADSCs, we used the Proteome Profiler Human 
Angiogenesis Array kit (R&D Systems, Minneapolis, MN, 
USA) according to the manufacturer’s instructions. 

Briefly, all reagents and protein samples were prepared, 
100 μg of cell lysate protein was used, and the membrane 
was blocked and the buffer aspirated. The antibody/sample 
mixture was added to the membrane and incubated over-
night at 4°C. The next day, the membrane was washed with 
wash buffer and incubated with streptavidin-HRP for 
30 min. After washing with wash buffer again, Chemi rea-
gent was added, and the membrane was exposed to X-rays. 
Pixel density was quantified using the Image J software 
(National Institutes of Health) in each spot, and the aver-
age signal was calculated for duplicate spots.

Angiogenesis assay

Endothelial cell tube formation assay was performed 
using an in vitro angiogenesis assay kit (ab204726, 
Abcam) in accordance with the manufacturer’s instruc-
tions. In brief, HUVECs were seeded onto an extracellu-
lar matrix gel (2 × 104 cells per well) in 100 μL of sample 
medium and incubated for 12 h at 37°C. Following incu-
bation, the HUVECs were stained with a dye for 30 min 
at 37°C and observed under a fluorescence microscope 
(Leica).

ELISA

To analyze the secretion of angiogenic paracrine factors 
from hADSCs, we used ELISA kits for human VEGF 
human HGF (R&D Systems), according to the manufac-
turer’s instructions. The conditioned medium was col-
lected after 72 h of treatment with red OLED. The OD 
value of each well was measured at 450 nm using a micro-
plate reader (correction 540 nm, Tecan).

Skin wound healing

Athymic mice (6 weeks old, 20 g of body weight, Orient 
Bio Inc., Sungnam, Korea) were anesthetized via intraperi-
toneal injection of xylazine (10 mg/kg) and ketamine 
(100 mg/kg). The mid-dorsal area of the skin of each mouse 
was incised to make a full-thickness skin wound 
(2.0 × 2.0 cm2).39,40 All animal treatments and experimental 
procedures were approved by the Institutional Animal Care 
and Use Committee of SKKU (SKKUIACUC2020-06-11-1). 
Mice with skin wounds were randomly divided into three 
experimental groups (n = 5 per group): no treatment 
(Tegaderm™ group, T), 0.5 × 106 hADSCs per mouse 
(cell + Tegaderm™ group, C@T), and 0.5 × 106 hADSCs 
per mouse (B_RL cell + Tegaderm™ group, B_RL C@T). 
The T group received no wound treatment, acting as the 
negative control (T), and the hADSCs were injected into 
the wound sites of the experimental animals. Briefly, hAD-
SCs were subcutaneously injected at the edges of the 
wound (eight injections, 25 μL per site). All groups were 
treated with Tegaderm™ (3M Health Care, St. Paul, MN, 
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USA), which is used as a common dressing material. The 
wound healing process was observed for up to 14 days after 
treatment initiation. Wound healing was calculated as the 
percentage of the initial wound area ([wound area at time]/
[initial wound area] × 100%). All samples were collected 
in an identical manner to allow for an accurate comparison 
of wound healing in the different groups. Entire tissues 
from the dorsal wound area were retrieved for analysis to 
compare the wound healing process in each group.

Histology and immunohistochemistry

Wound tissues from the athymic mice were subjected to 
various histological examinations. Skin tissue samples 
were embedded in the optimal cutting temperature com-
pound (O.C.T. compound, Tissue-Plus®; Scigen, Gardena, 
CA, USA), frozen, and cut into 10 μm sections at −23°C. 
Overall tissue regeneration was evaluated with hematox-
ylin and eosin (H&E) and Sirius Red staining and 
observed under a light microscope (CKX53, Olympus). 
Sections were subjected to immunofluorescence staining 
using an anti-Laminine antibody, anti-involucrin anti-
body (BioLegend, San Diego, CA, USA), and a fluores-
cein isothiocyanate-conjugated secondary antibody 

(Jackson ImmunoResearch Laboratories, West Grove, 
PA, USA) to visualize protein expression and wound 
repair. The sections were counter-stained with DAPI 
(VECTASHIELD H-1500, Vector) and examined under a 
fluorescence microscope (Leica).

