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ABSTRACT: Alopecia is considered an aesthetic, psychological, and social
issue among modern people. Although laser-induced skin stimulation is
utilized for depilation treatment, such treatment has significant drawbacks
of high energy consumption, huge equipment size, and limited usage in
daily life. Here, we present a wearable photostimulator for hair-growth
applications using high-performance flexible red vertical light-emitting
diodes (f-VLEDs). Flexible microscale LEDs were effectively fabricated by a
simple monolithic fabrication process, resulting in high light output (~30
mW mm ), low forward voltage (~2.8 V), and excellent flexibility for
wearable biostimulation. Finally, trichogenic stimulation of a hairless
mouse was achieved using high-performance red f-VLEDs with high
thermal stability, device uniformity, and mechanical durability.

77/ Hairless Mouse

KEYWORDS: microLED, flexible vertical LED, red LED, bioelectronics, phototherapy, hair growth

P ] umerous people around the world have suffered from
alopecia, which leads to aesthetic issues, low self-
esteem, and social anxiety.”” With the population

expansion of alopecia patients from middle-age down even to

the twenties, a depilation treatment is expected to have social
and medical impacts on billions of patients.” The causes of
alopec1a are generally known to be heredity,” mental stress,”
aglng, and elevated male hormone.”™”

Therapeutic techniques such as thermal,'’ electrical,"
pharmacological,'* and optical stimulation'”'* have been
proposed to treat hair problems. Among them, laser
stimulation to hair-loss regions is a promising technique,
activating the anagen phase and the proliferation of hair
follicles without side effects.'*™'® In particular, periodic
irradiation with a red light with wavelength of 650 nm on
the hairless area can assist localized stimulation of hair follicles
under the skin, because these waves can deeply penetrate the
skin tissue, compared to the short wavelengths of blue and
green light."”~* However, this laser stimulation technique has
drawbacks, such as high power consumption, large size, and
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restrictive use in daily life (e.g, the difficulty of microscale
spatial control and the long time exposure of high-energy
laser).>*™*’

Recently, flexible inorganic-based micro-light-emitting di-
odes (ULEDs) have been spotlighted for future display and
biomedical devices,”* > such as biosensors, pulse oximetry
(SpO,) sensors, and optogenetic stimulators. These flexible
ULEDs are suitable for human-interface applications, due to
their biocompatibility, portability, and excellent stability.
However, flexible yLEDs still have critical challenges in
application to wearable phototherapeutic devices, including
high heat radiation, low optical efficiency, and high energy
consumption.”***™** Our group has demonstrated flexible
thin-film vertical uLEDs (f-VLEDs) with both blue and red

light with high stability and outstanding power efficiency.”” "'
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Figure 1. (a) Schematic illustration of the fabrication procedure and trichogenic photostimulation by monolithic flexible AlGaInP vertical
LEDs. (b) Optical image of monolithic f-VLED with red word “KAIST” under bending state. The upper inset is a cross-sectional SEM image
of monolithic red f-VLED. The lower inset image exhibits a magnified microscopic image of 30 X 30 f-VLEDs with a 50 X 50 gm? chip. (c)
Photograph of red f-VLED array affixed on surface of human wrist. The inset is a magnified picture of the 30 X 30 LED array.

Despite the excellent properties of these devices, the
biomedical and thermal effects of f-VLEDs were not
investigated on living animals, which were significant to
wearable and phototherapeutic applications. In addition, a
phototherapeutic investigation for alopecia treatment should
be additionally required for clinical applications.

Herein, we report high-performance 30 X 30 AlGalnP f-
VLEDs enabled by transfer-free monolithic fabrication for a
wearable trichogenic photostimulator. Ultrathin flexible uLEDs
with 3 pm thick active layers were fabricated with simple
monolithic vertical interconnection of top n- and bottom p-
electrodes. The red f-VLED arrays were conformally attached
on a human wrist with high irradiance of ~30 mW mm™ and
low forward voltage of ~2.8 V. The red light with long
wavelength of 650 nm enabled to deeply penetrate the skin and
stimulate the hair follicles, located 2 mm under the dermal
surface. The thermal stability of the monolithic fVLED was
theoretically investigated using finite element method (FEM)
simulation and experimentally optimized using sophisticated
photothermal modulation for wearable skin stimulation. Our
monolithic {-VLEDs exhibited excellent mechanical reliability
during harsh periodic bending/unbending motions, which is
beneficial for skin-attachable phototherapies. Finally, tricho-
genic photostimulation was performed to incite hair growth in
a living depilated mouse via low-heating f-VLED array, based
on the previous clinical research.””** We verified hair regrowth
in the mice and analyzed immunofluorescent and histological
effects to confirm the phototherapy applications of our f-
VLEDs.

