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A B S T R A C T

Androgenetic alopecia is a common form of scalp hair loss that affects men in their mid-twenties and increases
with age. Finasteride (FNS) has been approved and used orally to treat androgenetic alopecia; however, systemic
effects on other androgen-dependent tissues cause severe side-effects. To overcome these systemic effects and
target hair follicles in the scalp only, numerous topical formulations of FNS have been developed and further
combined with the solid microneedle (SMN) technique to create micro-channels in the skin, thus overcoming the
skin barrier properties. However, low delivery efficiency and concerns over patient safety of SMNs remain major
limitations of the treatment. In the present study, we developed a novel FNS delivery system comprising powder-
carrying microneedles (PCMs), which is a patch-less and self-administered powder delivery technique that si-
multaneously overcomes the safety issues. This system could directly implant FNS inside the skin by en-
capsulating the FNS powder in the center of the PCMs. In addition, we introduced the concept of a diffusion
enhancer for this system, which facilitated the dissolution and release of the implanted FNS powder to achieve its
successful intradermal delivery. Using implanted FNS powder as a reservoir inside the skin, this novel system
permitted sustained release of the implanted FNS powder for 3 days with only one application of FNS-PCMs. In
addition, compared with the topical FNS-gel, the developed system showed a higher efficacy in promoting hair
growth and increased the amount and density of hair while addressing the safety concerns. This approach has the
potential to advance the field of transdermal drug delivery for any type of powdered drug in a wide variety of
biomedical applications.

1. Introduction

Androgenetic alopecia, also known as male-pattern baldness, is a
common form of scalp hair loss that begins in men in their mid-twenties
and increases with age [1]. The incidence of androgenetic alopecia is
higher in men than in women, because the hormone testosterone, which
is converted to dihydrotestosterone by type-2 5α-reductase in hair
follicles, plays a key role in male androgenetic alopecia [2,3]. High
expression of dihydrotestosterone promotes shrinking and weakness of
hair follicles; therefore, inhibitors of type-2 5α-reductase have been
developed to prevent hair loss or to stabilize and maintain the density
of newly acquired hair [4–6]. Finasteride (FNS), a synthetic inhibitor of
type-2 5αreductase, has been approved and used orally to treat an-
drogenetic alopecia [7,8]. Oral administration is the most preferred and
convenient method because of good patient compliance. However, or-
ally administered FNS has a systemic effect and causes severe side-ef-
fects on other androgen-dependent tissues, such as impaired

reproductive function, impotence, erectile dysfunction, and gyneco-
mastia [9,10].

To overcome these side-effects of oral administration, topical ap-
plications of FNS have been developed because the target tissue of FNS
for androgenetic alopecia is restricted to the hair follicles in the scalp.
Although oral administration of FNS is only approved by the Food and
Drug Administration (FDA) and the European Medicines Agency (EMA)
for the treatment of androgenetic alopecia currently, many researches
have been focused on topical delivery of FNS due to its safety.
Especially, various topical formulation techniques, such as permeation
chemicals [11], liposomes [6,9,10], and nanoparticles [12] have been
developed for the intradermal delivery of FNS to the reticular and hy-
podermic regions, which contain most of the hair follicles [13]. How-
ever, many of these formulations have poor penetration because the
outermost skin layer, the stratum corneum, acts as a physical barrier to
the entrance of substances into the skin. To overcome this hurdle in
penetration, microneedle techniques that can pierce the skin physically
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have been introduced [14,15].
Previously, solid microneedles (SMNs), made of metal or silicon,

were used to create micro-channels in the skin [16,17]. After the ap-
plication of SMNs, topical formulations could be delivered via these
channels, thus improving the delivery efficiency to hair follicles.
However, SMNs also induce side-effects, such as irritation, redness, and
red spots on the application site, which are caused by infection or ex-
posure to air immediately after treatment [18]. In addition, SMNs are
typically made of permanent materials, which form hazardous wastes,
and raise concerns over patient safety and their inappropriate or acci-
dental reuse [19]. Moreover, although this method promotes the ab-
sorption of the formulations, the delivery efficiency remains low be-
cause SMNs are used as an additive technology of the topical
formulations [20]. Therefore, a new strategy to deliver FNS inside the
skin directly is required to increase the delivery efficiency.