Statistical analysis

The GraphPad Prism 7 software was used for all statistical 
analyses. Triplicate data were analyzed using one-way 
analysis of variance (ANOVA) with Bonferroni test in all 
experiments. Comparisons between two independent sam-
ples were performed using a two-tailed Student’s t-test. 
Statistical significance was set at p < 0.05. Results are 
expressed as mean ± standard deviation for all quantitative 
analyses.

Results

Effects of red OLED on the heat stress in 
hADSCs

The properties of red OLED used in this study are shown 
in Figure 2(a). The wavelength and luminance of this light 

Figure 2.  Characteristics of the red organic light-emitting diode (OLED) and the effect of heat emitted from the red OLED 
on human adipose-derived mesenchymal stem cells (hADSCs). (a) Characteristic and photographs of the red OLED, including 
wavelength, voltage, current, and luminance. To determine the effect of heat emitted by the red OLED on hADSCs, (b) the 
temperature of culture medium after B_RL treatment was evaluated using a real-time infrared thermal imaging system. (c) Cell 
morphology of hADSCs after B_RL treatment. (d) Relative expression of HSP27, HSP70, and HSP90α in hADSCs with B_RL after 
0, 24, and 48 h, analyzed with quantitative reverse transcription-PCR (qRT-PCR). No treatment (NT) at 0 h served as the control 
group (*p < 0.05, compared to the NT group at each time point, n = 4). (e) Intracellular ROS staining using DCF-DA (green), and 
its quantification expressed as percent of fluorescence intensities in the NT group (*p < 0.05, compared to that in the NT group, 
n = 8).
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Figure 3.  Effects of the B_RL treatment on human adipose-derived mesenchymal stem cells (hADSCs) viability. (a) Viability of the 
hADSCs basked with red OLED light (B_RL hADSCs) was evaluated with a live/dead assay, which stains live cells green and dead 
cells red. (b) Viability rate of the B_RL hADSCs was evaluated using the CCK-8 assay (*p < 0.05, compared to that in the NT group 
at each time point). To analyze the relative expression of CASPASE-3 and BCL-2 0, 24, 48 h after B_RL, hADSCs were evaluated 
with (c) qRT-PCR and (d) western blot analysis. NT at 0 h served as the control group (*p < 0.05, compared to that in the NT 
group at each time point, (c) n = 4 and (d) n = 3).

source were 610 nm and 115.40 Cd/m2, respectively. The 
temperature of the culture medium did not increase when 
the cells were exposed to B_RL for 24 h (Figure 2(b)). In 
addition, there was no difference in cell morphology 
between the NT group and B_RL group (Figure 2(c)). We 
investigated whether B_RL treatment affects the expres-
sion of HSP-family genes related to cellular stress. The 
expression of HSP27 and HSP90α in hADSCs increased 
immediately after the B_RL treatment compared to that in 
the NT group (Figure 2(d)). However, the expression of 
HSP27 did not differ from that in the NT group at 24 and 
48 h after treatment. The expression of HSP90α, which is 
involved in anti-apoptosis and a prevention of cellular 
changes,41 was upregulated up to 24 h. On the other hand, 
the expression of HSP70, induced by stress,42 increased 
only 24 h after treatment. Furthermore, immediately after 
treatment, higher intracellular levels of ROS were detected 
in the B_RL group than in the NT group (Figure 2(e)). The 
concentration of intracellular ROS increased approxi-
mately 2 times compared to that in the NT group. The 
expression of the HSP family can be increased to protect 
cells from oxidative stress such as ROS.43–46 According to 
previous studies, oxidative stress applied to cells increases 
the expression of heat shock factor 1 (HSF1).43 Increased 
HSF1 protects cells from oxidative stress by accumulating 
HSP27, 70, and 90α mRNA in the cells.43,44 Additionally, 
it is known that activation of p38MAPKinase and JAK/
STAT pathway induce by oxidation stress can upregulate 
the expression of HSP27 and HSP70 in cells respec-
tively.45,46 Therefore, the changes in the expression of HSP 

genes were attributed to the intracellular oxidative stress 
due to light stimulation rather than heat-induced stress.

