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ABSTRACT

Hair loss can cause psychological distress. Here, red organic light-emitting diode (OLED) light source is first introduced as the
photobiomodulation therapy (PBMT) for hair growth and demonstrated as a promising and non-invasive therapeutic modality for
alopecia. OLED exhibits unique advantages of homogeneous irradiation, flexible in form factor, and less heat generation. These
features enable OLED to be an ideal candidate for wearable PBMT light sources. A systematic study of using red OLEDs to
facilitate hair growth was conducted. The results show that OLEDs excellently promote hair regrowth. OLED irradiation can
increase the length of the hair by a factor of 1.5 as compared to the control, and the hair regrowth area is enlarged by over 3
times after 20 days of treatments. Moreover, the mechanism of OLED that stimulates hair follicle regeneration is investigated in-
vivo by conducting a systematic controlled experiments on mice with or without OLED PBMT. Based on the comprehensive
histological and immunofluorescence staining studies, two key factors are identified for red OLEDs to facilitate hair follicle
regeneration: (i) increased autophagy during the anagen phase of the hair growth cycle; (ii) increased blood oxygen content

promoted by the accelerated microvascular blood flow.
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1 Introduction

Receding hairline and hair loss of human beings can be associated
with anxiety, stress, and unhealthy diet. Alopecia may cause
psychological, aesthetic, and even social issues [1,2]. Recently,
photobiomodulation therapy (PBMT) has been shown to be a
potential treatment in improving dermatological conditions
including skin rejuvenation [3, 4], acne [5, 6], and hair loss [7-10].

PBMT is regarded as a treatment using low-power light
irradiation under specific wavelengths and irradiation fluences on
the targets [11,12]. Different from other medical treatments,
PBMT is a non-invasive technique which is unharmful to organs
[13, 14]. There have been numerous reports to associate the roles
of PBMTs with mitochondria that result in higher levels of
reactive oxygen species (ROS) and production of adenosine
triphosphate (ATP) and in turn stimulate transcription factors and
activate the genes [15-23]; however, the underlying mechanism of
PBMT on treating hair loss is still not thoroughly revealed.
Traditional light-emitting diodes (LEDs) and lasers are point light
sources and considered as “sharp” light irradiation. Heat
generation is a matter of concerns particularly prolonging uses of

these light sources in close proximity to the treatment areas. The
heat issue, inhomogeneous light irradiation over a large area and
unbendable features may limit their applications in wearable
PBMT devices [24]. On the contrary, organic LEDs (OLEDs) are
benefited from their inherent thin, light, and flexible in form
factor. The high luminous efficiency, surface emission
characteristic, and less heat generation make OLED to be the most
desirable irradiation source in light therapy [24-28]. Despite these
superiorities, how cellular tissues and hair follicles react with the
red OLED remains incompletely understood in the hair growth
phototherapy. Therefore, it is well worth deeply exploring the
application prospect of OLED potential of OLEDs in PBMT.
Herein, we investigate the cellular mechanisms of hair growth
by means of in-vivo animal test upon exposing the baldness area
with red OLED. Highly stabilized homogeneously emitted large-
area (75 cm?) red-color OLEDs with power density about ~ 10 at
2 mA/cm’ are adopted as the PBMT light source. A wavelength of
640 nm allows it to penetrate deeply into the epidermis and
activate the hair follicles, and the low surface temperature of the
panel (~ 38 °C at 10 mW/cm?) makes OLED as an excellent
candidate for light therapy applications. Rapid hair growth of the
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depilated mice proves the positive effect of the red OLED
irradiation. It is revealed that the red OLED can promote the
secretion of cytokeratin 14 and LC3 signals in hair follicle and
increase the surface blood oxygen content in the mice dorsal skin,
indicating that optical irradiation induced autophagy is sufficient
to activate the telogen hair follicles and stimulate hair follicles
transforming into anagen stage.

2 Experimental section

2.1 Device fabrication

Patterned indium tin oxide (ITO) substrates were cleaned with
commercial ultrasonic cleaning machine. The ITO was used as the
anode, which was dried and treated with ultraviolet (UV)-ozone
before use. The device was prepared in a thermal evaporator
system with a working pressure of less than 4 x 10° Torr (G2.5
OLED production line, Suzhou Fangsheng Optoelectronics Co.,
LTD). All the devices were fabricated based on a tandem structure,
in which an emissive layer was composed of a 2% volume doped
phosphorescent dye. Following evaporation, the devices were
encapsulated with glass cap. All the evaporation materials were
purchased from commercial materials suppliers without further
purification.