Recently, as an alternative to SMNs, dissolving microneedles
(DMNs), which comprise polymeric micro-sized needles that release
their loaded therapeutics into dermal layers after penetrating the skin,
have been developed as an advanced transdermal drug delivery system
[21–24]. Lacking the side-effects or safety issues of SMNs, DMNs also
deliver therapeutics into the dermal regions directly; thus, FNS is
considered one of the best candidates for the application of DMN
technology. However, to date, most therapeutics delivered via DMNs
have been limited to hydrophilic compounds because of the water-so-
luble nature of the backbone polymers use to achieve homogeneity or
for the regular encapsulation of therapeutics [25,26]. Moreover, lipo-
philic drugs, such as FNS, aggregate or crystallize with the backbone
polymers during the mixing step in the DMN fabrication process,
making it difficult to fabricate DMNs; even if successfully fabricated,
the encapsulated drugs cannot diffuse out of the DMNs inside the skin
[26,27]. However, to the best of our knowledge, a strategy compro-
mising intradermal delivery of FNS with effective permeation via
DMNs, although desirable, has not been introduced.

In this study, we designed a novel FNS delivery system using
powder-carrying microneedles (FNS-PCMs) with a topical diffusion
enhancer (DE) to treat androgenetic alopecia. The FNS powder was
encapsulated in the center of the DMN structure [28], which overcame
the insolubility problem of the lipophilic drug in the conventional DMN
fabrication process. By using the inherent microneedle function which
overcomes the skin barrier properties, FNS powder was physically pe-
netrated and implanted inside the skin. In addition, the topical appli-
cation of DE, which is composed of similar solvent compositions of FNS-
gel, was introduced sequentially on the application sites of FNS-PCMs to
improve their dissolution and release of the implanted FNS powder.
After the fabrication of FNS-PCMs, their physical properties and skin
penetration ability were determined, and the efficacy of this novel DE-
adapted application system was visualized qualitatively using Nile red
as a model drug, and quantitatively using FNS in Franz diffusion cell
test. Moreover, using C57BL/6 N mice, the amount of residual FNS was
analyzed to indicate the clearance of the implanted FNS powder, which
validated the safety of the method. Further, the hair growth promotion
effect of the FNS-PCMs was compared with that of topically adminis-
tered FNS-gel. The delivery of FNS via PCMs with DE offers a novel
microneedle approach to treat androgenetic alopecia without any ap-
parent safety issues.

2. Materials and methods

2.1. Fabrication of FNS-PCMs

A polydimethylsiloxane (PDMS) mold was created by casting 5 × 5
microneedle master structures with a height of 800 μm and a base
diameter of 450 μm. A 10 % (w/v) carboxymethyl cellulose (CMC,
Sigma-Aldrich, St. Louis, MO, USA) solution was prepared using a
planetary centrifugal mixer (ARV-310; Thinky Corp., Tokyo, Japan) at
5,000 rpm for 10 min. Carboxymethyl cellulose was used as a backbone

polymer of the FNS-PCMs because of its biodegradable, biocompatible,
and viscous nature [29]. After casting 50 μL per cm2 of CMC solution on
the surface of the PDMS mold, the holes in the mold were filled under
centrifugation at 5,000 rpm for 5 min. The solution was then dried at
ambient temperature for 24 h, resulting in a solidified array with cav-
ities in the center of the DMN structures, which was detached from the
PDMS mold. The arrays were positioned in the holes of the fixing layer,
and the protective layer was assembled by aligning the holes. The fixing
layer had an array of holes to ensure that the DMNs are positioned and
fixed exactly, and the protective layer with the same array of holes was
used to physically protect the loaded powder from scattering. After
loading the FNS powder (Sigma-Aldrich) in the holes of the protective
layer, the two layers were centrifuged horizontally at 5,000 rpm for
5 min. After de-masking the protective layer, a second protective layer
including a thin CMC film (thickness: 30 μm) was assembled. The mi-
cropillar arrays were then aligned with the holes of the second pro-
tective layer, resulting in the FNS-PCM implantation device [30]. For in
vitro distribution analysis, the cavities were filled with Nile red powder
(Sigma-Aldrich) as a model drug (Nile red-PCMs).