Effects of red OLED on the viability of hADSCs

The B_RL treatment did not exhibit cytotoxic effects on 
hADSCs after 48 h (Figure 3(a)); this treatment slightly 
increased and then reduced the cellular viability 24 and 48 h 
after treatment, respectively (Figure 3(b)). Subsequently, 
the expression of the B-cell lymphoma-2 (BCL-2) and 
CASPASE-3 was confirmed (Figure 3(c) and (d)). 
Expression of the BCL2, related to anti-apoptosis, showed 
a tendency to decrease at 0 h but increased 24 h after treat-
ment, and there was no difference between the two groups 
after 48 h. The B_RL treatment did not alter the expression 
of the CASP3, which is related to apoptosis (Figure 3(c)). 
On the other hand, there was no difference in the expres-
sion of BCL-2 at the protein level between the two groups 
(Figure 3(d)). In contrast, the expression of CASPASE-3 
protein in the B_RL group was slightly decreased 24 h after 
treatment compared to that in the NT group (Figure 3(d)). 
Together, our data demonstrate that the B_RL treatment did 
not affect the viability of hADSCs.

Improvements in the stemness and adhesion of 
hADSCs using red OLED

The expression of proteins associated with stemness was 
confirmed using western blotting (Figure 4(a)). Kruppel-
like factor 4 (KLF4), sex determining region Y-box 2 
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Figure 4.  Enhanced stemness and cell adhesion ability of the human adipose-derived mesenchymal stem cells (hADSCs) treated 
with B_RL. (a) The expression of stemness-related factors (KLF4, SOX2, and NANOG) in hADSCs basked with red OLED light (B_
RL hADSCs) after 0, 24, and 48 h was analyzed using western blotting. NT at 0 h served as the control group (*p < 0.05, compared 
to that in the NT group at each time point, n = 3). (b) Expression of endothelial differentiation-related genes (ANGPT1 and CD31) 
in the B_RL hADSCs after 0 and 48 h was analyzed with qRT-PCR. NT at 0 h served as the control group. (c) Cell adhesion was 
conducted 3 h after the cell re-attachment under normoxic or hypoxic environment to investigate the improvement of adhesion 
ability of hADSCs following B_RL. (d) Cell adhesion ability was also analyzed using cell membrane staining (DiI: red, DAPI: blue) 
and the CCK-8 assay (*p < 0.05, compared to that in the NT group, n = 5). (e) Relative expression of CASPASE-3 in hADSCs was 
evaluated using qRT-PCR and western blot analysis (3 h after cell re-attachment under hypoxic environment).

(SOX2), and NANOG expression decreased after 0 h, and 
SOX2 and NANOG expression decreased after 24 h in the 
B_RL group compared to that in the NT group. However, 
the expression of these proteins was enhanced in the B_RL 
group after 48 h compared to that in the NT group. At 0 and 
48 h after treatment, there were no differences in the gene 
expression of angiopoietin-1 (ANGPT-1) and CD31 
between the two groups (Figure 4(b)). Both factors are 
associated with vascular development and angiogenesis, 
which promotes endothelial differentiation.47,48 It was 
found that the B_RL treatment enhanced the stemness of 
hADSCs, but did not affect endothelial differentiation in 
vitro. Next, for the re-adhesion test, the hADSCs treated 
with B_RL for 24 h were detached using trypsin-EDTA 
and immediately reseeded under normoxic or hypoxic 
conditions (Figure 4(c)). After 3 h of re-adhesion, the cyto-
plasm of the B_RL group was wider, and the number of 

adhered cells had increased compared to that in the NT 
group (Figure 4(d)). At 3 h after the re-adhesion, there 
were no differences in the gene expression of CASP3 
between the two groups under normoxia conditions 
(Supplemental Figure S1). On the other hand, as shown in 
Figure 4(e), the gene and protein expression of CASPASE-3 
slightly decreased in the B_RL group under hypoxic 
conditions.

