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Wearable Surface-Lighting Micro-Light-Emitting Diode
Patch for Melanogenesis Inhibition
Jae Hee Lee, Yuri Ahn, Han Eol Lee, You Na Jang, A. Yeon Park, Shinho Kim,
Young Hoon Jung, Sang Hyun Sung, Jung Ho Shin, Seung Hyung Lee, Sang Hyun Park,
Ki Soo Kim, Min Seok Jang, Beom Joon Kim,* Sang Ho Oh,* and Keon Jae Lee*

Wearable light-emitting diode (LED)-based phototherapeutic devices have
recently attracted attention as skin care tools for wrinkles, acne, and
hyperpigmentation. However, the therapeutic effectiveness and safety of LED
stimulators are still controversial due to their inefficient light transfer, high
heat generation, and non-uniform spot irradiation. Here, a wearable
surface-lighting micro-LED (SμLED) photostimulator is reported for skin care
and cosmetic applications. The SμLEDs, consisting of a light diffusion layer
(LDL), 900 thin film μLEDs, and polydimethylsiloxane (PDMS), achieve
uniform surface-lighting in 2 × 2 cm2-sized area with 100% emission yields.
The SμLEDs maximize photostimulation effectiveness on the skin surface by
uniform irradiation, high flexibility, and thermal stability. The SμLED’s effect
on melanogenesis inhibition is evaluated via in vitro and in vivo experiments
to human skin equivalents (HSEs) and mouse dorsal skin, respectively. The
anti-melanogenic effect of SμLEDs is confirmed by significantly reduced levels
of melanin contents, melan-A, tyrosinase, and microphthalmia-associated
transcription factor (MITF), compared to a conventional LED (CLED)
stimulator.

1. Introduction

Hyperpigmentation, one of the severe cosmetic issues, is facial
discoloration including melasma, age spots, and lentigo. It is
generally known that the cause of hyperpigmentation is related
to excessive melanin formation and accumulation in the skin.[1]

Various treatments including physical, chemical, and optical
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therapeutics have been proposed to mod-
ulate and degrade the over-synthesized
melanin.[2] Among them, light-based ther-
apy known as photobiomodulation, is a
strong candidate for non-invasive and low
damage medical treatment, using photo-
chemical interactions between the light
and skin cells.[3,4] When a specific wave-
length of light is irradiated on the skin tis-
sue, the incident photons can be absorbed
by chromophores including mitochondria
and melanin, activating intracellular sig-
naling pathways and modifying biological
effects.[5,6] However, the red-light effect on
melanogenesis inhibition is still controver-
sial in dermatology fields, as shown in
Table S1A, Supporting Information.[3,7–12]

According to biphasic dose response, low
light dose cannot induce beneficial bio-
logical effects, and excessive light dose
causes cell damage and apoptosis.[13–17] To
achieve consistent and maximal light ther-
apy effects, many dermatologists have been

searching for a new phototherapeutic device enabling exact and
uniform light irradiation.

Recently, home-care phototherapeutic devices including
masks and helmets have been developed for convenient and
cost-effective skin care without the restriction of time and
place.[18,19] Commercialized phototherapeutic devices, however,
consist of bulky LED chips, which cannot conformally fit to
human faces of curved shapes. Point emission of the bulk LEDs
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with ≈2 cm radiation distance leads to non-uniform irradiation,
requiring more vertical distance to evenly cover the 3D faces
with the light.[20] While light uniformity can be improved by
increasing vertical distance, the optical power density at the skin
surface is significantly reduced by the long radiation distance
and severe diffuse reflection.[21,22] Some researchers reported
that only 10% of incident light could penetrate into a skin
model when irradiated with a 630 nm light source at 2 cm
distance.[23–28] In addition, excessive light exposure to compen-
sate distance-induced optical loss can give rise to adverse effects
related with thermal damages such as increased melanin pro-
duction, low temperature burns, and eye damage, as displayed
in Table S1B, Supporting Information.[27,29–31] Establishing a
standard irradiation condition is a crucial issue for efficient and
accurate light transfer into skin with minimal thermal damage
and is also related with the effectiveness and safety of LED-based
phototherapeutic stimulators.[32]

Skin-interfaced biophotonic systems with high flexibil-
ity have been required to realize reliable and consistent
photobiomodulation.[33–37] Jeon et al. reported flexible and
transferable organic light emitting diode (OLED) patch for
wound healing and skin regeneration. Although OLED can be
free in form factor, expensive emitting materials, short device
reliability (<6 days), and wide spectral width (≈60–100 nm) have
become critical disadvantages to implement effective wearable
photostimulators with low manufacturing cost and long-term
usage.[36–38] Our group has reported flexible vertical-structured
μLEDs (f-VLEDs) with high optical power density and thermal
stability.[39] The intensive irradiation of f-VLEDs stimulated
mouse hair follicles, resulting in photobiological effects of
hair-growth. However, spotty irradiation via f-VLEDs activates
only the light-exposed area of skin cells, and leaves the rest of
the cells intact, which causes the disparity in treatment effect.[40]

To expand light therapy applications into sensitive pigmentation
treatment of the human face, uneven phototherapeutic effects
should be solved by employing skin-attachable optoelectronics
with uniform irradiation. Furthermore, in-depth scientific evalu-
ation regarding melanogenesis inhibition efficacy, safety issues,
device performance, and flexible packaging for practical usages
should be conducted for clinical trials.

