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Multiple-wavelength radiation promotes hair growth by
enhancing the early stages of hair follicle development in
human dermal papilla cells and C57BL/6 mice
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Background: We aimed to clarify the safety and efficacy of simultaneous skin exposure to blue, red, and
infrared light. The purpose of this study was to confirm the mechanism by which multiple wavelengths increase
hair development both in vivo and in vitro.

Methods: Cultured human dermal papilla cells (NDPCs) were exposed to a 470/655/850 nm light-emitting diode
(LED) array with a fixed energy density of 3.0 mW/cm?. We analyzed alkaline phosphatase (ALP) staining and
activity. The relative expressions of ALP, VEGF, Shh, and OPN3 were examined using reverse transcriptase-
polymerase chain reaction arrays 48 hours post-exposure and the protein levels related to extracellular signal-
regulated kinase ([ERK]/protein kinase B (AKT)/glycogen synthase kinase 3 (6SK3)B signaling were assessed by
western blotting. Next, we used H&E staining, hair growth scoring, skin thickness measurement, and the
immunohistochemical analysis of the dorsal skin of C57BL/6 mice to investigate the effects of the mono- or
combined-photobiomodulation (PBM) groups.

Results: According to our findings, simultaneous irradiation with multi-wavelength LEDs at 470/655/850 nm
increased the proliferation of hDPCs. Also, compared to the control group, the red wavelength and combined
PBM groups had significantly improved skin thickness measurements. Overall, we concluded that the
combined PBM therapy successfully induced the early onset of anagen and stimulated hair growth.

Conclusion: These results suggest that PBM therapy regulates hair growth by activating the ERK/AKT/GSK3B
signaling pathway. Thus, multiple-wavelength radiation from devices combining radiation emitted by low-
power lasers and LEDs could be a new approach for promoting PBM-induced beneficial effects.
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INTRODUCTION cells by emitted radiation, and light-emitting diodes

(LEDs) have been proposed as the foundation for the
Photobiomodulation (PBM] relies on stimulation of therapeutic effects on biological tissues. In regenerative
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medicine, healthcare professionals, dentists, and laser
therapists frequently use this low-risk, noninvasive tech-
nique to treat a range of ailments. PBM has analgesic
effects, lessens inflammation, and encourages tissue
repair [1].

PBM using diode lighting is growing in popularity from
a business and aesthetic standpoint. The physiological
underpinnings of this phenomenon, referred to as PBM,
can be comprehended in terms of regulating inflamma-
tion, growth factor synthesis, mitochondria respiration,
gene expression, and cell signaling [2].

The foundation of diodes is the electric luminescence
phenomenon, which is the generation of light as a non-
resistive result of electricity passing through a semicon-
ductor material. In other words, the light is not a result of
heat. They present no risk of retinal damage, so eye pro-
tection is unnecessary. Diodes can produce light at differ-
ent wavelengths from the same power source. The fun-
damental components are cheap to create, and electrical
luminescence can be generated with a comparatively tiny
power source [3]. With portable and wearable devices
that use LEDs instead of laser light, the foundation for
most preclinical findings, PBM has become increasingly
popular in clinical settings and at home [4].

The PBM effect depends on chromophores, or pho-
toreceptors, absorbing incident radiation energy within
cells. This process initiates photophysical and photo-
chemical processes at the molecular and cellular levels.
Physical characteristics of radiation, including wave-
length, energy density, power density, emission mode
(continuous wave or pulsed), irradiation time, irradiation
mode, and clinical irradiation, all affect these processes.
In addition, clinical and physical radiation parameters,
including the number of irradiation points, the irradiation
area, application approach, and treatment frequency, will
also impact this phenomenon. Different areas of the body
will target or absorb incident radiation in different ways,
depending on the energy density and wavelength of the
radiation. Therefore, compared to effects associated with
mono-radiation, a combination of distinct radiations (dif-
ferent wavelengths) may have diverse effects on tissues,
such as cell proliferation and differentiation [5].