Enhanced cellular migration and angiogenesis 
ability of hADSCs using red OLED

The recovered area after the initial scratch increased sig-
nificantly in the B_RL groups after 24 and 48 h compared 
to that in the NT group (Figure 5(a)). The expressions of 
CXCL12 and MMP2, which are related to cell migration, 
increased in the B_RL group after 48 h compared to that in 
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Figure 5.  Enhanced cell migration capacity and angiogenic paracrine factors expression in the hADSCs basked with the red OLED 
light (B_RL hADSCs). (a) Scratch wound coverage assay results showing cell migration capacity. Representative optical images after 
0, 24, and 48 h, with quantification (*p < .05, compared to that in the NT group, n = 6; Scale bar indicates 500 μm). (b) Expression of 
cell migration-related genes (CXCL12 and MMP2) in B_RL hADSCs after 0, 24, and 48 h, analyzed with qRT-PCR. NT at 0 h served 
as the control group (*p < 0.05, compared to that in the nt group at each time point, n = 4). (c) Expression of cell migration-related 
proteins (MMP-2 and MMP-4) in B_RL hADSCs after 48 h, analyzed with western blotting. NT at 0 h served as the control group 
(*p < 0.05, compared to NT group at each time point, n = 3). (d) Expression of angiogenesis-related genes (VEGF, HGF, and HIF-1α) 
in B_RL hADSCs after 0, 24, and 48 h, analyzed with qRT-PCR. NT at 0 h served as the control group (*p < 0.05, compared to that 
in the NT group at each time point, n = 4). (e) Expression of angiogenesis-related proteins in B_RL hADSCs after 0, 24, and 48 h, 
analyzed with human angiogenesis array. Representative image of the human angiogenesis array data and comparison of quantitative 
difference. Angiogenic capacity based on paracrine factor secretion in B_RL hADSCs was evaluated by (f) HUVEC tube formation 
and (g) ELISA (VEGF, HGF). Conditioned medium was collected from B_RL hADSCs after 0 and 48 h. (f) HUVEC tube formation 
assay after incubating HUVECs (green) with conditioned medium retrieved from the B_RL hADSCs (0 h) with quantification 
(*p < 0.05, compared to that in the NT group, n = 6). (g) Angiogenesis-related factors secreted in the conditioned medium from 
B_RL hADSCs (48 h), evaluated with ELISA (*p < 0.05, compared to that in the NT group, n = 5).

the NT group (Figure 5(b)). In addition, the expression of 
matrix metalloproteinase (MMP-2 and MMP-14), which 
are related to cell migration, increased in the B_RL group 

after 48 h compared with that in the NT group (Figure 
5(c)). These results indicated that the B_RL treatment not 
only improved the migration ability of hADSCs but also 
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augmented cell recruitment, which is essential for the 
treatment of wounds in vivo. Subsequently, it was con-
firmed that the expression of vascular endothelial growth 
factor (VEGF), hepatocyte growth factor (HGF), and 
hypoxia-inducible factor 1-alpha (HIF-1α), associated 
with angiogenesis, increased in the B_RL group at some 
time points (Figure 5(d)).49 The cell lysates were analyzed 
using an angiogenesis antibody array (Figure 5(e)). The 
angiogenesis-related factors that increased at all time 
points were coagulation factor 3, DPPIV, and serpin E1. 
Coagulation factor 3 (TF) is a factor that improves angio-
genesis. DDPIV, also known as CD26, not only enhances 
angiogenesis, but also plays an important role in cellular 
adhesion between ECM and cells.50,51 Serpin E1 promotes 
angiogenesis and induces cell migration as an essential 
factor for wound repair.52 Immediately after the cells were 
basked in red light, the CD105, FGF acidic, and FGF basic 
factors were further improved. In particular, FGF basic, 
associated with scarless wound healing, increased in the 
B_RL group. This factor regulates the synthesis and depo-
sition of various ECMs.53 Twenty-four hours after treat-
ment, CD105, FGF acidic, FGF-7, and IL-8 were further 
increased in the B_RL group. In particular, FGF-7 was 
identified only in the B_RL group, which plays an impor-
tant role in re-epithelialization by stimulating the prolifer-
ation and migration of keratinocytes. FGF-7 is also known 
to play an important role in the final stages of neovascu-
larization.53 The angiogenesis ability was confirmed in 
vitro through tube formation experiments using the condi-
tioned medium from B_RL treated hADSCs (Figure 5(f)). 
It was confirmed that the angiogenesis ability of HUVECs 
treated with conditioned medium from the B_RL group 
was enhanced in all aspects of the HUVEC’s master junc-
tion, tube formation, and total length compared to those of 
the NT group. Subsequently, the secretion of VEGF and 
HGF from the B_RL-treated hADSCs was confirmed 
using ELISA (Figure 5(g)). At 48 h, the secretion of both 
VEGF and HGF increased in the B_RL group compared to 
that in the NT group.