Herein, we report a wearable phototherapeutic skin patch en-
abled by SμLEDs with 630 nm wavelength for melanogenesis in-
hibition. 900 thin-film μLEDs were monolithically fabricated on
a plastic substrate with 100% emission yields using transfer-free
method. 2 × 2 cm2-sized surface-lighting was realized by cover-
ing the μLEDs with a LDL, consisting of silica particles and a bio-
compatible polymer. Light scattering effect of the LDL was the-
oretically investigated by finite element method (FEM) and ex-
perimentally analyzed by 2D brightness measurement. Highly-
flexible SμLEDs were conformally attached to the human skin,
enabling efficient penetration into the skin tissues. The heat dis-
tribution on skin tissues by a CLED and SμLED was analyzed via
FEM joule heating mode. The SμLEDs with vertical interconnec-
tion showed thermally-stable operation on human skin, main-
taining their temperature under 39 °C without dermal damage.
Our SμLEDs exhibited outstanding mechanical stability under
105 bending cycles at 5 mm bending radius and endured accel-
erated aging test for ≈100 days under 85 °C/85% relative humid-
ity, ensuring the reliability and lifetime of the phototherapeutic

skin-patch devices. Finally, the SμLED’s effect on melanogenesis
inhibition was verified via in vitro and in vivo experiment after
photostimulation on mouse/human cells and mouse dorsal skin.

2. Results

2.1. The SμLEDs Patch for Melanogenesis Inhibition

Figure 1A schematically illustrates overall concept of the wear-
able SμLED patch and its bioapplication for melanogenesis inhi-
bition. Figure 1A-i) is a prototype of wearable SμLED patch, sta-
bly operating on the human face without damages and delam-
ination. The 2 × 2 cm2-sized emission area of SμLEDs is four
times larger than that of f-VLED, effectively covering the skin re-
gion vulnerable to UV. As the SμLEDs have opposite emission
direction to wiring pads for power supply, a controller could be
interconnected via magnetic connector, enabling the regulation
of optical power, duration time, and pulsed operation (Figure S2
and Video S1, Supporting Information). Figure 1A-ii) is a 3D im-
age of SμLED patch, composed of an LDL, PDMS, and vertically-
interconnected μLEDs. As depicted in the Experimental Section;
Figure S3, Supporting Information, 900 μLEDs were monolithi-
cally fabricated without rigid solder balls or pastes and then were
embedded between the PDMS layers. To achieve surface-lighting
phototherapeutic devices, the LDL consisting of silica particles
and an epoxy matrix was spin-coated on the PDMS. The inset
is the cross-sectional scheme of SμLEDs with bottom emission
structure for contact illumination to the skin without electrical
shock issues by wiring interconnection. Figure 1A-iii) is a com-
parison of irradiation methods between a CLED photostimula-
tor and the skin-attachable SμLED patch. The low-density CLED
stimulator requires a vertical distance to improve light dose uni-
formity on the skin, based on optical superposition principles.
The irradiation distance; however, hinders photon penetration
into dermal tissues due to severe light reflection and lowered
optical power at the epidermal surface.[21] Although high-power
CLEDs are employed to compensate for the light energy loss, the
resulting generation of high heat produces various side effects
including skin burns and eye damage.[27,29] Figure 1A-iv) shows
temperature distributions of generated heat from the CLED (chip
size: 0.96 × 0.96 × 0.08 mm) and the SμLED (chip size: 0.1 × 0.1
× 0.003 mm) via FEM Joule heating mode. When the skin tissue
was irradiated with the same optical energy, the junction temper-
atures of CLED and SμLED were 370 and 316 K, respectively. To
confirm the effect of heat generated by the light sources on the
skin, the degree of tissue damage was calculated by the following
Arrhenius Equation (1).

Degree of tissue damage Ω (t) = ∫
t

0
A ⋅ exp

(
−ΔE
RT (t)

)
dt (1)

where T(t) is a time-dependent absolute temperature of skin
tissues calculated by Pennes bioheat equation, 𝜌c 𝛿T

𝛿t
= k∇2T +

𝜌bcbV𝜐

b

(
Ta − T

)
+ Q, ΔE is the activation energy of irreversible

damage reaction, R is the ideal gas constant, and A is a frequency
factor for the kinetic expression.[39,41] The SμLED with low junc-
tion heat showed little thermal injuries regardless of long irradi-
ation time (maximum value of Ω was 1.9 × 10−4 at 1000 s), while
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Figure 1. The SμLED patch for melanogenesis inhibition. A-i) A photograph of SμLED patch prototype which is operated on the human face. Scale bar:
4 cm. Schematic illustration of A-ii) the SμLED patch and A-iii) irradiation methods of the CLEDs and the SμLED. A-iv) Temperature distributions of
skin tissue and degree of tissue damages by heat from CLED and the SμLED via FEM simulation. A-v) Schematic images of photostimulation using the
SμLED patch for melanogenesis inhibition. B) I–V curves of the SμLEDs. The inset images are the μLEDs without (top) and with (bottom) LDL. Scale
bar: 1 cm. C) A photograph of the SμLEDs showing stable operation under bending state. The inset graphs are the electroluminescence spectrum of the
SμLEDs under flat and bending states. D) An irradiane change graph of the SμLEDs during repetitive operation. The inset presents wearable SμLEDs
operated by a flexible printed circuit board. Scale bar: 2 cm.