The scientific community has taken notice of blue light
(450-480 nm) and is using it in an increasing number
of studies. Its key characteristics include lowering the
release of proinflammatory cytokines, enhancing tis-
sue hydration, reducing cellular processes, and having
an anti-proliferative effect on human endothelial cells. It
also promotes recovery from acute skin wounds. In gen-
eral, findings vary, although positive results have been
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observed at various wavelengths in the red (600-700 nm)
and near-infrared (NIR, 770-1,200 nm) spectral regions.
Though research on blue and green wavelengths has
recently started, penetration depth is an important chal-
lenge. Molecules and tissue structures absorb and scat-
ter light, controlling how much of it enters the tissue [6-8].

The NIR penetration depth reaches its maximum at
approximately 810 nm due to a large reduction in absorp-
tion and scattering at longer wavelengths, when water
starts to play a significant role as an absorber, causing
the penetration depth to decrease once more. Several
patients are using these nonsurgical therapies; there-
fore, explaining the theoretical foundations of PBM to
the patients and providing them with appropriate advice
is critical. This review’s objectives are to assess and
compile the preclinical data supporting PBM and make
recommendations about the substitution of diode light for
laser light [9].

Our results demonstrate the possibility that PBM
therapy may promote hair development by upregulating
the expression of proliferative factors in hair follicles. Si-
multaneous exposure to different wavelengths promotes
early hair growth and accelerates the growth cycle.
These advancements are critical to understanding the
hair growth cycle and creating more promising therapies
for hair growth and loss.

METHODS

Ethics statement: All procedures involving animals were
conducted following the guidelines of the Institutional Ani-
mal Care and Use Committee of CRONEX in Korea [no.
20220302).

Isolation and culture of human dermal papilla
cells

Human dermal papilla cells (hDPCs) were purchased
from Cefobio as primary cells and were grown in human
dermal papilla growth medium (Cefogro-HDF; Cefobio)
supplemented with 5% fetal bovine serum (FBS; Invitro-
gen/Gibco-BRL) and 1% penicillin in a humidified envi-
ronment. Human follicular DPCs from the third or fourth
passage were used.

Test module

The cell culture plate was placed under the LED de-
vice. The distance between the LED panel and the bot-
tom of the cell culture plate was approximately 5 cm, and



the light irradiance could be adjusted from 3.0 mW/cm?
through a current power supply. For the in vitro study,
LEDs with wavelengths of blue LED 470 + 5 nm (BL-
HB535A-TRB; Bright LED Electronics Corp.), red LED
655 + 5 nm (CTSRZ12A; Seoul Viosys), and infrared LED
850 nm (BIR-HO036A-TRB; Bright LED Electronics Corp.)
were used as the low-level laser therapy (LLLT) sources.
The light irradiances were 3.0 mW/cm?, and the irradia-
tion times were 9 and 18 minutes.

For the in vivo study, the LED/laser beam was de-
livered to the mouse dorsal skin region through direct
irradiation using a dome-shaped module with an aper-
ture of 20 mm [10]. All procedures were applied to all
groups under the same conditions. The animals were
randomly divided into eight groups (n = 5 per group):
Group 1, untreated controls; Group 2, minoxidil (MXD),
topical application (3% MXD; Hyundai Pharm), 0.2 ml,
applied three times a week; Group 3, 470 nm LED 3 mW,
18 minutes three times a week; Group 4, 850 nm LED
3 mW, 18 minutes three times a week; Group 5, 650 nm
LED/660 nm LD 3 mW, 18 minutes three times a week;
Group 6, combine (470 + 850 + 650 nm LED/660 nm laser
diode [LD]) 3 mW, 4.5 minutes three times a week; Group
7, combine (470 + 850 + 650 nm LED/660 nm LD) 3 mW,
9 minutes three times a week; and Group 8, combine
(470 + 850 + 650 nm LED/660 nm LD) 3 mW, 18 minutes
three times a week.