RESULTS AND DISCUSSION
Monolithic Red f-VLEDs for Phototherapy. Figure la

schematically illustrates the device fabrication and trichogenic
stimulation of a hairless mouse using monolithic red f-VLEDs.
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The monolithic fVLED fabrication process is as follows: (i)
High-purity AlGaInP LED layers were grown by metal—
organic chemical vapor deposition (MOCVD) on a rigid GaAs
wafer. The uLED chips with p-ohmic contacts (Cr/Au) were
made on the GaAs substrate and isolated using an epoxy-based
photoresist with 10 um thickness. The polymeric isolation
layer had two contact holes, which were p-electrode contacts
and vertical passageways from bottom to top surface. The
metallic p-electrodes were deposited by tilted radio frequency
(RF) sputtering and patterned by a conventional photo-
lithography process on the isolation layer. (ii) The
biocompatible polymer covered the top surface of the device,
as a passivation layer of the f-VLED. The passivated LED
device was flipped-over, and then the mother GaAs wafer was
selectively removed by a solution of hydrogen peroxide (H,0,,
13 wt %) and citric acid (CgHgO,, 30 wt %) at S0 °C. (iii) Au
metal electrodes were formed on the flipped LEDs as top n-
electrodes and bottom p-electrode pads. (iv) To optically
stimulate the shaved region of mouse skin, the wearable red f-
VLED array was conformally attached on the mouse dorsal
surface (see Figure S1 in the Supporting Information for the
detailed device fabrication processes). Figure 1b shows high-
density monolithic f-VLEDs on a round metal bar (bending
curvature radius of S mm), successfully presenting the word
“KAIST”. The vertically interconnected f-VLED array was
composed of 900 #LEDs in the passive-matrix (PM) with S0 X
50 um®-sized LED chips, as shown in the lower inset of Figure
1b. Using a transfer-free monolithic process, microscale LED
chips were constructed on a flexible polymer matrix with high
production yield (over 95%). Simultaneously, the thickness of
the entire f-VLED device was reduced to 20 ym including
polymer substrates, which was ~60% thinner than that of our
previous reported f-VLEDs.*” As shown in the upper inset of
Figure 1b, a cross-sectional scanning electron microscopy
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Figure 2. (a) Magnified optical image of monolithic red f-VLEDs composed of 6 different-sized LED chips (300 X 300 gm?, 250 X 250 pm?,
200 X 200 pm?, 150 X 150 gm?, 100 X 100 gm?, and 50 X 50 um?). (b) Electroluminescence spectrum of red f-VLED (wavelength of 650
nm) under flat and bent states (bending radius of 5 mm). The inset is I-V graphs of the red f-VLED. (c) Optical output density of various-
scale LEDs as a function of current density. The inset shows a picture of red LED during irradiance measurement. (d) Pulsed-operation

graph of monolithic red f-VLED (frequency of 10 Hz).
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Figure 3. (a) 3D schematic illustrations of flexible vertical-structured LED (f-VLED) with short current path. (b) Heat distribution by FEM
calculation when current of 10 mA is applied to f-VLED (top). Isothermal image of f-VLED during light emission (bottom). (c) Photograph
of temperature analysis in monolithic f-VLEDs on human wrist. Thermometer measures the actual temperature and apparent temperature
using a thermocouple and IR thermal radiation, respectively. The inset is a magnified image of the thermocouple and skin-attached f-VLEDs
while detecting the actual temperature. (d) Actual measured temperature (ET) and apparent temperature (AT) of 30 X 30 monolithic f-
VLEDs during light emission. ET and AT were measured on the human wrist with bending radius of 2 cm.