2.2 Electrical measurements

Electroluminescence properties of the OLEDs were recorded
simultaneously by a commercialized system (FStar, FS-1000GA4).
The device lifetime of OLEDs was performed on a ZJZCL-1
OLED aging lifespan test instrument.

2.3 Animals

Female C57BL/6 mice at 6 weeks of age were purchased from
Nanjing Peng Sheng Biological Technology Co., Ltd. Mice were
housed with a 12 h light-dark cycle (8:00-20:00 light; 20:00-8:00
dark), with constant room temperature (21 + 1 °C) and relative
humidity (40%-70%) in a controlled specific pathogen free (SPF)
facility. All the mice had access to food and water ad libitum. The
animal procedures were performed with ethical compliance and
approval by the Institutional Animal Care and Use Committee at
Soochow University (No. ECSU-2019000198).

24 Invivo hair regrowth study

C57BL/6 mice were obtained at 6 weeks of age for females and
they were shaved dorsally in telogen, postnatal day 43 for females.
An OLED cage was used to irradiate the hair removal area of mice
with quiescent hair follicles for 1 h (equivalent to a dose of
36 J/cmy’) every day in winter. During the treatment, we ensure
that the humidity and temperature in the cage were monitored
and maintained under feeding conditions. For the dosage studies,
0.5, 1, and 1.5 h of irradiation were used every day in summer,
which were equivalent to doses of 18, 36, and 54 J/cm,
respectively. Hair growth photos of all mice were collected at 5, 10,
15 and 20 days after OLED treatment, and the relative hair growth
area was recorded. We systematically evaluated the number of hair
follicles and the length and thickness of hair on the mice dorsal by
hematoxylin and eosin (H&E) staining and immunofluorescence
staining on day 20.

25 Immunofluorescence staining and histological
analysis

The mice were sacrificed after 20 days of the experiment. The
germinal areas of the mouse dorsal epidermis (including keratin,
epidermis, dermis, etc.) were sectioned. The cells were pretreated
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with phosphate-buffered saline, followed by treatment with 4%
paraformaldehyde for 20 min at a low temperature (4 °C),
permeabilized with 0.5% Triton X-100 for 20 min at room
temperature, and then blocked with phosphate-buffered saline
including 2% bovine serum albumin (BSA) for 1 h at room
temperature. After treatment, the cells were then incubated at 4 °C
for overnight with following primary antibodies (B-catenin,
1:5,000, Abcam, USA and cytokeratinl4, 1:1,000, Abcam, USA).
The cells were then incubated with fluorescein isothiocyanate
conjugated secondary antibody (1:1,000, Abcam, USA) for 1 h at
room temperature, and incubated with 4'6-diamidino-2-
phenylindole (DAPI) for 15 min at room temperature. The
immunofluorescence images were acquired by a confocal laser
scanning microscope (Zeiss Axio-Imager LSM-800). For
histological analysis, the excised skins were fixed in 10% neutral
buffered formalin solution and then embedded in paraffin. Then,
the paraffin blocks were transversely sectioned at 5 um thickness,
stained by H&E and analyzed by a microscope (DMI 3000B,
Leica, Wetzlar, Germany).

2.6 Western blot analysis

C57BL/6 mice were treated with OLED exposure every day
starting on postnatal day 43. After 20 days, telogen skin samples
were collected. Mouse skin tissue lysate was prepared by
homogenization in Tissue Protein Extraction Buffer (Thermo
Scientific) with 0.1% protease inhibitor (Sigma, P8340) and 0.1%
phosphatase inhibitor (Sigma, P2850) for 30 min at a low
temperature (4 °C) by the frozen tissue grinding machine. Then,
the Mouse skin tissue lysate was collected and centrifuged to
obtain the supernatant, and the concentration of protein was
acquired by a bicinchoninic acid (BCA) protein assay kit.
Subsequently, samples were diluted in protein loading buffer
(Adipogen, USA), and 40 pg of protein was separated by sodium
dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)
electrophoresis (Yamei, China) and then transferred to a
polyvinylidene difluoride (PVDF) membrane (Bio-Rad, China).
The membranes were blocked with 5% BSA for 1 h at room
temperature and then incubated with primary antibodies,
including anti-Cytokeratin 14 (1:5,000, Abcam, USA), anti-LC3-II
(1:1,000, Abcam, USA) and anti-GAPDH (1:1,000, Sangon
Biotech, China), overnight at 4 °C. After washing with TBS-Tween
20 (TBST) three times, the membranes were incubated with
horseradish peroxidase (HRP)-conjugated secondary antibodies
(Abcam, USA) (1:5,000 dilution) for 1 h at room temperature.
Finally, the membranes were washed with TBST three times,
incubated with ECL reagent (BBI LIFE SCIENCES
CORPORATION, China), and imaged by the Amersham Imager
600 System (General Electric company, USA).