Alkaline phosphatase activity assay

Dermal papilla cells were trypsinized, and the cells
were cultured in 96-well plates at a cell density of
2,500/well in 10% FBS-Dulbecco’s modified Eagle me-
dium (DMEM] containing various concentrations for
24 hours. For each irradiation of PBM, three wells of cell
culture were used. The plate was incubated at 37°C for
2 hours to determine the cell count and seeding. The
cell number was determined by measuring the absor-
bance at 450 nm, and then the reagent was removed,
the well was rinsed with 100 L of phosphate-buffered
saline (PBS) twice, and the plate was subjected to three
freeze (-80°C)/thaw cycles. Two hundred microliters of
1 mg/ml 4-nitrophenylphosphate bisalt (Sigma-Aldrich]
in 1 M diethanolamine buffer (pH 9.8) were added to the
well, and the plate was incubated at 37°C for 30 minutes
and read at 405 nm to determine alkaline phosphatase
(ALP) activity.

Real-time polymerase chain reaction
Total RNA from cultured hDPCs was prepared using
Sepasol RNA (Nacalai Tesque) and reverse-transcribed
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with SuperScript Ill Reverse Transcriptase (Invitrogen)
according to the manufacturer’s instructions. The cDNA
(>50 ng) thus obtained was used as a template for re-
verse transcriptase-polymerase chain reaction (PCR),
which was carried out with AmpliTag Gold DNA Poly-
merase (Applied Biosystems) for 35 cycles of 94°C for
30 seconds, 55°C for 60 seconds, and 72°C for 2 minutes
using the primers listed below for amplification. Real-
time PCR was performed using SYBR green Q-PCR mas-
ter mix (Invitrogen) on the AB 7500 Real-Time PCR Sys-
tem (Applied Biosystems) under the following conditions:
45 cycles of 95°C for 15 seconds and 60°C for 1 minute.
The sequences of the PCR primer sets used in this study
are as follows: shh (accession no.: NM_000193; for-
ward primer: CCGAGCGATTTAAGGAACTCACC, reverse
primer: AGCGTTCAACTTGTCCTTACACC), OPN3 [acces-
sion no.: NM_014322; forward primer: ATGGTCACCTG-
GTCACTCCAAC, reverse primer: GAGGCACAGAAGCT-
GCAAAAGG), ALP (accession no.: NM_014476; forward
primer: GGTCAGGTTTCAACAGCCCTAG, reverse primer:
GGTCAGGTTTCAACAGCCCTAG), VEGF [accession no.:
NM_001025366; forward primer: TTGCCTTGCTGCTC-
TACCTCCA, reverse primer: GATGGCAGTAGCTGCGCT-
GATA).

Measurement of cytokine production

Vascular endothelial growth factor (VEGF) concentra-
tions in culture supernatant from PBM irradiated hDPCs
were determined using a commercially available ELISA
kit according to the manufacturer’s instructions (R&D
Systems). The obtained supernatant of irradiated cells
was centrifuged and collected to determine the produc-
tion of VEGF. The absorbance was measured at 570 nm
using an automatic microplate reader, and the VEGF con-
centration of each unknown sample was calculated us-
ing the standard curve. All samples and standards were
measured in triplicate.

Western blotting

Cells were harvested and washed with ice-cold PBS.
The cells were lysed in a radioimmunoprecipitation as-
say (RIPA] buffer containing 50 mM Tris pH 8.0, 150 mM
NaCl, 0.1% SDS, 1% NP-40, 0.1% sodium deoxycholate,
protease inhibitor cocktail (Roche), T mMNa3V04, 20 mM
NaF, and 1 mM Na4P207. A total of 40 mg of total pro-
tein, quantified with a BCA kit (Pierce), were separated by
sodium dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE) and transferred to Protran (0.45 mm)
nitrocellulose membranes (Schleicher & Schuell). The
membranes were blocked with 5% milk in PBS and sub-
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sequently incubated with the phosphor-extracellular sig-
nal-regulated kinase (ERK) antibody (#4695; Cell Signal-
ing), p-phosphor-ERK antibody (#4370; Cell Signaling),
protein kinase B (AKT] antibody (#9272; Cell Signaling),
phosphor-AKT antibody (#9271; Cell Signaling), glycogen
synthase kinase 3 (GSK3)B antibody (#9315; Cell Signal-
ing), phosphor-GSK3B antibody (#9336, Cell Signaling)
diluted at 1:1,000 for 3 hours at room temperature. After
incubation with the secondary antibodies conjugated to
horseradish peroxidase (1:2,000; Dako) for 1 hour, the
bands were visualized by enhanced chemiluminescence
(ECL) (Amersham Biosciences Europe).