(SEM) image depicts the 3.5 pm-thick AlGaInP LED layers,
embedded in a polymer epoxy layer of 20 um thickness
without any defects. In addition, it was possible to resolve the
critical step-coverage issue of f-VLED by tilted-sputtering
deposition, as demonstrated in the interconnecting metal
electrodes on the sidewall and the LED top surface (marked by
the red line in the upper inset of Figure 1b). The 30 X 30
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ultrathin f-VLED array can be stably attached to the human
wrist with biocompatible glue, as shown in Figure lc. Despite
active wrist movement, the conformally attached PM f-VLED
array successfully emitted a stable red glow on the human skin
without delamination or breakdown, indicating the possibility

of consistent phototherapy for alopecia treatment in daily life.
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Figure 4. (a) Statistical distribution with forward voltage of 100 LEDs. The upper inset is a box-whisker graph of the optical output density.
The lower inset displays a 10 X 10 red VLED array under bending condition. (b) Light extraction of monolithic red LED. The red region
and the gray region indicate the emission angle of monolithic f-VLED and conventional LED, respectively. The inset image is a simple cross-
sectional picture of monolithic red LED. (c) Electrical properties of f-VLEDs with various bending radius of 40, 30, 15, 10, and S mm
(concave bending). (d) Fatigue test results of forward voltage and irradiance during 100000 bending/unbending motions (concave

bending).

Electrical and Optical Properties of f-VLEDs. For
trichogenic modulation of specific skin areas, the chip size of
the f-VLEDs has to be sophisticatedly tuned, based on the
optical and electrical characteristics. Figure 2a presents a
magnified optical image of six different sized f-VLEDs. From
the left side, the LED chip sizes are 300 X 300 um?, 250 X 250
um?, 200 X 200 pum?, 150 X 150 gm?, 100 X 100 um?, and 50
X S0 pum? respectively. Figure 2b shows electroluminescence
(EL) characteristics of a monolithic f-VLED under flat and
bending conditions. The f-VLED displayed a sharp emission
peak of red light with 650 nm wavelength, regardless of the flat
and bent state. The CIE 1931 color coordinates of the f-
VLEDs were (0.6998, 0.3014), showing the high chroma and
hue of the red light, as shown in Figure S2 in the Supporting
Information. Since red light with wavelength from 600 to 700
nm can penetrate deeply under the skin to approximately 2
mm, our red f-VLEDs are effective to stimulate the hair
follicles, located at 1~2 mm below the skin surface."”~>"*” The
inset of Figure 2b is I-V curves of the monolithic f-VLEDs,
indicating a low forward voltage (V;) of 2.8 V under flat and
bent states. Figure 2¢ exhibits the optical output power density
of the f-VLED:s for the different-sized chips. As plotted in these
graphs, the output power of the f-VLEDs increased as the chip
size decreased. The 50 X 50 ym?-sized LED had a maximum
light output power of 29.4 mW mm ™ at 1 mA, which was
200% higher than that of the 100 X 100 ym®sized optical
device. This high irradiance of the small-sized uLED was
attributed to the low junction temperature during light
emission, due to its low internal resistance.””**™*® We chose
this 50 X 50 um*sized red fVLED for skin-attachable
phototherapy applications due to its deep light penetrability
and low power consumption (50 mW for a irradiance of 1 mW
mm™>) compared to the conventional phototherapeutic lasers
(20 W for irradiance of 1 mW mm™2).*”** Figure 2d and
Figure S3 in the Supporting Information show the pulse
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operation of monolithic f-VLEDs at 10 and 20 Hz, which can
decrease the LED heat generation during skin phototherapy
compared to continuous wave (CW) light.”*** The red f-
VLEDs were pulse-driven by an ~0.11 mA current at 10 ms
intervals, leading to a constant voltage response (4.5 V).

Thermal Stability of f-VLEDs. Thermally stable operation
of f-VLEDs is essential for application to skin-attachable
devices without dermal damage, such as erythema, swelling,
and low-temperature burns.'*"**" To investigate the thermal
stability of monolithic f-VLEDs, an AlGalnP f-VLED was
modeled with short 3.5 um current path on ultrathin flexible
substrates, as shown in Figure 3a. Figure 3b and S8 depict
theoretical heat distribution of the monolithic f-VLED,
calculated by the FEM Joule heating mode. The resistive
heating of the uLED was defined by eq 1.