CLED had noticeable heat accumulation into the skin tissues,
causing drastic tissue damages by increasing the irradiation time
(maximum value of Ω was 0.18 at 1000 s), as shown in Figures S4
and S5, Supporting Information. Note that Ω of 0.18 means that
18% of skin cells were damaged and a first-degree burn is gen-
erally defined when Ω value is over 0.5.[41] These results indicate
that SμLED patch is an optimal photostimulator without light loss
or tissue heating, simultaneously achieving surface-lighting via
LDL-induced optical scattering. Figure 1A-v depicts the wearable
SμLED-based photobiomodulation, which inhibits melanogene-
sis for UV-induced abnormal pigmentation treatment. UV light
can excessively increase melanin formation from melanocytes by
producing alpha-melanocyte stimulating hormone (𝛼-MSH), re-
sponsible for initiating the melanin synthesis (Figure S6, Sup-

porting Information).[42,43] The SμLEDs irradiation can suppress
the activated melanin synthesis by light–tissue interaction that
modifies melanogenesis signaling pathways.

Figure 1B displays I–V characteristics of the 30 × 30 SμLEDs
with a low forward voltage of ≈3 V at 100 mA current injection.
The low operating voltage can achieve wearable light stimulation
modules with low power consumption and small-sized battery.
According to the equation of P = V × I, the power consump-
tion of SμLEDs can be calculated to 0.3 W, a significant reduc-
tion compared to commercial LED masks that consume ≈10 W.
The insets in Figure 1B present a change from spotty irradiation
to uniform surface-lighting (4 cm2 emission area) after coating
LDL on 100%-yielded μLED arrays (effective area of 0.09 cm2).
Unlike conventional light diffusion systems, where light sources
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are on the side of optical diffusion film, the μLED arrays were
positioned below the LDL (Figure S7, Supporting Information).
The SμLEDs allow most of the light to pass through the LDL for
efficient light diffusion, while conventional method emits light
along the incident optical path, resulting in ≈90% light loss (Fig-
ure S8, Supporting Information). As shown in Figure 1C, the
SμLEDs emitted red light under bending state without break-
down because 3 μm-thick thin-film μLEDs were embedded in the
polymer matrix to minimize mechanical stress (Figure S9, Sup-
porting Information).[44] The inset in Figure 1C exhibits the elec-
troluminescence (EL) spectrum of AlGaInP SμLEDs with a peak
of wavelength at 630 nm. This wavelength can deeply penetrate
the skin cells, effectively activating mitochondria located ≈2 mm
under the skin and was maintained regardless of bending and flat
conditions, enabling photostimulation with stable wavelength on
the curved human skin.[45] Consistent light intensity is impor-
tant in photobiomodulation to induce biological consequences
through accurate light dose.[46] Figure 1D displays the irradiance
change of SμLEDs during 120 on/offs at 300 μW optical power.
Despite repetitive operation for a period of 30 min, light output
of the SμLEDs was maintained with imperceptible change for a
total of 60 h, as shown in the inset of Figure 1D. These results
indicate that the SμLED patch is suitable for skin-attachable pho-
totherapeutic devices with low forward voltage, surface-lighting,
and high flexibility.

2.2. The Silica-Dispersed LDL for Surface Lighting

Uniform optical irradiation on skin surface is important to maxi-
mize melanogenesis inhibitory effect with exact light dosage and
treatment time.[40] The LDL was utilized to provide silica-induced
light diffusion based on Mie scattering model dependent on the
size and shape of scatterers.[47–49] When a visible light penetrates
spherical particles of ≈0.1–3 μm size, the light deflects at the
particle–medium interface, propagating more in the forward di-
rection than in the backward, as depicted in Figure 2A-i).[50,51]

Figure 2A-ii–iv) are the scanning electron microscopy (SEM) im-
ages of a spherical silica particle (ii), rough silica surface (iii), and
silica-dispersed LDL (iv), respectively, the factors affecting light
scattering.[52–54] To investigate the optical scattering effect of sil-
ica particles, theoretical light propagation path of a μLED with
and without LDL was calculated by the FEM-based simulation.
As shown in Figure 2B, original light was emitted with an in-
trinsic radiation angle by total internal reflection, while the light
passing through the LDL was diffused by the silica-induced scat-
tering. To obtain an LDL with optimal diffusion conditions, the
light scattering effect was experimentally evaluated by modulat-
ing silica concentration and layer thickness. As presented in Fig-
ure 2C, transmission haze (Ht) was calculated with increasing
silica concentration from 0 wt% to 25 wt% using the following
Equation (2):

Ht (%) = Td∕Tt × 100 (2)

where Ht, Td, and Tt are transmission haze, diffuse transmit-
tance, and total transmittance of the LDL, respectively. The Ht
was improved by up to ≈96%, representing an enhanced degree
of scattering at high silica concentration. Figure 2D shows the in-
tensified light diffusion by light–particles interaction as the red

light passes through the thick LDL. Although the surface lighting
effect was maximized by increasing silica ratio and LDL thick-
ness, internal optical loss was enlarged by the reduced Tt (Fig-
ures S10 and S11, Supporting Information). For optical scatter-
ing with minimal light loss, the LDL was optimized at 10 μm
thickness and 15 wt% concentration, resulting in a high Ht of
≈90% and high Tt of ≈90%. Figure 2E,F, is a 2D map image of
luminous intensity to compare the light distribution of SμLEDs
and μLEDs, respectively. The SμLEDs exhibited consistent light
intensity in the overall area, while the normal μLEDs displayed
irregular light distribution with multiple spots. The inset images
are luminance profile versus the x-position of the μLED arrays,
showing more uniform light intensity of the SμLEDs than that of
the normal μLEDs. These results suggest that the SμLEDs can be
employed for efficient phototherapy in contact with the skin due
to its uniform surface-lighting.