Hair growth activity in vivo

In total, 40 6-week-old female C57BL/6J mice, Sam-
tako Bio Korea, were randomly divided into eight groups
(five mice/group). The degree of induction of the growth
phase was evaluated by observing the change in skin col-
or while the test module was applied for several weeks
after the back hairs of C57BL/6 mice aged 6-7 weeks, in
a resting state, were shaved. The dorsal hair of C57BL/
6 mice has a time-synchronized growth cycle and stem
pigmentation that occurs only in the anagen phase of hair
growth.

Determination of hair growth-promoting activity

Photographs were taken on days 3, 10, 14, and 18 to
record hair growth progress. The effect on hair growth
in each group was scored as follows: 0%-19% (1 point],
20%-39% (2 points), 40%-59% (3 points), 60%-79% de-
pending on the degree of hair growth by visually observ-
ing each animal (4 points), and 80%-100% (5 points). Im-
ageJ (version 1.47, National Institutes of Health) was used
to quantify the total hair growth and follicle count on day
18 from the photographs.

Quantitative histomorphometry

At the end of the test, the skin on the back was removed
and fixed with 10% formalin. After dehydration with al-
cohol and xylene [step by step) and embedding in paraf-
fin, 5 um or less tissue sections were prepared using a
microtome, and paraffin was removed again with alcohol
and xylene. The epidermis was observed by staining with
H&E, and skin thickness, which corresponds to hair fol-
licle length [11] was defined as the distance between the
granular layer of the epidermis and the panniculus car-
nosus. Each sample was tested in three different areas,
and each mouse’s average value was chosen.
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Immunohistochemical staining
Immunohistochemical staining was performed us-
ing the UltraVision LP Large Volume Detection System
HRP Polymer kit (Thermo Fisher Scientific). The primary
antibodies used were sonic hedgehog (Shh, ab135240;
Abcam] and Opsin-3 (OPN3, ab228748; Abcam). The
paraffin was removed from sections using xylene and
immersed in ethanol for rehydration. The sample was
heated in 3% hydrogen peroxide for 10 minutes and
washed four times with 1X Tris-buffered saline (TBS) to
inhibit endogenous peroxidase activity. After reacting
with Ultra V Block (Lab Vision; Thermo Fisher Scientific)
at room temperature for 5 minutes, the primary antibody
was uniformly added to each tissue and reacted at 4°C
for 18 hours in a moist chamber to suppress non-specific
reactions. After washing the slides, the primary antibody
enhancer was allowed to react for 10 minutes, followed
by the horseradish peroxidase (HRP) polymer for 15 min-
utes at room temperature. After washing, the slides were
stained with 3,3’-diaminobenzidine (DAB) substrate for
10-30 seconds, counterstained with Mayer’s hematoxylin,
and sealed by dehydration. Two independent, blinded pa-
thologists evaluated each serial section. Each pathologist
assigned each section a score according to the following
scale: 0, negative control; +, moderately increased stain-
ing; ++, considerably increased staining, based on the
percentage of stained cells in each category [12].

Statistical analysis

For the analysis of in vivo results, IBM SPSS Statistics
26.0 (IBM Corp.) was used to perform statistical analysis
on collected data. One-way ANOVA or paired t-tests were
used for the statistical analysis of appropriate quantitative
data. Otherwise, the Wilcoxon test was conducted for the
nonparametric test. p < 0.05 was considered statistically
significant.