2.2. Fabrication of FNS-gel and DE

Among various topical formulations of FNS, a chitosan-based aqu-
eous formulation was prepared as a control compared to this FNS-PCM/
DE system, for high permeation of FNS in the reticular and hypodermic
regions of the scalp [13]. Briefly, a solvent consisting of ethanol (99.5°,
Sigma-Aldrich), propylene glycol (Sigma-Aldrich), and distilled water
at a ratio of 55:5:38.75 (v/v) was mixed and vortexed. Then, 0.25 %
(w/v) of FNS and 1 % (w/v) of chitosan (Sigma-Aldrich) were added,
and homogenized sequentially at 5000 rpm for 10 min in the planetary
centrifugal mixer. For the in vitro distribution analysis, Nile red was
used instead of FNS (Nile red-gel). In addition, using the same solvent
composition at a ratio of 60:10:38.75 (v/v), the DE was fabricated for
the topical application on the FNS-PCM implantation sites to improve
the dissolution and diffusion of the implanted FNS powder.

2.3. Morphologies, physical properties, and skin penetration analysis of
FNS-PCMs

To validate the morphological properties of the FNS-PCM structures,
the length and tip diameter were measured under a microscope (bright
field, mode, M165FC, Leica, Wetzlar, Germany). In addition, to analyze
the skin penetration ability, the mechanical fracture force of a single
FNS-PCM structure was assessed using a displacement force machine
(Z0.5 T N, Zwick/Roell Inc., Ulm, Germany) [31,32]. Briefly, after a
single FNS-PCM structure was separated and attached to the stainless-
steel station of the force machine, the axial force was recorded when
the sensor probe was pressed onto the FNS-PCM in a downward vertical
direction at a speed of 3.6 mm/min. To analyze the skin penetration
ability, FNS-PCM arrays were applied on hair-removed pig cadaver skin
(thickness: 800 μm, Cronex, Hwaseong, Korea). The perforations of the
skin were stained with 0.4 % trypan blue solution (Sigma-Aldrich) for
30 min and then imaged under the microscope.

2.4. In vitro skin permeation and retention test

The in vitro skin permeation and retention test was conducted using
a vertical-type Franz diffusion cell (Hanson, Chatsworth, CA, USA) with
the pig cadaver skin. The test was conducted in quadruplicate with
three groups: The FNS-gel group, the FNS-PCM group without DE (FNS-
PCM only group), and the FNS-PCM group with DE (FNS-PCM/DE
group). In the FNS-gel group, 10 μL per cm2 of FNS gel was applied on
the skin topically following the guidelines for in vitro application (OECD
Test Guideline 428: Skin Absorption: in vitroMethod, 2004). In the FNS-
PCM only group, FNS-PCMs (at 25 microneedles per cm2) were applied
on the skin using the implantation device. In the FNS-PCM/DE group,
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FNS-PCMs were applied and then 10 μL per cm2 of DE was applied
sequentially on the FNS-PCMs implantation site. The tissues of the
groups were carefully mounted onto the donor compartment of the
diffusion cell. The receptor chamber was filled with phosphate-buffered
saline (Life Technologies, Eugene, OR, USA) with 20 % (v/v) ethanol,
and maintained at 32 °C using a water jacket. After 24 h, 1 mL aliquots
were withdrawn from the receptor and analyzed using high-perfor-
mance liquid chromatography (HPLC).