Q=1IRt (1)

Here, Q is the heat caused by Joule heating, I denotes the
injection current, R is the device resistance, and t is the LED
operation time. The generated heat in a uLED chip is
conducted to the electrodes, passivation layer, and ultrathin
flexible substrates. This conductive heat transfer in the {-VLED
was calculated by heat transfer eq 2.

oT
heat(Q) = pCyp ” V(kVT) 2)
where p is the density of the various materials such as the
electrode, n-AlGalnP, p-AlGalnP, and multiquantum well
(MQW), Cp is the heat capacity, and k is the thermal
conductivity. When a 10 mA current was injected into the f-
VLED, the maximum temperature of the flat and bent {-VLED
was estimated to 345 (Figure 3b) and 350 K (Figure S8),
respectively. Despite the high injection current, the low
temperature of the f-VLED came from the sub-10 ym current
path of the microscale LED chip, which resulted in a low
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Figure 5. (a) Conceptual illustration of trichogenic photostimulation via monolithic red f-VLEDs (top). Photographs of mouse dorsal skin in
control, f-VLED-treated, and MNX-treated groups (bottom) after 20 days of hair-regrowth experiments. (b) Hair-regrowth area as a function
of skin stimulation days (top). Hair-regrowth experiment results of f-VLED-treated and MNX-treated mice, which were treated for 20
consecutive days (bottom) (*p < 0.0S, paired £ test, #p < 0.05, two way ANOVA; *#p < 0.01, ***p < 0.001, paired t test). Number of mice
used for analyses: light-treated, n = 4; MNX-treated, n = 4; negative control, n = 4. (c) Extracted hair images of mice after biological
experiments (top) of 20 days. Comparison of hair-growth length after trichogenic treatments (bottom) (*p < 0.05, paired t test).
Histological and immunofluorescence results of stimulated mouse dorsal skin in (d) control, (¢) MNX, and (f) fVLED group {(i) H&E
stained images, (ii) f-catenin stained images, (iii) DAPI stained images, (iv) merged images}.

internal electrical resistance,** as depicted in Figures S10

and 11 in the Supporting Information. In-depth analysis of this
phenomenon can be clarified by the isothermal mapping image
in the bottom of Figure 3b and Figure S9. According to the
simulation results, AlGalnP f-VLED lowered its junction
temperature by utilizing the bottom electrode as a heat sink,
dissipating the heat from the LED chip to the outside.*’

To verify the thermal stability of the monolithic {-VLEDs
experimentally, the f-VLED temperature was investigated on
human skin by modulating the LED irradiance (Figure 3c). For
accurate evaluation, the uLED temperature was analyzed by
two methods of noncontact and contact measurements. The
infrared (IR) radiant temperature of the LED surface, defined
as the apparent temperature (AT), was detected using a
noncontacting thermometer, while the conductive heat of the
f-VLED, defined as the eigen temperature (ET), was measured
using a contacting thermocouple, as shown in the inset of
Figure 3c. Figure 3d presents temperature measurement results
for f-VLEDs at different levels of light irradiance of 1, S, 10,
and 20 mW mm™> on the human wrist (bending radius of 2
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cm). The LED temperature depending on power density was
proportional to the irradiation time and finally saturated at 51,
45, 38, and 37 °C for 20, 10, 5, and 1 mW mm™>, respectively.
When the skin-attached f-VLED radiates red light of 1-5 mW
mm ™2, the skin temperature should be maintained at <40 °C
without any thermal damage of the tissue.””>” It is noteworthy
that the low-heating and thermal stability of the monolithic f-
VLEDs make this device suitable for wearable photo-
therapeutic applications in daily life, due to its high
performance without thermal skin damage.