For the analysis of in vivo results, trends were analyzed
using figures for each period and group organized by
means and standard errors. For comparison between
the control and test groups, the p-value was calculated
through ANOVA with SPSS, and a p-value of <0.05 was
considered significant. Tukey multiple comparison was
performed as a post-hoc analysis, and the indication was
as follows: p<0.05, p<0.01,and p <0.001.

RESULTS

Determination of cell growth and detection of
ALP activity

To determine an irradiation range for investigating the
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Fig. 1. Multiple-wavelength light-emitting diode (LED) radiation regulates the proliferation of human dermal papilla cells. (A) Wavelengths are
often referred to using their associated color and include blue (470 nm), red (650/655 nm), and near-infrared (NIR) (850 nm) lights. The red arrow
indicates violet color (NIR). (B) Alkaline phosphatase (ALP) staining (original magnification, x100). Cell morphology (left panels) was
examined under a bright-field microscope. Dark blue staining indicates ALP-expressing cells. (C) ALP activity for 48 hours (n = 3). Asterisks
denote significant differences between control and test groups as measured by the t-test, with *p < 0.05 and ***p < 0.001. MXD, minoxidil.
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fluencies in PBS to avoid absorption by the phenol-red
in the culture medium. All groups were kept in PBS at
room temperature during the experimental procedure to
ensure equal treatment conditions. Proliferation assays
showed that cell proliferation of hDPCs was significantly
increased upon each LED irradiation (data not shown).
Nearly all freshly isolated hDPCs express ALP activity,
and most lose their ALP activity over the first several
days in culture or passage. We decided to measure the
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levels of ALP expression in each PBM-irradiated and
MXD-treated condition because it is a well-known der-
mal papilla cell marker. Furthermore, compared to the
control group, the number of ALP-positive cells and ALP
activity in the PBM irradiated group (Fig. 1B, CJ. These
findings suggest that a single or a combination of PBM
unknown factors may effectively maintain hDPC charac-
teristics in vitro.

850 nm LED ok Combine ok
5 19.34 S 18 15.75
2 20 a 16
o o 14
S 15 - g 12
] 860 3 10
< 10 < 8 -
x - x 6 ol 4.04
E 5 4.04 £ 4 227 315
S [ 5 2w ]
&‘ 0 T — T T T 1 &‘ 0 T '_h' |+| |+| T T 1
S & & ® & &‘° &S
& ) K N S AN
c 850 nm LED c Combine *
S 18 1.44 S 2. 1.98
% 1.6 1.24 § 20
s 14 100 102 g~ 1.44
x 1.2 g X
< 10 217100
< U .
< o8 2 1.00 1.03
% 06 T~
w 04 w 05
O 0.2 ]
L>L| 0 N T « T < T 1 § 0t N T < < T
& & & S & & &
o ) K W S e o W
850 nm LED 510 Combine
5 6 7 5 % 2553
8 5 g %0
=4 N L 25
g 4 2.90 3
) o 20
g 3 g 15
Z o z .
€ ] 1o 13 g 10 5.19 *
= m s 5410 145 2.90
g 0 T l_:_l T N T N T 1 5) 0 T 'T‘ T T T N T N T r.-l 1
& & & S & & &
S ) K N S e o W
c 850 nm LED - c Combine
° 14 1.23 o 16 -
0 - (7}
8127 100 102 103 g 14 116 105 1.23
S 10 5 129 100 1.03
08 ® 10
< o < 08
g 06 £ 06
E 04 £ o4
g 0.2 % 0.2
S 0 N S o > S S S
Q Q \YJ S & S Q
& & & & RN & N\ N\
S ) K W S e o W

Fig. 2. Multiple-wavelength light-emitting diode (LED) enhances the inductive effects of human dermal papilla cells (hDPCs) on hair growth-
related pathways. Real-time RT-PCR analysis of (A) alkaline phosphatase (ALP), (B) VEGF, (C) Shh, and (D) OPN3 expression using total RNA
prepared from LED-treated hDPCs. Effects of LED irradiation on the protein expression of ERK/AKT/GSK3p/signaling pathway in hDPCs. The
hDPCs (2 x 10° cells/well) were cultured in serum-free Dulbecco’s modified Eagle medium for 24 hours and then irradiated with indicated doses
and wavelengths and incubated for (E) 2 hours and (F) 48 hours. The protein level of phosphorylated ERK/AKT/GSK3f was examined by
Western blot and normalized against total form expression. The relative level is shown as mean + standard deviation from triplicate samples.
Values are shown as relative ratios. Statistically significant differences were determined by one-way ANOVA (*p < 0.05, **p < 0.01, ***p <

0.001) compared to control. mMRNA, messenger RNA; MXD, minoxidil.
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Fig. 2. Continued.