2.3. The Characteristics of SμLED Patch for Wearable
Phototherapeutic Applications

Conformal skin attachment of phototherapeutic devices is critical
to minimize distance-induced optical power loss.[21] To evaluate
distance influence of a μLED light, optical output power of the
μLED was experimentally measured at various distances from 1
to 10 mm, as depicted in Figure 3A. About 90% optical power
loss was shown at 10 mm which is in agreement with the esti-
mated theoretical data calculated with the inverse square formula
(≈ 1

r2
). As exhibited in the experimental data of Figure 3B, the light

penetration degree into the skin was categorized in four differ-
ent irradiation modes: i) contact SμLEDs, ii) contact CLEDs, iii)
non-contact CLEDs, and iv) non-contact high power CLEDs. In
the contact mode, the SμLED patch showed strong and uniform
light penetration at ≈1–2 mm skin depth, compared to the bulk
CLEDs. The CLEDs at ≈2 cm distance from the skin required
ten times higher optical power to achieve photopenetration ef-
fect similar to the SμLEDs. However, excessive light output of
the distant CLEDs raised the skin temperature up to ≈43 °C (Fig-
ure S12, Supporting Information). These results indicate that the
skin-attachable SμLED patch can be an optimal phototherapeutic
device due to its sufficient and uniform light transfer into the
skin.

In skin-attachable devices, it is very important to keep the skin
temperature below 39 °C, which is generally known as the maxi-
mum temperature that does not cause skin burns and cells necro-
sis under heat accumulation.[55–58] Figure 3C shows a tempera-
ture measurement method using a contact thermometer during
surface-lighting irradiation on a human wrist. Figure 3D; Figure
S14, Supporting Information, exhibits temperature changes of
the 30 × 30 SμLEDs at five different input currents (20, 40, 80,
100, and 120 mA). Despite 120 mA current injection, the device
temperature remained below 39 °C for 10 min. The thermal sta-
bility of SμLEDs can be explained by its junction temperature,
which is defined by Equation (3).[59]

JT = RJA × PD + TA (3)

Here, JT, RJA, PD, and TA are junction temperature,
junction to ambient thermal resistance, internal power
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Figure 2. The silica-dispersed LDL for surface lighting. A) Principle of the LDL and the factors that affect light diffusion. A-i) Schematics of Mie scattering.
SEM images of A-ii) a silica particle, A-iii) rough silica surface, and A-iv) silica-dispersed LDL. B) Light propagation path with LDL and without LDL by
FEM calculation. C) The transmission haze as a function of silica concentration. D) Optical images of light diffusion effect with increasing the LDL
thickness. E,F) Light intensity distribution of SμLEDs (E) and normal μLEDs (F). Scale bar: 5 mm. The insets present luminance profile versus x-postion.

dissipation, and ambient temperature, respectively. Accord-
ing to Equation (2), low junction temperature of the SμLEDs
was attributed to low internal resistance by vertical current
path of 3 μm thin μLEDs and excellent heat dissipation by
highly-conductive Au electrodes.[39,60–62]

The mechanical durability of SμLEDs was investigated in
periodic bending/unbending test for wearable phototherapeu-
tic applications. Figure 3E presents negligible electrical/optical
changes of SμLEDs after 105 bending/unbending cycles up to
5 mm bending radius. As the μLEDs were placed between the
polymer layers near a neutral plane, the severe mechanical stress

could be relieved without chips and electrodes breakdown. To
ensure long-term reliability for skin-attachable applications, 85
°C/85% relative humidity test, one of the standard methods for
evaluating long life cycles, was performed by accelerating corro-
sion and humidity-induced degradation mechanisms. Figure 3F
exhibits only a slight variation in Vf and irradiance during 96
consecutive days, confirming high endurance of the SμLEDs to
humidity and temperature. These results indicate that wearable
SμLEDs have excellent characteristics for portable photothera-
peutic devices due to their low heat generation and high dura-
bility, enabling long-term usages.

Adv. Healthcare Mater. 2023, 12, 2201796 © 2022 Wiley-VCH GmbH2201796 (5 of 12)
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Figure 3. The characteristics of the SμLEDs patch for wearable phototherapeutic applications. A) Effective irradiance as a function of distance between a
μLED and a measuring instrument. B) The light intensity penetrated into the skin at different irradiation modes: B-i) contact SμLEDs, B-ii) contact CLEDs,
B-iii) non-contact CLEDs, and B-iv) non-contact high power CLEDs. Scale bar: 1.5 cm. C) A picture of the temperature analysis of the SμLEDs during
surface-lighting irradiation. The light shown in the image is due to emission toward the skin rather than posterior emission (Figure S13, Supporting
Information). D) Temperature changes of the SμLEDs with increasing operation time. The temperature was measured on a human wrist of 2 cm bending
radius. E) The electrical and optical properties of the SμLED during 105 bending/unbending cycles. A negligible change was confirmed with increase in
Vf to 1.174 V and increase in irradiance to 0.313 μW cm−2. The insets are the optical image of the SμLEDs in bending (left) and unbending (right) state.
F) The reliability test results of forward voltage and irradiance under 85 °C and 85% relative humidity, showing a 1.5 V increase in Vf and a 4.2 μW cm−2

decrease in irradiance.