The amount of FNS retained in the skin was determined after the
permeation test. The FNS powder that did not diffuse out after DE
treatment and thus remained inside the skin in a powdered state at the
implantation sites was washed out several times using distilled water
and the skin was gently dried using tissue paper. The skin was cut into
small pieces using scissors, homogenized with 50 % (v/v) solution of
methanol (Sigma-Aldrich) for 5 min, and sonicated in a water bath
sonicator (Branson Ultrasonics Corp., Danbury, CT, USA) at 25 °C for
30 min. The solution was centrifuged at 5,000 rpm for 10 min, and the
FNS content in the supernatant was determined using HPLC.

2.5. HPLC conditions for FNS

The quantitative determination of FNS was performed using a re-
verse-phase HPLC system (Waters 600S, Waters, Milford, MA, USA)
with a C18 column (150 mm × 4.6 i.d., Cosmosil 5C18-AR-II, Nacalai
Tesque Inc., Kyoto, Japan). A stock solution of FNS was serially diluted
from 0 to 500 μg/mL (R2 ≥ 0.99) to prepare the calibration curve. The
mobile phase comprised a mixture of acetonitrile:methanol:water
(20:40:40). The phase remained isocratic and the flow rate was 1.0 mL/
min. The detection wavelength for FNS was 210 nm, and the retention
time was 13.5 min.

2.6. Qualitative distribution analysis of Nile red-PCMs and gel

The Nile red-gel group, the Nile red-PCM group without DE (Nile
red-PCM only group) and the Nile red-PCM group with DE (Nile red-
PCM/DE group) were analyzed for the distribution of Nile red in the
skin qualitatively. After 24 h of Franz diffusion cell experiments, the
Nile red powder remained inside the skin in a powdered state at the
implantation sites was washed out several times using distilled water
and the skin was gently dried using tissue paper. The skin surfaces
(inner and outer surface of the skin) and cross-sections of the three
groups were then photographed under the microscope (bright field and
fluorescent mode) to confirm the lateral and vertical diffusion of Nile
red.

2.7. In vitro diffusivity analysis of FNS by X-ray diffraction (XRD)

The diffusivity of FNS inside the skin was confirmed by XRD ana-
lysis performed on randomly oriented samples continuously scanned
over the interval 10-60°, 2-theta using an high-resolution XRD (Ultima
IV, Rigaku Corp., Tokyo, Japan) with Bragg-Brentano geometry (2-
theta/theta) at 40 kV and 30 mA X-ray and K-beta filter radiation. For
analyzing the diffusivity of FNS by DE in vitro, the pig cadaver skin after
implantation of FNS-PCMs immediately was compared by the FNS-PCM
only group and the FNS-PCM/DE group. For the sustained release of the
implanted FNS powder for 3 days, the skin treated with daily applica-
tion of DE after the permeation test was analyzed. After the permeation
test of each group, all skin samples were dried at 32 °C for 1 day, and
the implantation sites of FNS-PCMs were sectioned using scissors and
attached to the station of the machine for the XRD analysis.

2.8. In vivo clearance test

All animal experiments were conducted according to procedures
approved by Institutional Animal Care and Committee (IACUC) at
Yonsei University. Healthy male C57BL/6 mice (7–8 weeks old,

OrientBio, Seongnam, Korea) were used in this study. After being
housed for 1 week for environmental adaptation, the dorsal skin was
shaved using an electric clipper and depilated using hair-removal cream
(thioglycolic acid 80 %, Viokox SA, Aldaia, Spain) 1 day before the test.
About 0.5 g of the cream was applied on the hair-clipped back of the
mice for 2 min, and the cream was wiped off using tissue paper for
depilation. The back skin was rinsed extensively with distilled water to
remove the remaining thioglycolic acid. The mice without significant
wounds on their backs were selected and grouped randomly.