LED light promoted the proliferation of hDPCs by
activating the ERK/AKT/GSK3B signaling pathway

Next, we examined changes in the messenger RNA
(MRNA) expression of ALP, VEGF, Shh, and OPN3. Mo-
noor combined-irradiation significantly increased ALP
expression in an irradiation time-dependent manner. A
10-15-fold improvement at 470, 655, and 850 nm was ob-
served at all doses. Also, the combined irradiation signifi-
cantly increased Shh expression in an irradiation time-
dependent manner. There was a 25-fold improvement in
the combined group at all doses for 18 minutes (Fig. 2A-
D).

We also measured the phosphorylated protein expres-
sions of ERK, AKT, and GSK3B in hDPCs.

The results of Western blot analysis showed that pro-
teins related to the hair follicle growth cycle activation

significantly increased in each of the following groups:
all groups irradiated with wavelengths of 470, 650, or 850
nm, the simultaneously irradiated group, and the posi-
tive control group treated with MXD. At 48 hours, the
simultaneous irradiation group induced the highest peak
expression of AKT phosphorylation (Fig. 2E, F). These re-
sults further confirmed that groups irradiated with each
wavelength simultaneously worked synergistically to ef-
fectively promote hair follicles into the anagen phase.

Evaluation of morphological observation and

hair growth rate
As a pigmented species, C57BL/6 mice were chosen

for the subsequent hair regeneration experiment be-
cause the growth time of their hair follicles affects the
color of their skin. We went with the conventional hair
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Fig. 3. Effects of photobiomodulation (PBM) therapy on hair follicles in telogen stage in C57BL/6J mice. The dorsal skin of C57BL/6 mice was
treated as follows: untreated control, topical 3% minoxidil (MXD), or each PBM condition after 3, 10, 14, and 18 days (G1, control; G2, 3%
MXD; G3, 470 nm, 18 minutes; G4, 850 nm, 18 minutes; G5, 650 nm LED/660 nm LD; G6, combine, 4.5 minutes; G7, combine, 9 minutes; G8,
combine, 18 minutes). (A) Physical images and (B) after depilation, the dorsal skin of C57BL/6 mice was treated as follows: the untreated control,
topical 3% MXD, or each PBM condition after 3, 10, 14, and 18 days. (B) Hair growth scores were evaluated using a scoring index (0 = no
growth, 1 = up to 20% growth, 2 = 20%-40%, 3 = 40%-60%, 4 = 60%-80%, and 5 = 80%-100%). Hair growth was quantified using ImageJ
(version 1.47, National Institutes of Health) (n = 5). Values are presented as mean + standard error of the mean (SEM). n = 5/mouse. (C)
Representative histology from five animals is shown: H&E stain, original magnification, x200. (D) Skin thickness (defined as the distance from
the epidermal granular layer to the top edge of the panniculus camosus) measurement. Values are presented as mean + SEM (n = 5/mouse; *p <

0.05, **p < 0.01 vs. untreated control).

removal paste approach. We confirmed the variations in
hair growth rate and mechanism for normal hair follicles
based on the irradiation method of each wavelength us-
ing the model mentioned above. The device treatment
did not result in bleeding, aberrant inflammatory reac-
tions, dermal tissue necrosis, or skin surface damage.
Depending on the LED irradiation time, an effect beyond
the additive effect is expected as a result of measuring
the hair growth area using the growth phase induction
model. Notably, after 4 days of therapy at each wave-
length, the MXD and the combined 4.5 and 18 minutes
irradiation groups showed some newly developed hair
on their backs (Fig. 3A, B. After 18 days of treatment, the
newly grown hair coverage area reached 80%.
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Effects on the development of anagen-phased
hair follicle