2.4. In Vitro Experiment to Verify SμLEDs Effect on
Melanogenesis Inhibition

Figure 4A presents the cellular experimental procedures to evalu-
ate the SμLEDs effect on melanogenesis inhibition. After B16F10
melanoma cells were seeded in the phenol red-free media, 𝛼-
MSH, a well-known melanogenic hormone, was introduced to
induce melanin pigmentation. The 𝛼-MSH-treated cells were op-
tically stimulated by SμLEDs to confirm their effect on melanin
synthesis. Prior to the melanogenesis inhibition tests, the viabil-
ity of the B16F10 melanoma cells was investigated at four differ-
ent SμLEDs doses: 0, 120, 360, and 720 mJ cm−2. As shown in Fig-
ure 4B, the SμLEDs did not affect the cell viability of the B16F10
melanoma cells, maintaining a viable cell ratio of ≈100%. Fig-
ure 4C-i) displays color changes in a cell pellet among B16F10
melanoma cells, 𝛼-MSH-treated cells, and 𝛼-MSH-treated cells
with SμLED irradiation. Although the 𝛼-MSH treatment induced
a darker cell pellet color compared to B16F10 cells, the SμLED
irradiation brightened the cell pellet color, which was expected
to be darkened by 𝛼-MSH. Figure 4C-ii) presents the relative
melanin content in the 𝛼-MSH-treated cells with and without
SμLEDs exposure. The cells exposed to red light for a long ex-
posure time exhibited low amounts of melanin, compared to
the cells with short phototreatment. To explain the melanogen-
esis inhibition mechanism of the SμLEDs, the protein expres-

sion of MITF, the master regulator for melanogenesis, was ex-
amined by western blot assay. Figure 4D shows that the MITF
protein level in the 𝛼-MSH-treated cells was significantly sup-
pressed by SμLEDs irradiation. The down-regulated MITF indi-
cates melanin synthesis was retarded by blocking the signaling
pathway of melanogenesis, initiated from 𝛼-MSH.

To verify the melanogenesis inhibition effect in human skin
cells, the SμLEDs and CLEDs were irradiated to the human skin
equivalents (HSEs, a 3D skin model physiologically mimick-
ing native human skin), as illustrated in Figure 4E. A total of
twelve samples of 𝛼-MSH-treated HSEs were categorized into
four groups (n = 3 per group): a control group, SμLEDs 15 min-
treated group, SμLEDs 30 min-treated group, and CLEDs 30 min-
treated group. The SμLEDs and CLEDs radiated red light on each
HSE group once daily at 0.4 mW cm−2 for 12 consecutive days.
Figure 4F displays a comparison of the HSEs color after the in
vitro experiment. The phototreated groups (B, C, and D) showed
a brighter skin color than that of the 𝛼-MSH-treated control (A).
Figure 4G presents the pigmentation values of the HSEs mea-
sured by a 3D Antera Camera (Miravex, Ireland) after photostim-
ulation by SμLEDs and CLEDs with 8.64 J cm−2 light dose. The
CLED samples exhibited an inconsistent melanin-reducing ef-
fect, whereas the SμLED patch effectively inhibited melanin syn-
thesis with increasing illumination time. In addition, Figure 4H
shows more uniform melanin distribution in the SμLEDs-treated

Adv. Healthcare Mater. 2023, 12, 2201796 © 2022 Wiley-VCH GmbH2201796 (6 of 12)
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groups than in the CLEDs-treated groups with an average 30% re-
duction and 30% increase in pigmentation variance, respectively,
compared to control groups. These results suggest that SμLEDs
might be suitable for skin lightening applications because they
provide more uniform irradiation than CLEDs. As depicted in
Figure 4I, histological analyses were performed to visually eval-
uate tissue structure and melanin contents in HSEs via hema-
toxylin and eosin (H&E) and Fontana Masson (FM) staining, re-
spectively. The H&E-stained HSEs showed well-organized skin
structures, consisting of stratum corneum, melanocytes (MC),
and keratinocytes (KC). FM-staining displayed a significant re-
duction in melanin quantities of SμLEDs 30 min-treated HSEs.
As presented in Figure 4J, the ratios of melanin positive areas
to total epidermis areas were measured to confirm the actual
melanin content changes in the HSEs. The SμLEDs irradiation
reduced epidermal melanin content by up to 15%, while effec-
tive melanin inhibition was not observed in the CLEDs-treated
groups.

2.5. In Vivo Experiment to Verify SμLEDs Effect on
Melanogenesis Inhibition

To further investigate about the SμLEDs effect on melanogenesis
inhibition, a reliable in vivo animal experiment was performed
on 7-week old female HRM-2 melanin possessing hairless mice
according to the experimental schedule of Figure 5A-i) and the
Experimental Section. A total of 16 mice were categorized into
four groups (n = 4): i) normal (no treatment) group, ii) only UV
exposed group, iii) UV and SμLEDs exposed group, and iv) UV
and CLEDs exposed group. As displayed in Figure 5A-ii), the
SμLEDs were conformally attached to the mouse skin during op-
tical stimulation, while the CLEDs were irradiated at a distance
of ≈2 cm from the dorsal of mouse. Figure 5B is photographs
of the mouse skin after in vivo experiments, showing the dark-
est skin color in the UV-treated group and relatively bright skin
color in the red light-treated groups. As the SμLEDs were en-
capsulated with a non-toxic and non-flammable biocompatible
polymer, no inflammation and irritation were induced to the dor-
sal of mouse after photostimulation. As presented in Figure 5C,
the comparison of skin brightness was quantified using a ΔL-
value, that increases with decreasing melanin synthesis. Success-
ful melanogenesis inhibition was verified by increased ΔL-value
in SμLEDs-treated group compared to UV-treated group. Despite
the photostimulation of same energy dose (≈2.4 J cm−2), higher
ΔL-value was observed in the SμLEDs-treated group than in the
CLEDs-treated group. It was attributed to the efficient contact ir-