Uniformity and Mechanical Stability of f-VLEDs. In
order to confirm the uniformity of our monolithic {-VLEDs,
the forward voltage (V) and irradiance of the 10 X 10 LEDs
were measured at 10 mA operation current. As displayed in
Figure 4a, the statistical bar chart of V; presents a Gaussian
distribution, showing that 91% of LEDs have V¢ in the range of
2.1-2.7 V. The upper inset of Figure 4a is a box-whisker graph
of f-VLED irradiance, depicting the average optical output
density of 25.5 mW mm™> Figure 4b presents light
distribution curves of the thin-film f-VLED, compared to the
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bulky commercial LED with wide light radiation. Our {-VLED
had a narrow light radiation angle of 60°, which was caused by
the total internal reflection between the encapsulation layer
and the polymer matrix,”**> as shown in the inset of Figure 4b.
It was possible to achieve the total reflection of the f-VLED by
optimizing the device structure and the component materials.
Based on Snell’s law, the top encapsulation layer was carefully
selected as transparent polymer with a large refractive index of
ngq = 1.67 compared to that of the polymer matrix (1, = 1.56).
According to the mathematical calculation, the emitted light
was focused and propagated with high straightness through a
microhole of the polymer matrix, as shown in Figure S12. The
concentrated light emission of our f-VLED indicates that
monolithic f-VLEDs can locally stimulate the targeted skin area
without any side effects to unintended regions. To confirm the
applicability to depilation treatment, the mechanical reliability
tests of f-VLEDs were fulfilled in the concave bending state,
which was similar condition with wearable trichogenic
treatment. The mechanical stability of the f-VLED was
examined by observing the V; change at different bending
curvature radius, as shown in Figure 4c. Despite the severe
bending state with curvature radius of S mm, V; increased only
by 024 V on the half-cylindrical PDMS mold. Figure 4d
exhibits the outstanding mechanical reliability of the f-VLEDs
at a bending radius of 5 mm. After 10 000 bending/unbending
cycles, V; increased by 1.1 V and the irradiance decreased by
1.68 mW mm™2 The excellent mechanical durability is
attributed to the structure and design of the monolithic f-
VLED, which can freely adjust the stress-free region (SFR) of
ultrathin flexible LED devices. The SFR can be expressed by
the following equation.*®™>*

n = i £,
Zi:lEeti{(zj=1tj) )
Z?:l Eeti

where 7 is the number of component layers, ¢, is the thickness
of the ith layer, and E, is the effective Young’s modulus.
According to eq 3, the SFR was located at the middle of the
AlGalInP LED chip (nearly 7.8 um above the device bottom),
as shown in Figure S13 in the Supporting Information.
Optimized SFR of the ultrathin f-VLED was easily realized by
controlling the polymer thickness of the device through spin-
coating. The mechanically stable f-VLEDs can be used in
wearable patch photostimulators, because they can endure
periodic mechanical stress from biomechanical motions.

Trichogenic Photostimulation of Mouse Dorsal Skin
via Monolithic Red f-VLEDs. To verify the trichogenic effect
of the skin-attachable f-VLEDs, the reliable evaluation of hair
growth was carried out in 12 7-week-old female mice during 20
consecutive days, based on the previous clinical studies, as
shown in Figure 52."%* The dorsal hair of mice was shaved off,
and mice were assigned to negative control, positive control,
and red f-VLED-treated groups; while mice in the positive
control (n = 4) were treated daily with injections of minoxidil
(MNX) solution to the intradermal region under the mouse
dorsal skin (injection quantity, 30 uL of 1 4M),"® the negative
control group (n = 4) was maintained without any treatment.
The shaved skin of the experimental group (n = 4) was
optically stimulated by patch-type f-VLEDs at S mW mm ™ for
1S min every day. The bottom images of Figure Sa are
photographs of mouse dorsal skin after 20 days of hair-
regrowth experiments. Mice in the experimental group

h
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()
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presented local hair regrowth in light-irradiated regions,
while control groups exhibited negligible changes in the
mouse dorsal skin. Figure Sb shows areal comparisons of hair-
regrown regions after in vivo animal experiments. The light-
treated group showed a faster hair-growth tendency than that
of other groups as time went by. The percentage of hair-
regrowth area was measured for confirming the trichogenic
effect of f-VLED, instead of the standard microscopic hair
counting.”*” The photostimulated mice exhibited a wider hair-
regrowth area (§9.76% in 1 X 1 cm®) than those of other
groups (36.16% in negative control group and 42.78% in
positive control group). Figure Sc displays length comparisons
of the extracted mouse hairs after 20 days of biomedical
experiments. The 183.2 pm length of the photostimulated
mouse hair was remarkably longer than 103.6 um of the
positive control group. Red light with a wavelength of ~650
nm is known to accelerate the proliferation and anagen entry of
hair follicle cells, which are closely related to hair re-
growth.">*"*" In order to confirm the follicle increasing effect
of monolithic f-VLEDs, histological and immunofluorescence
analyses were performed on the extracted skin tissues, as
shown in Figure 5d—f. After hair-regrowth experiments, the
mouse dorsal tissues were cut into thin slices, and stained with
hematoxylin and eosin (H&E), 4',6-diamidino-2-phenylindole
(DAPI; blue fluorescence), and f-catenin (green fluorescence).
Figure Sf—i displays histological results of the photostimulated
skin tissue. Mouse hair follicles proliferated more in the light-
treated skin compared with the control groups, as presented in
Figure Sd,e(i). The f-catenin expression was evaluated in
immunofluorescence tests, since it is closely associated with
Wnt signaling, which is the most important factor in hair
follicle development.®”™®* As shown in Figure Sf(ii), the f-
catenin protein was prominently expressed in the experimental
group compared to the control groups (Figure Sd,e(ii). These
results demonstrate that the red light of f-VLED successfully
accelerated the Wnt/f-catenin signal, enabling the prolifer-
ation of hair follicle cells and enhancing anagen entry of mouse
dorsal hair.**