Accelerated wound healing of red OLED-
treated hADSCs

The therapeutic efficacy of B_RL-treated hADSCs was 
evaluated using a mouse wound healing model. Since 
wound regeneration is a complex process, it is important to 
select an appropriate animal model considering the specif-
ics of wounds (e.g. size, location, depth).54 To confirm the 
beneficial therapeutic effect on large wounds, following 
the induction of 2.0 cm × 2.0 cm square-shaped full-thick-
ness skin defects, and then the mice were treated with 
hADSCs transplantation and covered with Tegaderm™. 
Based on results of the in vitro tests, we expected that the 
therapeutic effects of B_RL-treated hADSCs would be 
greater than those of the untreated hADSCs (Figure 6(a)). 

We divided the mice into the following three groups: 
Tegaderm™ (T), 0.5 × 106 hADSCs per mouse with 
Tegaderm™ (Cell + T (C@T)), and 0.5 × 106 B_
RL-treated hADSCs per mouse with Tegaderm™ (B_RL 
Cell + T (B_RL C@T)). Representative photographs of 
the mice at 0, 7, and 14 days after treatment are shown in 
Figure 6(b). Skin wound areas were measured on days 0 
and 14. Wound closure is represented as a percentage of 
the original wound area. The B_RL C@T group exhibited 
a significantly increased therapeutic effect than the other 
groups. It was confirmed via IHC staining and western 
blot assay that the expression of laminin and involucrin in 
the skin tissue was increased in the B_RL C@T group 
compared to that in the other groups (Figure 6(c)). Laminin 
is an ECM component that constitutes the basement mem-
brane of the skin,55–57 and involucrin is an ECM compo-
nent that plays an important role in the barrier function of 
the skin.58–60 Next, using H&E and Sirius Red staining, it 
was confirmed that the structure of skin tissue from the 
B_RL C@T group was similar to that of normal skin 
(Figure 6(d)). In addition, amount of Col I protein in the 
skin tissue was the highest in the B_RL C@T group com-
pared to that in the other groups (Figure 6(e)). Col I is a 
major structural protein that constitutes ECM and is known 
to promote the wound healing process.61 Subsequently, it 
was confirmed that the gene expression of Progranulin 
and transforming growth factor beta 1 (Tgf-β1) increased 
dramatically in the B_RL C@T group (Figure 6(f)). 
Progranulin and Tgf- β1 are factors that play important 
roles in the overall process of wound healing and are 
known to stimulate various cells at the wound site.62–64 
Therefore, the increase in the gene expression of both fac-
tors indicates that the wound healing process actively pro-
gressed in the skin wound. Overall, our data indicate that 
the B_RL C@T group can accelerate the wound healing 
process and improve structural restoration of skin defects, 
which is likely attributed to an increased adaptation ability 
under hypoxic conditions (Figure 4) and enhanced angio-
genesis ability (Figure 5) of hADSCs by the B_RL 
treatment.

Discussion

In this study, using a different light source from that used 
in previous studies, we optimized the parameters of 
OLED-based PBM for stem cells and focused on enhanc-
ing the stem cell treatment efficiency. After the irradiation 
of hADSCs with OLED light, cell adhesion, migration 
ability, and stemness improved without the introduction of 
external genes or drugs while maintaining cell viability. 
When the B_RL hADSCs were transplanted into an in vivo 
mouse wound healing model, angiogenesis was stimulated 
by the elevated paracrine effects of the angiogenic factors. 
In addition, we confirmed that wound closure was acceler-
ated in the mice transplanted with B_RL hADSCs than the 
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mice treated with conventional methods (Figure 1). Point 
light source-based lasers and LEDs, originally used as 
PBM materials, have too many limitations, such as poor 
irradiation uniformity and difficult applicability, to be used 
as a commercial light source.3,6,11,65,66 Moreover, there are 
potential concerns, such as the bulkiness of complex 

irradiation systems and heat damage to cells.66–68 OLEDs 
are surface light sources that do not require a heat sink, and 
it is possible to uniformly expose a large area.24,66 Thus, we 
suggest a new strategy to increase stem cell efficiency by 
applying OLEDs to PBM, which can overcome the disad-
vantages of existing PBM materials (LED, laser).