radiation of SμLEDs with exact light dose and minimized light
reflection at the skin surface. Note that CLEDs did not guaran-
tee a consistent melanogenesis inhibitory effect across multiple
animal experiments. Figure 5D exhibits thermal images of the
mouse dorsal skin without (left) and with (right) the SμLEDs. The
skin temperature was maintained below ≈34 °C during 20 min
photostimulation without thermal damages to the dermal tissue.
Skin condition and melanin content were evaluated by staining
hematoxylin and eosin (H&E) and fontana masson (FM) to the
extracted dorsal skin. Figure 5E displays the extent of photodam-
age to the skin tissues by measuring the epidermis thickness
of H&E-stained images. The SμLEDs-treated group showed the
lowest epidermis thickness of ≈60 μm, ≈50%, and ≈40% thin-
ner than that of the UV and UV/CLEDs-treated group, respec-
tively, indicating minimum photodamage among experimental
groups. The alleviated photodamage in SμLEDs-treated group
enabled effective melanogenesis inhibition with significantly re-
duced melanin content, as presented in the FM-stained images
of Figure 5F. Finally, immunohistochemistry assays were per-
formed to explain the mechanism of melanogenesis inhibition.
As exhibited in Figure 5G,H,I, the expression levels of melan-A
(MART-1, melanoma antigen), tyrosinase (a key enzyme involved
in melanin synthesis), and MITF were considerably suppressed
in the SμLEDs-treated group compared to other experimental
groups. These results demonstrate the anti-melanogenic effect
of the SμLEDs on UV-induced hyperpigmentation, suggesting a
new solution for the skin care and cosmetics market.

3. Discussion

We developed a wearable surface-lighting photostimulator us-
ing silica-dispersed LDL for melanogenesis inhibition. The LDL
with Ht and Tt of ≈90% enabled effective light scattering on 900
μLEDs, achieving uniform surface lighting in 2 × 2 cm2 area.
In bio-heat simulation of FEM, the SμLED did not induce ther-
mal accumulation at long irradiation time, while CLED showed
drastic skin damages due to distance-induced light loss effect.
The SμLEDs were operated on the human skin with the low for-
ward voltage of ≈3 V, and the temperature was maintained be-
low 39 °C for 10 min, causing no dermal damage. The skin at-
tachable SμLEDs demonstrated effective light penetration into
the skin compared to CLEDs and exhibited excellent reliability
without electrical/optical degradation in harsh bending cycles of
105 and 85 °C/85% relative humidity of ≈100 consecutive days.
The anti-melanogenic effect of the SμLED photostimulator was
investigated by in vitro cell experiments. SμLEDs with a 630 nm
wavelength were irradiated on 𝛼-MSH-induced B16F10 cells,

Figure 4. In vitro experiment to verify the SμLEDs effect on melanogenesis inhibition. A) Conceptual illustration of the in vitro cell experiment procedure
to confirm the anti-melanogenic effect of the SμLEDs. B) Cell viability according to SμLEDs exposure time. All data are expressed as mean± SD from three
independent experiments. C) Change in melanin content of B16F10 melanoma cells after SμLEDs photostimulation. C-i) Color of cell pellets according to
𝛼-MSH treatment and SμLEDs irradiation. C-ii) Melanin content changes with increasing SμLEDs treatment time (1, 3, and 5 min). All data are expressed
as mean ± SD from four independent experiments. D) Western blotting for MITF expression in B16F10 melanoma cells after treatment with 𝛼-MSH and
𝛼-MSH + 5 min SμLEDs. All data are expressed as mean ± SD from five independent experiments. E) Schematic images of HSEs photostimulated by
SμLEDs and CLEDs. F) Color changes in HSEs containing melanocytes after SμLEDs and CLEDs irradiation. Scale bar, 1 cm. G) Melanin content of HSEs
after photostimulation. All data are expressed as mean ± SD from three independent experiments. H) The representative data of pigment variances after
light stimulation to two independent HSEs. The results of (G,H) were quantified using a 3D Antera Camera. I) Histological findings of HSEs containing
melanocytes via H&E and FM staining in four different groups: control, SμLEDs 15 min, SμLEDs 30 min, and CLEDs 30 min treatment. Scale bar: 20 μm.
J) The ratios of pigmented areas and epidermis areas in HSEs. All data are expressed as mean ± SD from three independent experiments. *p < 0.05,
**p = 0.01, and ***p = 0.001. Statistical analysis was performed with two-tailed Student’s t-test.
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Figure 5. In vivo experiment to verify the SμLEDs effect on melanogenesis inhibition. A) In vivo experiment to confirm the anti-melanogenic effect of
the SμLEDs. A-i) An experimental schedule. A-ii) Photographs of experimental procedures for photostimulation using the SμLEDs and CLEDs. Scale
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effectively reduced the melanin content, and down-regulated the
MITF signals. In addition, the SμLEDs were periodically irra-
diated on HSEs for 12 continuous days, resulting in a ≈15%
melanin reduction and improved melanin distribution. Finally,
anti-melanogenic effect of the SμLEDs was confirmed via in vivo
mouse experiments, suppressing the expression level of melan-
A, tyrosinase, and MITF. We believe that our SμLEDs patch is
an efficient phototherapeutic tool for a variety of skin care appli-
cations including the treatment of cosmetic/hyperpigmentation
issues, such as melasma and lentigo, without skin damages.