To assess the clearance of implanted FNS powder and validate its
safety, after FNSPCMs implantation and immediately DE application at
day 0, four groups were designed as follows: (a) Sacrifice at day 0; (b)
Sacrifice at day 1; (c) additional DE application at day 1, and sacrifice at
day 2; and (d) additional DE application at day 1 and 2, and sacrifice at
day 3, and two groups as controls were additionally designed as fol-
lows: (e) without DE application at day 1, and sacrifice at day 2; (f)
without DE application at day 2, and sacrifice at day 3 (n = 4 per
group). On the end points of each group, the mice were sacrificed and
the dorsal skin over the application site was sampled and cut into small
pieces using scissors. The samples were homogenized with 50 % (v/v)
solution of methanol, sonicated at 25 °C for 30 min, and centrifuged at
5000 rpm for 10 min. The content of FNS in the supernatant was ana-
lyzed using HPLC.

2.9. In vivo evaluation of hair growth promotion

To evaluate hair growth promotion, a control group (a non-treated
group), an FNS-gel group, and an FNS-PCM/DE group were designed
(n = 5 per group). In the FNS-gel group, 10 μL of FNS-gel was applied
in 1 cm2 of dorsal skin once a day. In the FNS-PCM/DE group, FNS-
PCMs and sequential DE were applied into 1 cm2 of dorsal skin, and
then daily application of additional DE was conducted for 2 days (with
the application of FNS-PCMs every 3 days). The applications of each
group were continued for 12 days and the degree of hair growth was
evaluated every 3 days by visual scoring of a hair growth quantification
scale as follows: (0) initial state; (1) grey to black coloration; (2) short
visible hair; (3) sparse long hair; (4) dense long hair; and (5) complete
hair growth [33,34]. One week after the test, the dorsal skins of all
groups were shaved using an electric clipper to analyze application and
non-treated sites; the scalp was imaged using a portable scalp analysis
machine (A-One Tab, Bomtech Electronics, Seoul, Korea). The area of
the dense long hair of the FNS-PCM/DE group was measured using
ImageJ software (NIH, Bethesda, MD, USA).

2.10. Storage conditions for a stability test

FNS powder, FNS-gel, and FNS-PCMs were sealed in Eppendorf
tubes. After wrapping with aluminum foil, samples were stored for up
to 8 weeks at 25 °C and 40 % relative humidity using a temperature
regulator machine (Jeio Tech, Seoul, Korea). The FNS contents were
measured at 0, 4, and 8 weeks using HPLC.

2.11. Statistical analysis

SPSS (IBM, Armonk, NY, USA) was used for the statistical analysis.
Comparisons of the experimental and control groups were performed
using one-way analysis of variance (ANOVA) followed by a post-hoc
Scheffe test. Statistical significance was set as p < 0.05.

3. Results and discussion

3.1. Fabrication of FNS-PCMs

A schematic representation of the fabrication process of the FNS-
PCMs is shown in Fig. 1. The process consisted of two steps: fabrication
of DMN arrays with cavities and loading the FNS powder into the
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cavities. In the first step, the DMN arrays with cavities were prepared
using a mold-casting method [35]. Briefly, arrays of 5 × 5 microneedle
master structures were fabricated from stainless-steel using laser cut-
ting, and then an inverse mold was created by casting the master
structures in PDMS. After filling a CMC solution into the arrays of mi-
croneedle-shaped holes of the PDMS mold by centrifugation, drying was
conducted to produce the DMN arrays with cavities caused by the
shrinkage of the CMC solution. The resultant structures were detached
from the mold.

Next, the arrays were positioned and fixed exactly in the holes of the
fixing layer, and the protective layer with the same array of holes was
assembled by aligning the holes for masking (Fig. 1B). After loading the
FNS powder into the holes of the protective layer, the two layers were
centrifuged to load the powder into the cavities of the DMNs. After de-
masking the protective layer, a second protective layer with a thin CMC
film was assembled to physically seal the open base part of FNS-PCMs
to prevent the scattering of FNS powder. The micropillar arrays were
then aligned with the holes of the second protective layer, resulting in
the FNS-PCM implantation device.