Figure 6.  In vivo wound closure induced by red OLED light-basked hADSCs. (a) Schematic of the mouse skin wound healing 
model using hADSCs basked in red light. (b) Representative images of the wound at 0, 7, and 14 days after various treatments. 
Quantification of wound closure at day 14 after treatments for all groups (*p < 0.05, compared with that in the t group; #p < 0.05, 
compared with each group, n = 5). (c) Immunohistochemistry for laminin (green) or involucrin (green) with DAPI (blue) staining 
in skin wound at 14 days after treatment (left). Relative expression of laminin and involucrin in the wound region at 14 days after 
treatment (right, western blot analysis). (d) Representative H&E and Sirius Red stained images of the tissue sections from the skin 
wound models at 14 days after treatment. Relative expression of (e) Col Ⅰ, (f) Progranulin, and Tgf-β in the wound region at 14 days 
after treatment. (*p < 0.05, compared with that in the t group; #p < 0.05, compared with each group, (e) n = 3 and (f) n = 4).
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In general, the depth of penetration into the skin varies 
depending on the wavelength. Blue (400–470 nm) and 
green (470–550 nm) light can be used to treat skin from the 
epidermis to the dermis, and wavelength of 600–1000 nm 
penetrates further. The range from visible red to near-infra-
red light (600–1000 nm) is mostly used to heal hypodermis 
tissue during wound healing.2–4 Therefore, we used an 
OLED light source belonging to the red wavelength, for 
skin wound treatment (Figure 2(a)). Temperature of the 
medium in which the hADSCs were cultured, was meas-
ured to determine whether the hADSCs were influenced 
by heat. Resultantly, no difference was observed between 
the experimental groups (Figure 2(b)). According to previ-
ous studies, the activity of CCO, complex IV constituting 
the mitochondrial electron transport chain, is increased by 
absorption of light energy, and NO is photodissociated 
from CCO, which leads to the enhancement of NO con-
centration. As a result, an electrochemical proton gradient 
is generated as electron transport occurs in the inner mito-
chondrial membrane, and the synthesis of ATP is increased 
by a proton gradient with ROS levels increment.2,4,6 
Interestingly, we found that intracellular ROS levels (1.74-
fold) were enhanced by OLED red light (Figure 2(e)), but 
the light did not affect NO or ATP production in hADSCs 
as reported previously (Supplemental Figure S2).2,4,6 
Although the accumulation of ROS negatively affects cells, 
several studies have shown that a mild concentration of 
ROS acts as a secondary messenger or performs a benefi-
cial function in stabilizing the expression of HIF-1α.69–71 
Furthermore, the upregulated HSP expression appears to be 
affected by ROS rather than by temperature (Figure 2(d)). 
HSP is well known as a protein that plays a cytoprotective 
role in response to various environmental stresses or patho-
physiological states, including ROS.46,71–73 The major 
molecular roles of the HSP chaperone are protein folding, 
refolding/denaturation of misfolded proteins, and assem-
bling/disassembling of proteins.71,72 The HSP family is also 
involved in the apoptosis-related pathway and, in particu-
lar, HSP27 controls inflammation. Additionally, HSP70 
plays an important role in skin rejuvenation by supporting 
the synthesis, folding, and transport of collagen, and 
HSP90 increases the wound healing process by promoting 
the migration of cells that are present near the wound 
site.6,74,75 It has been demonstrated that the expression of 
HSP27, 70, and 90 is promoted by PBM,74,75 and the acti-
vated expression of HSP27, 70, and 90 would have a posi-
tive effect on wound healing and inflammation.

We confirmed that the hADSCs survived without cell 
death immediately after OLED red light irradiation 
(Figure 3(a) and (b)) and demonstrated that there was no 
toxicity of PBM using OLEDs by maintaining cellular 
viability. In this regard, the B_RL hADSCs showed simi-
lar expression of the genes and proteins related to apopto-
sis (CASPASE-3) and anti-apoptosis (BCL-2) as that in 
the conventional hADSCs that had not been irradiated 