The skin was divided horizontally on the skin's surface
for this investigation, and the maximal cross-sectional
area of a hair follicle was determined at that location. The
entire skin layer expanding as it grows up to the fat layer
is a characteristic of the hair growth phase. The skin’s
thickness and hair follicle length were increasing by day
18. Skin irritation caused by the irradiation was not seen
histologically, indicating that the safety of the test device.
The hair follicle count and skin thickness were measured
microscopically. The results showed that the 650 nm
LED/660 nm LED and combined 18 minutes groups were
the most efficient in the effective wavelength range asso-
ciated with hair follicle elongation (Fig. 3B). Significantly,



PBM also increased the skin thickness of hair follicles,
indicating the induction of the anagen phase (Fig. 3C, D).
These findings imply that PBM stimulated the anagen
phase in telogen-phase animals, hence stimulating hair

growth.
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PBM therapy induced the expression of Shh and

OPN3

We used immunohistochemical analysis to assess the
signaling mechanism behind the induction of the anagen
phase in each PBM group. It was possible to verify the
increased expression of each of these proteins based on
the staining intensity for each test group. Additionally,
by comparing the groups, verification of the mono-PBM
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Fig. 4. Representative sections of
skin tissues of C57BL/6J mice stained
for (A) Shhand (B) OPN3. Dorsal skin
biopsies were taken after 18 days
and immunohistochemically stained,
with 3,3'-diaminobenzidine as chro-
mogen with hematoxylin coun-
terstain. G1, control, G2, 3% mino-
xidil; G3, 470 nm, 18 minutes; G4,
850 nm, 18 minutes; G5, 650 nm
LED/660 nm LD; G6, combine, 4.5
minutes; G7, combine, 9 minutes;
G8, combine, 18 minutes. Two inde-
pendent, blinded pathologists evaluated
each serial section. Each pathologist
assigned each section a score accor-
ding to the following scale: 0, nega-
tive control; +, moderately increased
staining; ++, considerably increased
staining, based on the percentages
of stained cells in each category. Re-
presentative images of IHC staining
n = 10 mice per group. Original mag-
nification, x200.
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group having a lower overall expression of hair growth-
related proteins such as Shh and OPN3 was possible (Fig.
4). These findings reveal that PBM stimulates the growth
of hair follicles via the B-catenin pathway and that PBM
activates specific mechanisms during the anagen phase.
When combined, these data point to the possible role of
PBM in the activity that promotes hair growth.

DISCUSSION

Light therapy is used to treat a wide range of diseases,
particularly hyperproliferative skin conditions such as
psoriasis, acne, and keratosis. Both clinical and physi-
cal irradiation characteristics affect the results of PBM.
As a result, the effect that a mixture of radiation, applied
simultaneously or sequentially, has on tissues and cells
differs from those brought about by radiation from a
mono-wavelength. The link between the photoacceptors
and superficial and deep tissue absorption can be attrib-
uted to this [13]. Therefore, integrating the radiation from
low-power lasers and LEDs into devices that produce
different wavelengths could be a novel way to enhance
the positive effects of PBM. More research is needed
to assess the therapeutic benefits of these devices over
mono-wavelength devices.

Light penetration into the skin illustrates the depth to
which wavelengths penetrate human skin. In general, the
longer the wavelength, the deeper the penetration. De-
pending on the type of tissue, the penetration depth is <1
mm at 400 nm, 1-6 mm at 630 nm, and maximal at 700-
900 nm. In particular, blue light, which forms a large per-
centage of ultraviolet A light (380-400 nm) and frequently
has a wide variety of wavelengths, has been used in light
treatment more frequently in recent years. Further-
more, many blue light-emitting lamps are advertised as
improving well-being, emitting blue light at a maximum
of 400-440 nm [14]. We conducted a thorough investiga-
tion using LED arrays to assess the impact of various
wavelengths (412-940 nm) on skin cells. Several studies
have shown that this may be related to OPN3 expression,
which is involved in hair follicle growth [15].