3.2. Transdermal delivery of FNS-PCMs with DE

Fig. 2 shows a schematic illustration of the transdermal delivery of
FNS-PCMs with a DE. Arrays of 5 × 5 FNS-PCMs were fabricated in a
customized, micropillar-based implantation device, which enabled the
microneedle arrays to be implanted in less than a second without any
sticky-patches (Fig. 2A) [30]. After positioning of this device directly

above the skin, the arrays of micropillars inside the device were pushed,
resulting in full implantation of the FNS-PCM arrays (Fig. 2B). This
complete implantation of FNS-PCMs made it possible to direct insert the
FNS powder by using the inherent microneedle function of physically
skin penetration, and thus DE could be applied sequentially on the
implantation site of the FNS-PCMs (Fig. 2C). In addition, the FNS
powder was located in the cavity of DMN structures and physically
sealed using a thin CMC film, which enabled the powder to be im-
planted and remain under the dermis during DE application. As the DE
diffused into the skin via the micro-channels created by the FNS-PCMs,
the FNS powder was dissolved and then released into the dermal layer,
resulting in intradermal FNS powder delivery.

3.3. Morphology, physical properties, and skin penetration analysis of FNS-
PCMs

Before loading the FNS powder into the DMN arrays with cavities,
their morphology was verified under an optical microscope to confirm
the uniformity and specificity of each microneedle structure. The DMNs
were fabricated based on a mold casting method; therefore, the height
and base diameter of each structure were determined from the mor-
phology of microneedle master structures as 801.5 ± 6.2 μm and
450.7 ± 6.8 μm, respectively (Fig. 3A, n = 4, mean ± SEM). In ad-
dition, the cavities for loading the FNS powder were formed in the
center of the DMNs at a height of 426.7 ± 16.6 μm (dotted red line). In
an image of the 5 × 5 arrays, the DMNs showed uniform and symmetric
cone shapes with the regular cavities. Moreover, after loading the FNS

Fig. 1. Schematic representation of the fabrication
process of finasteride (FNS)-loaded powder-carrying
microneedles (FNS-PCMs). (A) Using a poly-
dimethylsiloxane (PDMS) mold, a carboxymethyl cel-
lulose (CMC) solution was cast, dried, and detached,
resulting in a solidified array with cavities in the center
of the dissolving microneedle (DMN) structures. (B)
The arrays were assembled in the holes of a fixing
layer, and masked with a protective layer. Then, the
FNS powder was loaded into the holes of the protective
layer, and the two layers were centrifuged to load the
powder into the cavities. After de-masking the pro-
tective layer and assembly with a new protective layer
coated with a CMC film, the micropillar arrays were
aligned with the holes, resulting in the FNS-PCM im-
plantation device.

Fig. 2. Schematic representation of the finas-
teride (FNS)-loaded powder-carrying micro-
needles (FNS-PCMs) device and application
with the diffusion enhancer (DE). (A) Arrays of
5 × 5 FNS-PCMs were housed in a micropillar-
based implantation device. (B) Movement of
the micropillar arrays toward the skin enabled
full insertion of the FNS-PCMs, and retraction
resulted in their implantation inside the skin.
(C) Upon completion of implantation, DE was
applied sequentially on the implantation site of
the FNS-PCMs. Diffusion of DE via the micro-
channels enabled the FNS powder to be dis-
solved and then released into the dermal layer.
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powder, we observed that the FNS powder was fully filled into the
center of the DMN cavity, which confirmed that the FNS powder was
loaded directly into the DMN structures (i.e., FNS-PCMs). Conventional
DMN techniques have mainly focused on hydrophilic compounds be-
cause of the water-soluble nature of backbone polymers; however, this
result showed that PCM could encapsulate any powder formulations
including lipophilic compounds, without considering the characteristics
of the polymers. The arrays of FNS-PCMs also showed uniform shapes
when encapsulating the FNS powder and contained a total of
209.8 ± 8.7 μg of FNS (n = 4, mean ± SEM).