OLEDs until 48 h after irradiation (Figure 3(c) and (d)). In 
other words, we verified that the new strategy using 
OLEDs is a way to overcome the problems of previous 
PBM while maintaining safety. Most studies conducted 
using irradiating LEDs or lasers on stem cells are contro-
versial; they either revealed that the differentiation of 
stem cells is induced,13,14,76–78 or that there is no change in 
differentiation79,80 after light irradiation. However, the 
PBM of OLED irradiation did not induce differentiation 
in a specific direction and, instead, the stemness of hAD-
SCs themselves increased. KLF4, SOX2, and Nanog, 
which are known transcription factors, inhibit the expres-
sion of differentiation-associated genes of stem cells and 
are highly expressed in undifferentiated stem cells. Thus, 
they have been identified as stemness markers in stem cell 
studies.1,81–83 Hence, we determined the expression of 
KLF4, SOX2, and Nanog, and found that decreased until 
24 h after the irradiation of hADSCs with OLEDs. 
However, at 48 h after irradiation, levels of the stemness 
marker increased compared to those in the conventional 
hADSCs (Figure 4(a)). An increase in the expression of 
stemness-related factors means that the multilineage 
potential of hADSCs is increased. Since the underlying 
properties of hADSCs such as self-renewal and differen-
tiation ability, have been improved by OLED-based PBM, 
their efficiency as a source of stem cell therapy has been 
enhanced.65,67–69,79,81–83 Moreover, when OLED light is 
applied to wound treatment, angiogenesis and wound 
healing can be promoted by stimulated secretion of vari-
ous cytokines and growth factors as much as the effi-
ciency of stem cells improves.14,35,76

To verify the effectiveness of OLED-based PBM, we 
examined the cell adhesion and migration ability, among 
various biological processes. Adhesion ability was 
assessed so as to mimic the hypoxic environment experi-
enced after hADSCs cultured in vitro were transplanted to 
the wound site of an in vivo mouse model. After OLED 
light irradiation, hADSCs were dissociated and re-adhered, 
and then cultured under normoxic/hypoxic conditions for 
3 h (Figure 4(c)). As a result, the experimental group 
showed increased adhesion ability not only under nor-
moxic conditions compared to the control group but also 
under hypoxic conditions (Figure 4(d)). Through the 
expression of CASPASE-3, it was confirmed that cell via-
bility was maintained under hypoxic conditions (Figure 
4(e)). We concluded that when hADSCs were transplanted 
into the wound sites, the B_RL hADSCs had increased 
adhesion ability compared to conventional hADSCs and 
the viability was also maintained. Based on the study 
results that showed PBM irradiation increases cell migra-
tion efficacy, a scratch assay was conducted and migra-
tion-related factors were identified.1,4,6,84 In order for cell 
migration to occur, a process of decomposing matrix barri-
ers using specific enzymes is required. In this process, 
MMPs play an important role in removing extracellular 
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matrix (ECM) and damaged proteins at the inflammatory 
stage.85,86 The factors we identified are known as gelatinase 
for MMP2, membrane-type metalloproteinase for MMP14, 
and macrophage metalloelastase for MMP12.85–87 At 48 h 
after light exposure, the migration ability of B_RL hAD-
SCs significantly increased, which contributed to facilitat-
ing wound repair (Figure 5(a)–(c)). Angiogenesis is an 
essential physiological process in wound healing. There are 
reports that the enhancement pattern of angiogenic proper-
ties by PBM is remarkably stimulated not only in in vivo 
models but also in the in vitro experiments.1,4,6,22 Thus, we 
hypothesized that the expression of angiogenic factors in 
hADSCs would increase and wound healing would be 
accelerated by OLED-based PBM, and confirmed the 
expression of angiogenesis-related factors, which are the 
most representative markers (VEGF and HGF) in the in 
vitro experiments. Immediately after red-light irradiation 
for 48 h, the gene/protein expression of VEGF and HGF 
was higher than that of the hADSCs that were not irradi-
ated with OLEDs (Figure 5(d) and (g)). Upon screening 
for various types of angiogenesis-related factors, specific 
markers showed a steadily increasing trend, and the most 
factors were stimulated at 24 h after OLED exposure 
(Figure 5(e)). Interestingly, the expression of HIF-1α, 
which is a known transcription factor, also improved, as 
shown in previous studies (Figure 5(d)).6,88 As HIF-1α 
plays an essential role in the molecular regulation of angi-
ogenesis,14,88,89 the upregulated angiogenic paracrine effect 
seems to be due to the activated HIF-1α. Moreover, 
increased intracellular ROS levels caused by PBM are 
associated with HIF-1α as well as HSP, which could have 
activated HIF-1α.90–92 Studies have also reported that the 
HIF-1α is regulated by activation of the PI3K and MAPK/
ERK pathways, and receptor tyrosine kinases (RTKs), cell 
surface receptors, act as ligands for PI3K and MAPK/ERK 
signaling.1,20,21 For angiogenesis, not only paracrine fac-
tors, but also the promotion of new capillary formation and 
blood flow is required. Previous studies reported that tube 
formation in HUVECs is stimulated by PBM,20,88 there-
fore, we analyzed whether OLED-based PBM also affects 
the tube formation in HUVECs. Tube formation of 
HUVECs was promoted (Figure 5(f)), which had a posi-
tive effect on wound healing with angiogenesis-related 
factors.