Additionally, radiation has greater penetration through
superficial skin layers and decreased spreading and
absorption by tissue photoacceptors; therefore, radia-
tion inside the therapeutic window elicits PBM. Longer
wavelengths (780-950 nm) are preferable for treating
disorders affecting deeper tissues, whereas shorter
wavelengths (600-700 nm) are thought to be the best for
treating diseases in superficial tissue [16].

Superficial and deep tissues can absorb multiple
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wavelengths at differing rates; therefore, the favorable
effects of these wavelengths can be linked to differences
in absorption levels. Owing to the varying molecules and
composition of tissues, radiation penetration into tissues
depends on absorption and scattering. When the radia-
tion wavelength increases, both absorption and scatter-
ing dramatically decrease. For example, the penetration
depth of NIR light reaches its maximum at about 810 nm.
However, water plays a significant role as an absorber at
longer wavelengths, and radiation penetration decreases
once again [17].

We aim to determine the extent to which dermal papilla
cells respond to each wavelength of LED. This study also
evaluated mRNA expression to better understand the
mechanisms underlying hair growth and inhibitory fac-
tors in hDPCs. It was verified that there was a significant
increase in the expression ratio of ALP, Shh, VEGF, and
OPN3 in the mono- and combined PBM treatment groups
compared to the control group. The study’s findings sup-
port the hypothesis that hair development and ALP, Shh,
VEGF, and OPN3 expression are strongly correlated. The
production of VEGF and ALP is critical for blood vessel
development surrounding hair follicles. The capillaries
surrounding hair follicles provide vital nutrients for the
development and proliferation of the hair follicles.

This investigation verified that the blue wavelength
causes an increase in the expression of VEGF and ALP.
Thus, blue wavelengths may help develop and expand
hair follicles. The use of several wavelengths for ir-
radiation significantly increased shh for keratinocyte
differentiation when compared to mono-wavelengths.
Consequently, the complex wavelength will promote hair
growth and contribute to the development of early hair
follicles.

According to animal testing results, skin thickness
measurements by group revealed statistical significance
in all survey groups; in the case of the G2, G4, and G5
test groups, different skin layers have been suggested
to be stimulated to encourage the creation of thick hair.
When triggering the growth phase from the telogen
stage, Shh controls the hair cycle and the growth of hair
follicles. Although analyzing is challenging at the early
stage of hair follicle growth, Shh expression is generally
well stimulated depending on the irradiation period. Also,
OPN3 is primarily expressed in hair follicles during the
growth phase, helps to maintain the growth phase, and
is linked to the development of outer root sheath (ORS)
cells and the thickness of hair follicles. As a result, blue
wavelengths stimulate the expression of these proteins,
even though the direct comparison was challenging




while the hair was developing. To obtain optimal target
tissue effects, determining the best values for each of
these factors and the combination of treatment times
and radiation is necessary. Additionally, most of the stud-
ies conducted to date have only used small sample num-
bers and/or brief treatment durations. These restrictions
make it more challenging to understand and improve
the effectiveness of LED treatments. Subsequent re-
search efforts should elucidate the facilitative impact on
the growth cycle within suitable models and associated
mechanisms.

The study’s results have been reported in fluence only,
fluence and irradiance, fluence and time, and irradiance
and time, among others. Occasionally, the dosage was
not stated. Two of these factors enable the acquisition
of the third since the fluence is the product of the irradi-
ance with time. Comparing various studies carried out
with mice, humans, reconstructed human epidermis, or
different cells is also challenging. Our research still has
several unresolved concerns, such as whether the blue,
red, or infrared wavelength is the ideal wavelength for a
light source, how long the light continues for, etc., which
need to be optimized in our future work. In summary,
multiple-wavelength LEDs expedited the telogen hair
follicle regeneration compared to monotherapy and en-
hanced hair development.
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