2.7 Photoacoustic (PA) imaging

C57BL/6 mice were shaved on postnatal day 43, and the oxygen
saturation signals of the dorsal telogen skin were monitored and
recorded before and after 1 h of OLED light exposure by
photoacoustic imaging. Photoacoustic imaging data were handled
by PA Tomography (Vevo LAZR).

2.8 Statistical analysis

All statistical analyses were evaluated by GraphPad Prism (PRISM
8.3.0; GraphPad Software, 2019). All data were presented as the
mean G standard error of the mean (S.E.M). Two-tailed Student’s
t-test was used for two-group comparisons, and one-way analysis
of variance (ANOVA) with a Tukey post hoc test was used for
multiple comparisons. The threshold for statistical significance
was *p < 0.05, ¥*p < 0.01, **p < 0.001, and ***p < 0.0001. All
figure illustrations were created with BioRender.com.
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3 Results and discussion

3.1 Large-area red OLEDs for the PBMT studies

In prior to the PBMT investigation, large-area red OLEDs with a
size of 75 cm’ were fabricated. As shown in Fig. 1(a), the red
OLEDs have a tandem structure fabricated by vacuum
evaporation. The tandem design secures high luminous efficiency
and device stability. It can be seen in Fig. 1(b) that the red OLED
exhibits a luminance homogeneity approximately 80% (measured
from 16 distinct positions) with an irradiance of 10 mW/cm® and
an external quantum efficiency (EQE) of 65% at 2 mA/cm® (Fig.
S1 in the Electronic Supplementary Material (ESM)), which fulfill
the light therapy requirement (irradiance of ~ 5 mW/cm?)
[29-31]. Besides, the large-area red OLED has an emission peak at
640 nm, which corresponds to the CIE 1931 color coordinates of
(0.703, 0.296) (Fig.S2 in the ESM). Owing to red light with a
wavelength located between 600 and 700 nm can penetrate into
the skin with approximately 2 mm deep [32-34], it can be seen
that our OLED may be able to penetrate the epidermis and
activate the hair follicles. Moreover, one of the important criteria
of PBMT devices is that their surface temperature must be < 40 °C
to avoid any cutaneous injury under long-term operation [35, 36].
Therefore, temperature was measured at the center of the panel
surface under continuous illumination at a light output density of
10 mW/cmy’. After 90 min of operation, the surface temperature
was still lower than 38 °C (Fig. 1(c)). We also characterized the
operational lifetime of the red OLED. We can see in Fig. 1(d) that
the T99 lifetime (the time for brightness to decay to 99 percent of
its initial brightness) driven at a constant current of 128 mA is
430 h, demonstrating the excellent durability of the device. All the
above findings illustrate the superb advantages of using OLEDs for
phototherapy applications.
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3.2 In-vivo hair growth experiments using red OLED

To study the red OLED light therapy on alopecia, C57BL/6 female
mice were used for the evaluation of hair growth. The dorsal hair
of all mice was shaved off after they were anesthetized. The mice
were then divided into two groups (untreated group and OLED
group). The shaved skin in the OLED group was optically
irradiated for 1 h every day in winter. The dorsal skin areas of the
mice were recorded regularly with a digital camera every 5 days.
The OLED treatment is schematically illustrated in Fig. 2(a).
Figure 2(b) depicts the hair regeneration in mice either untreated
or treated with OLED light therapy at 5, 10, 15, and 20 days after
the telogen effluvium. Compared to the untreated group, the
OLED group shows significantly enlarged hair regrowth areas. We
statistically analysed the rate of hair regrowth areas by Image]J
software. The OLED group exhibits much faster hair regrowth
rate than that of the untreated group (Fig. S3 in the ESM). Figure
2(c) compares the length of the extracted hairs of each group of
mice after 20 days of treatments. The hair of OLED irradiated
mouse is about 1.5 times longer than that of the untreated mouse
(Fig. $4(a) in the ESM). Also, the average diameter of the OLED
irradiated mouse hair is 38.4 um (Fig. S4(b) in the ESM), which is
larger than that of the untreated group (only 21.5 pm), which
indicates the prominent effect of OLED irradiation on facilitating
hair growth.