Finally, the hADSCs with improved efficiency due to 
OLED-based PBM were injected into the in vivo mouse 
wound healing model to confirm the wound repair effect 
(Figure 6(a)). After hADSC transplantation, mice were 
observed for up to 14 days, and the wound area of the 
group injected with B_RL hADSC decreased faster than 
that of the group injected with hADSCs that were not irra-
diated, resulting in accelerated healing (Figure 6(b)). 
Additionally, to determine the treatment progress of the 
damaged skin layer, laminin and involucrin were analyzed 
using immunohistochemistry and protein expression, 

following extraction from mouse wound skin. Laminin is 
an essential protein constituting the skin basement mem-
brane, and it contributes to the structure of ECM by inter-
acting with type IV collagen.55–57 Furthermore, involucrin 
is a marker expressed in the stratum corneum (cornified 
layer) of the skin and is known to form the cornified enve-
lope membrane of the corneocyte by cross-linking with 
other structural proteins.58–60 The expression of laminin 
and involucrin was promoted compared to that in the 
group transplanted with hADSCs that did not receive 
OLED stimulation (Figure 6(c)) indicating that the stimu-
lating effect of OLED-based PBM not only accelerates 
wound closure but also effectively maintains the skin 
layer itself. In particular, the dermis in the skin layer was 
thicker than that in the conventional groups. The collagen 
that composes most of the dermis was confirmed through 
staining and protein expression, and it was also found to 
be significantly stimulated (Figure 6(d) and (e)). When 
tissue is damaged, anti-inflammatory cytokines are 
secreted by macrophages and neutrophils to suppress 
inflammation. Tgf-ß, a representative cytokine, has been 
reported to inhibit immune response and be involved in 
wound healing and angiogenesis.93–95 Moreover, Tgf-ß 
stimulates endothelial cell migration and ECM synthesis 
by the production of collagen.29,32,64 Another mediator 
protein, Progranulin is known to have an activity that reg-
ulates inflammation.96 Therefore, we investigated the 
gene expression of Tgf-ß and Progranulin as anti-inflam-
matory markers (Figure 6(f)). It was demonstrated that the 
inflammatory response of the damaged wound site was 
regulated by the inhibitory effect of B_RL hADSCs 
through the highly enhanced expression of Tgf-ß and 
Progranulin. The expression of CD31 in B_RL hADSCs 
group was significantly upregulated in comparison with 
the other group (Supplemental Figure S3). In conclusion, 
hADSCs whose efficiency was enhanced by stimulation 
with OLED-based PBM, demonstrated their strength as a 
source of stem cell therapy through their effect in the 
wound healing model.

Conclusions

In this study, hADSCs were exposed to red light using a 
different light source from the materials used in previous 
PBM studies, and the B_RL-treated hADSCs maintained 
cell viability without heat damage. The stemness of B_RL 
hADSCs was improved, and cell adhesion, migration 
capability, and secretion of angiogenic factors were also 
stimulated, thereby enhancing the therapeutic efficiency of 
hADSCs. Furthermore, transplantation of the B_RL hAD-
SCs into the wound site proved to be a more effective stem 
cell therapy than the conventional treatment of hADSCs 
injection without OLED irradiation. PBM using OLEDs 
influences hADSCs to have an increased angiogenic effect 
and wound closing effect, and it could also be suggested as 
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an alternative material to replace PBM materials. OLEDs 
are material that can emit light without heat, can be pro-
duced in a thin film or bendable form, and can uniformly 
emit light over a large area, surpassing the limitations of 
existing PBM. Moreover, a simple setup is possible and 
can be easily applied to currently used PBM-based equip-
ment.50 We proposed this strategy to promote the effi-
ciency of stem cells via OLED-based PBM. This approach 
has the advantage that it can be applied to various clinical 
stem cell therapies and in consequence, photodynamic 
stem cell therapy using OLEDs may become a new para-
digm in the cell therapy field of tissue regenerative 
medicine.
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