CONCLUSIONS

In summary, we demonstrated a skin-attachable trichogenic
photostimulator using high-performance AlGalnP f{-VLEDs.
Ultrathin 30 X 30 red f-VLEDs with high optical output of 30
mW mm™> were stably attached to human skin without
cracking or delamination. The 10 Hz-pulsed red light with a
peak wavelength of 650 nm enabled deep dermal stimulation
of the subcutaneous tissue. The excellent thermal stability of
monolithic f-VLED was theoretically confirmed by Joule
heating and heat flux mode of FEM simulation. In addition,
the f-VLED exhibited a narrow light emission angle of 60° and
superior mechanical reliability in 10 000 harsh bending fatigue
tests, indicating its possibility for use in skin-attachable
phototherapeutic device. Finally, our red f-VLED stimulator
was readily implemented on the dorsal skin of the depilated
mice, enabling hair-growth photostimulation. The hair growth
of the depilated mouse was promoted by periodic irradiation of
red light for 20 consecutive days. After the red f-VLEDs
irradiated the mouse skin, the hair growth-related Wnt/p-
catenin signal was observed in the extracted mouse skin
without any thermal or inflammatory tissue damage. This
approach confirms that our red f-VLEDs are powerful tools for
real-time phototherapy applications, such as wound healing,
acne care, and skin lightening,
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EXPERIMENTAL SECTION

Electrical Measurements. I-V curves of the monolithic LEDs
were analyzed using a Keithley 4200-SCS with current sweep mode.
Periodic pulsed current was applied to f-VLEDs using a Keithley
2612A (frequency of 10 and 20 Hz and pulse width of 10 ms).

Optical Measurements. The optical properties of the red
AlGaInP LEDs were determined by AvaSpec-UlS2048-RS optic
spectroscopy (Avantes Corp.). The EL and optical output density
were measured with current density from 40 to 240 mA/ mm?> The
cross-sectional light emission distribution was analyzed using a GP-
200 goniophotometer (Murakami Color Research Laboratory).

Bending Test. The optical/electrical characteristics of monolithic
AlGaInP LEDs were measured on a half-cylinder PDMS mold with
bending curvature from 5 to 30 mm.®® The mechanical fatigue test of
f-VLEDs was performed on a QS48 periodic bending motion machine
(TPC motion Corp.) and a Keithley 230 power source meter.”®
Irradiance and turn-on voltage were determined after periodic
deformation cycles of 10 000 cycles with 2 Hz frequency.

Animals. All animal care and experiments were performed
according to the directives of the Animal Care and Use Committee
of the Korea Advanced Institute of Science and Technology (KAIST,
Korea). The mice were maintained under 12 h light/dark cycle (light
cycle beginning at 6:00) at room temperature with ad libitum access
to food and water.

Trichogenic Stimulation Test. Twelve female 7-week-old mice
of were used to test the trichogenic effects of MNX and red f-VLEDs
for consecutive 20 days. MNX (30 uL of 1 M) was injected into the
intradermal area of mice in the positive control group. MNX injection
was accomplished by the intralesional injection method, which can
solve the insufficient trichogenic effect of the endermic drug and
reduce the side-effects of the general injection methods. The red light
of the f-VLED (900 LEDs with §$ mW mm™? irradiance) was used to
irradiate the mouse dorsal skin in the experimental group for 15 min
every day, as shown in Figures S18—20.
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