To further confirm red OLED enabling the activation of the
hair follicles, the formation and differentiation of hair follicles in
OLED-treated mice were investigated by histological and
immunofluorescence staining studies. After the OLED irradiated
experiments, the epidermis of the germinal area of the mouse
dorsal (including keratin, epidermis, dermis, etc.) was sectioned
and stained with 4',6-diamidino-2-phenylindole, blue fluorescence
(DAPI), anti-B-catenin antibodies (red fluorescence), and H&E.
Figures 3(a) and 3(b) show immunofluorescence staining and
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Figure1 Characteristics of the 75 cm® large-area red OLEDs. (a) Device structure of the tandem red OLED, inset: photograph of a working red OLEDs. (b)
Luminance uniformity measured on 16 different positions of the OLED panel. (c) Surface temperature of the red OLEDs as a function of operational time. (d)
Operational lifetime of the red OLEDs tested under a constant current of 128 mA (Ti, the time for brightness to decay to 99 percent of its initial brightness).
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OLED Untreated 1mm

Figure2 Hair regeneration in-vivo experiments treated with red-OLED. (a) Schematic illustration of OLED as a hat for hair regeneration in mice or human. (b)
Pictures of hair regeneration in mice at 5, 10, 15, and 20 days after telogen effluvium. (c) Extracted hair images of mice at 20 days.
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Figure3 Hair regeneration evaluated by sectioning of the follicle tissues. (a) Representative immunofluorescence staining images indicating the expression of {3-
catenin in skin and the expression of melanin in hair follicle cells (the melanin is denoted by red solid square, scale bars: 500 pm). (b) Representative H & E staining of
hair follicle in mice’s dorsal skin (scale bars: 100 pm). (c) Relative immunofluorescence intensity of 3-catenin and cytokeratinl4 (Ker14) in the follicle tissues. (d)
Number of hair follicles on the dorsal skin of mice after 20 days of treatment. *p < 0.05, **p < 0.01, and ***p < 0.001 analyzed by Student’s t-test. Data are presented as

mean + standard deviation.

histological results of the optical irradiated skin tissue. It is worth
noting that B-catenin plays a critical role in the formation of hair
follicles (the formation of hair placodes and the differentiation of
skin stem cells) [37]. Compared to the untreated group, the OLED
group shows obviously higher fluorescence intensity from (-
catenin than that of the untreated group (Fig.3(c)), illustrating
that B-catenin protein is conspicuously expressed in the OLED
group. Consistently, the OLED group exhibits more hair follicles
than the untreated group (Figs. 3(b) and 3(d)). To further verify
the above results, we adopted another indicator cytokeratin 14
(Kerl4) to examine the formation of hair follicles. The maker

cytokeratin 14 in skin is usually observed in the basal cell layer,
and it gradually decreases in the suprabasal cell layer, especially in
the spinous and granular cell layers. Compared to the telogen hair
follicles, cytokeratin 14 is strongly expressed in the outer root
sheath when hair follicles undergo anagen stage. Consistent with
above results, we can see in Fig. S5 in the ESM that the OLED
group shows obviously higher fluorescence intensity of cytokeratin
14 than that of the untreated group, indicating hair follicles
advance from telogen stage to the anagen stage. Therefore, these
results exhibit that the red OLED obviously triggers the
proliferation of hair follicle cells and effectively promotes

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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regeneration of the mouse dorsal hair.

Subsequently, it is worth considering that there should have an
optimal irradiation dose in the PBMT. To investigate the effect of
the irradiation dose of red OLED on hair growth, experiments
with irradiation durations of 0.5, 1, and 1.5 h corresponding to
doses of 18, 36, and 54 J/cm’, respectively, were further conducted:
fluence (J/cm?) = [power density (W/cm?) X time (s)]. As shown in
Fig. 4(a), OLED brings about the most significant effect on hair
growth when the irradiation duration is 1 h per day. When the
irradiation dose exceeds the optimal value, the hair growth effect
becomes weaken. Therefore, the effectiveness of OLED-based
PBMT is not proportional to the irradiation dose but rather has a
biphasic response to irradiation dose or hormesis [38, 39].