4. Experimental Section
SμLED Fabrication: High-quality AlGaInP-based epitaxial layers and

a distributed Bragg reflector (DBR) layer were grown by metal–organic
chemical vapor deposition (MOCVD) on a GaAs wafer. The p-ohmic con-
tact pads (Ag/ITO/Ag) were deposited on the GaAs substrate by radio fre-
quency (RF) sputtering and 30 × 30 μLED chips were isolated using induc-
tively coupled plasma reactive ion etching (ICP-RIE) in an environment
of Cl2 (30 sccm)/Ar (30 sccm). A polymer layer with contact holes was
coated onto μLED arrays for electrical isolation. The p-electrode (Cr/Au)
was deposited on the polymer layer by RF sputtering and patterned via con-
ventional photolithography process. A 25 μm-thick polyethylene terephtha-
late (PET) was adhered to the top of in-process wafer using UV-sensitive
polyurethane (Norland Optical Adhesive, no.73). The AlGaInP LED device
was flipped over and the mother GaAs substrate was selectively removed
by hydrogen peroxide (H2O2, 13 wt%) and citric acid (C6H8O7, 26 wt%)
based etch solution. The same process was performed on the exposed
n-side DBR layer of the μLED, forming an n-contact hole and n-electrode
(Cr/Au). At this time, the p-electrode was also connected to the n-side
through a contact hole, creating both a p-electrode pad and n-electrode
pad at the n-side direction. The entire device was passivated using a bio-
compatible polymer and embedded between the ≈1 mm-thick PDMS. Fi-
nally, a silica-dispersed LDL layer was formed on the PDMS (p-side) to dif-
fuse emitted light from the μLEDs, with total device thickness of ≈2 mm.

Electrical Measurements: I–V curves of the SμLEDs were analyzed us-
ing a Keithley 4200-SCS with a modulating injected current level.

Uniformity Measurement: The luminescence of the f-VLED and
SμLEDs was captured using a 2D color analyzer (CA-2500A). The captured
light distribution images were imported to the Origin software (OriginLab
Corporation.) and converted into a matrix of luma values. The obtained
values (≈8000 points) were plotted on a 2D contour map and compared
along the x position.

Optical Measurement: The EL spectrum and the effective irradiance
of single SμLEDs were measured using AvaSpec-UlS2048-RS optic spec-
troscopy (Avantes Corp.) The optical power of the 2 × 2 cm2-sized SμLEDs
was measured by photodiode power sensor (Thorlabs-S120VC).

Light Penetration Comparison: The degree of light penetration of the
SμLEDs and CLEDs was compared by capturing the transmitted light in-
side the thumb using a 2D color analyzer (CA-2500A).

Bending Test: The mechanical durability test of the SμLEDs was per-
formed on a QS48 bending machine (TPC motion Corp.). Both irradiance
and forward voltage change were evaluated during iterative bending of
100 000 cycles.

Device Characteristics Evaluation on Human Subjects: Deliberation ex-
emption for research on human subjects: Studies using only simple con-

tact measurement and observation equipment that do not follow physical
changes. The SμLED was conformally attached to the facial skin of a vol-
unteer (Figure 1A-i) and the temperature changes were measured on the
human wrist of a volunteer (Figure 3C). Informed consents from all vol-
unteers to record and use all data were obtained.

Cell Culture: B16F10 melanoma cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM, Welgene, Daegu, Republic of Ko-
rea) with 10% fetal bovine serum (FBS, Welgene) and 1% penicillin–
streptomycin (Welgene).

Light Sources and Irradiation: B16F10 melanoma cells were seeded in
a 35 mm dish for 24 h at 37 °C in a humidified 5% CO2 incubator. After
washing with PBS, phenol red free medium (Welgene) was added and then
irradiated with 0–720 mJ cm−2 of light at a wavelength of 630 nm LED.

Cytotoxicity Assay: Cell viability was evaluated by colorimetric assay,
using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT;
Sigma–Aldrich) for incubation (4 h, 37 °C). The supernatant was discarded
and replaced with dimethyl sulfoxide (DMSO) to dissolve cytoplasmic for-
mazan crystals. Absorbance was measured at 570 nm, using microplate
reader (SpectraMax 340; Molecular Devices LLC, Sunnyvale, CA, USA).

Melanin Content Assay: To assess melanin production, B16F16
melanoma cells were exposed to different LED wavelength. After 4 days,
cell pellets were incubated in 1 N NaOH (60 °C, 2 h). Absorbance at
405 nm (detected by ELISA reader) was compared with a synthetic melanin
standard curve (Sigma–Aldrich).