It should be noted that the above hair regeneration results for
the 1 h treatment are quite different as compared to those shown
in Fig.2(b), which may be attributed to the experiments
conducted in different seasons (see the Experimental Section) [40].
In addition, since insufficient activation and proliferation of hair
follicle stem cells are the key biological and pathological reasons in
alopecia [41, 42], we speculate that the autophagy of the telogen
hair follicles may be triggered by the optical irradiation to enter
the anagen stage. To investigate the relationship between the
OLED illumination and hair follicle regeneration, autophagy-
related markers in the telogen skin of mice treated for 20 days with
different irradiation durations were examined by the Western
blotting. Microtubule-associated protein 1 light chain 3 (LC3) is
frequently used as a key autophagic marker and exists in two
forms: cytosolic form (LC3-I) and membrane-bound form (LC3-
IT) [43,44]. As shown in Fig.4(b) and Fig. S5 in the ESM, the
ratios of LC3-I and LC3-II corresponding to the internal reference
GAPDH increase after optical irradiation, indicating that the
autophagy-related proteins are increased, implying that red OLED
irradiation can trigger autophagy. In addition, Cytokeratin 14, a

(a)

Untreated

bl
LELH

°:f:;,‘1;§,“’£ . ﬁ 1

Day 10

OLED 1 h/
everyday

OLED H
0.5h 1h 1.5h Untreated
1.01 1.72 1.31 0.35

Cytokerat|n14 A SRS SN e

GAPDH emp OO =D
0.82 170 129 0.29
LC3- a— s T
LC3HI e SN p—
044 161 146 077

HIRTEL

R348 18 &3 A
°53v’d?v"’ﬁz£:uﬁ il QC bp ol

Nano Res. 2023,16(5): 7164-7170

key protein secreted by the hair follicles, is also increased in the
mouse skin, which is consistent with the above experimental
results in Fig. S6 in the ESM. All these results suggest that the
transition of telogen hair follicles to anagen is promoted by the
increased autophagy after the optical irradiation. The mechanism
of OLED phototherapy on stimulating hair regeneration is
schematically illustrated in Fig. 4(c). With illumination of red
OLED, the phagophore gradually forms autophagosome.
Subsequently, the autophagosomes combines with lysosomes to
form fusant. Therefore, the autophagy is activated and the hair
follicles at the telogen stage can be transformed into the anagen
stage.

Furthermore, the germinal mechanism may be also related to
the increase of blood oxygen content in the epidermal
microvessels after the OLED irradiation. Therefore, we conducted
an experiment to monitor the surface blood oxygen content of the
mice before and after the OLED illumination. Figure 5(a) shows
that the blood oxygen intensity in the same analysis area is
obviously enhanced after the OLED irradiation. The accelerated
microvascular blood flow may indicate enhanced nutrition
supplements for the growth of hair follicle tissues. Figure 5(b)
shows a schematic illustrating the transformation of hair follicles
into anagen phase facilitated by the oxygen saturation.

4 Conclusions

In summary, we have reported the first use of red OLED in
stimulating the growth of hair through in-vivo studies on a set of
depilated mice. Subject to a dose of 36 J/cm’ per day and 20 days
of irradiation in total, there have been a significant regeneration of
hair. We have substantiated that the red OLED can activate the
autophagy of hair follicles from telogen phase into the anagen
stage assisted by the increase flow of the surface blood oxygen.

Day 15

Day 20

1822 A8

’ ' 4
4

I“Il
)

OLED mild stimulation

@ Autophagy
Ph.gophon
‘ OLED
Telogen
e oohawm Y Lysowm' stage
VA
=y S =
A )
Autophagy fusion & 9 g ,/‘

Figure4 Effects of different OLED irradiation doses (0, 0.5, 1, or 1.5 h per day) on hair follicle regeneration. (a) Pictures showing the hair regeneration in mice with
different irradiation doses of OLED at 5, 10, 15 and 20 days after the telogen effluvium. (b) Corresponding western blotting images of cytokeratinl4 and LC3 in the
hair follicles of the mice dorsal skin. (c) Schematic illustration of red OLED activated autophagy to stimulate the hair follicles at the telogen stage and transform into the

anagen stage.
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(b)

OLED

WUl
(

— §

B

Oxygen saturation

Figure5 Effect of blood oxygen saturation on hair follicles. (a) Photoacoustic imaging of blood signals on the dorsal skin of a mouse before or after exposure to
OLED light. (b) Schematic illustration of hair follicles transformed into anagen stage facilitated by oxygen saturation.

Overall, the high regeneration rate of hair follicles indicates that
large-area OLED with good emission homogeneity (~ 80%) and
low heat generation (< 38 °C) has a promising prospect on
alopecia and other photobiomodulation therapies.
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