Western Blot Analysis: After 4 days, whole cell extracts were lysed in
a radioimmunoprecipitation assay (RIPA) buffer. Proteins were resolved
by 10% sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis
and transferred to nitrocellulose membranes. Membranes were blocked
with 5% skim milk in TBST (Tris-buffered saline, 0.1% Tween-20) and then
incubated overnight (4 °C) with primary antibodies against MITF (Ab-
cam). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH; Santa Cruz
Biotechnology) served as the control for the protein loading. Finally, the
membranes were washed three times with TBS-T buffer and then incu-
bated (1 h) with 1% skim milk in TBS-T buffer containing horseradish per-
oxidase/secondary antibody conjugates. Signal densities of the proteins
visualized were detected using a chemiluminescence reagent (ECL sub-
strate; Thermo Scientific, Rockford, IL, USA)

3D Skin: The reconstructed human epidermis tissues containing
melanocytes (Melanoderm) were purchased from MatTek Corp (Ashland,
USA) and were maintained according to the manufacturer’s instructions.
Melanoderm tissue was cultured in 6 well plates with EPI-100-NMM-113
medium which was changed every day.

Quantification of Pigmentation on 3D Skin: The Antera 3D image cap-
ture system (Miravex, Dublin, Ireland) was used. Antera 3D allows multi-
spectral analysis measurements with high sensitivity to the melanin in-
dex. Ratios of melanin positive areas relative to total epidermal areas
were measured by using Image J software (National Institutes of Health,
Bethesda, MD, USA) based on previously reported protocols (Flori et al.,
2011, Gutierrez et al., 2012).

Histological Analysis of 3D Skin: The Melanoderm tissues were fixed in
10% formaldehyde for 1 day and embedded in paraffin. Paraffin embedded
sections were stained with hematoxylin and eosin (H&E) and Fontana–
Masson for melanin (Abcam).

Animal Experiments: Seven-week-old female HRM-2 melanin-
possessing hairless mice (total = 16) were purchased from Hoshino
Laboratory Animals (Saitama, Japan) The mice were housed in an environ-
ment with 24 °C ± 2 °C temperature, 50% ± 10% humidity, and light–dark
cycles (per 12 h). All animal experiments were conducted in conformity
with the guidelines of the Institutional Animal Care and Use Committee

bar: 4, 2, and 2 cm (from left to right). B) Mouse dorsal images after in vivo experiment. Scale bar: 4 cm. C) Graphs of ΔL-value indicating the degree
of skin brightness. All data are expressed as mean ± SD from four independent experiments. D) Thermal images of the mouse dorsal before and after
SμLEDs irradiation. Scale bar: 2 cm. E,F) Histological findings of mouse skin via H&E staining showing epidermis thickness (All data are expressed as
mean±SD from four independent experiments) (E) and the representative FM staining images to normal, control, SμLED, and CLED groups (F). Scale
bar: 50 μm. G–I) The representative immunohistochemically stained images with Melan-A (G), Tyrosinase (H), and MITF (I) of four different groups:
normal, control, SμLEDs, and CLEDs treatment. Scale bar: 50 μm. *p < 0.05, **p = 0.01, and ***p = 0.001. Statistical analysis was performed with
two-tailed Student’s t-test. All data are expressed as mean ± SD from four independent experiments.
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of Chung-Ang University in Korea (IACUC Number: 202100070). A total of
16 mice were divided into 4 groups (n = 4): i) normal group, ii) only UVB
exposed group, iii) UVB and SμLEDs exposed group, and iv) UVB and
CLEDs exposed group. Before UVB, SμLEDs, and CLEDs irradiation, the
mice were anesthetized with xylazine (10 mg kg−1) or Zoletil 50 (30 mg
kg−1). The mouse dorsal skin of group (ii) was treated with 125 mJ cm−2

doses of the UVB (BIO-SPECTRA; Vilber Lourmat, France) per 3 days to
initiate melanin synthesis pathway. During the UVB treatment per 3 days,
the mice dorsal skin of groups (iii) and (iv) was treated daily with 120 mJ
cm−2 doses of the SμLEDs and the CLEDs, respectively, to confirm the
inhibitory effect on melanin synthesis.

Mouse Skin Color Measurement: The relative brightness of mouse dor-
sal skin was measured using a spectrophotometer (CR-10; Konica Minolta
Sensing Inc., Osaka, Japan).

Thermal Image of Mouse Skin: The SμLEDs were conformally attached
to the dorsal of mouse to measure the skin temperature using [FLIR T200;
Teledyne FLIR, Clackamas County, OR] during photostimulation of 20 min.

Histopathological Analysis: The samples of mouse dorsal skin were
fixed using 4% paraformaldehyde, embedded into paraffin, and sliced into
5 μm sections. Two skin sections were stained with H&E and FM and other
skin sections were stained by monoclonal antibodies including Melan-A
(1:50, NBP1-30151, Novus), tyrosinase (1:200, ab180753, Abcam), and
MITF (1:200, NB100-56561, Novus)

Statistical Analysis: Statistical analyses were performed using a Graph
Pad Prism, version 4.03 (GraphPad Software, Inc., San Diego, CA). Data
are expressed as the mean± standard deviation (SD) for the parametric
data, and as the median and interquartile range for the nonparametric
data. The significance of differences between two groups was determined
using a two-tailed Student’s t-test or Wilcoxon signed-rank test. For multi-
ple comparisons, one-way analysis of variance with a Bonferroni test was
used. Values of P < 0.05 (*), P < 0.01 (**), and P < 0.001 (***) were
regarded as statistically significant.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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