The cavities of the DMN structures for loading FNS powder would
decrease the mechanical strength of the structures and might fail to
penetrate the skin [35]; therefore, a mechanical force was applied to

confirm the skin penetration ability [31,32]. Representative graphs for
the mechanical strength of the FNS powder-unloaded group (DMNs
before loading the FNS powder) and the FNS powder-loaded group are
shown in Fig. 3B (n = 4, mean ± SEM). As a result, the FNS powder-
unloaded group showed two factures as the peaks of the graph,
0.062 ± 0.037 N at 30.3 ± 4.5 μm and 0.634 ± 0.179 N at
361.3 ± 9.3 μm, respectively (arrow marks). As a result, the FNS
powder-unloaded group showed two factures as the peaks of the graph,
0.062 ± 0.037 N at 30.3 ± 4.5 μm and 0.634 ± 0.179 N at
361.3 ± 9.3 μm, respectively (arrow marks). Based on the distance
values at which the fractures occurred, we could predict that the first
fracture occurred when the tip part was broken, and the second fracture
occurred in the structure itself. By contrast, the FNS powder-loaded
group showed one fracture as 0.066 ± 0.011 N at 40.2 ± 9.4 μm,
which was similar to the first fracture of the unloaded DMN structure,
indicating that only the tip part was broken. Microscopic imaging
confirmed that the FNS powder-unloaded group had two fractures at
the tip of the structure (i), and at the base part (ii) (Fig. 3C, dotted red
circles). However, FNS powder-loaded group showed a fracture only at
the tip part (iii) and no additional fracture occurred during the test (iv),
which suggested that loading the FNS powder in the cavity of DMN
increased the mechanical strength of the base part of the structure by
occupying the empty space.

In parallel, the FNS powder-unloaded group showed imperfect
perforation of the pig cadaver skin (i; dotted white circles, Fig. 3D),
which reconfirmed the decreased mechanical strength caused by the
cavities in the DMN arrays. The underside (inner surface) of the skin
also showed no changes compared with the intact skin (ii). By contrast,
the FNS powder-loaded group showed a 5 × 5 pattern of perforations
that exactly matched the FNS-PCM arrays (iii; dotted white circles), and
the inner surface of the skin showed the same pattern, indicating for-
mation of the micro-channels caused by FNS-PCM puncture (iv); this
demonstrated that the FNS-PCMs were able to penetrate the skin, al-
lowing delivery of the encapsulated FNS powder directly inside the
skin.

3.4. Qualitative distribution analysis of Nile red-PCMs and gel

Although FNS powder was successfully implanted inside the skin by
using the inherent microneedle function of physical penetration, the
FNS powder could not be dissolved and diffused inside the skin due to
its lipophilic and crystalline characteristics [26,27]; therefore, the im-
planted FNS powder after application of FNS-PCMs was expected to
have no biological activity. Especially, FNS-gels contain formulations of
organic solvents to deliver FNS topically, such as ethanol and propylene
glycol, the former being reported to solubilize FNS, contributing to the
formation of an elastic film on skin and/or hair surface and deposit the
drug within the follicle, while the latter being known to act as a drug
penetration enhancer, solvate keratin within the stratum corneum and
the intercalate in the polar head groups of the lipid bilayers [13]. In
these perspectives, an additional topical formulation, similar composi-
tions to that of FNS-gel’s solvents, would also be required to overcome
these limitations and thus activate the biological functions of the im-
planted FNS powder inside the skin. We used Nile red as a model drug
instead of FNS to confirm qualitative distribution analysis of this system
because Nile red is a hydrophobic dye that is non-fluorescent in water
or other polar solvents, but fluoresces when dissolved in an organic
solvent [36]. The observations of Nile-red fluorescence indicated the
dissolution and diffusion of Nile red powder inside the skin, which
verified the need for the additional application of the DE on the FNS-
PCMs implantation site. The distributions of Nile-red in the Nile red-
PCM only and the Nile red-PCM/DE group were compared after re-
moving the implanted residual Nile red powder inside the skin that
remained in a powdered state, which was non-fluorescent and thus
indicated no biological activity.

As a result, the Nile red-PCM only group showed no purple color at

Fig. 3. (A) Microscopic images of single dissolving microneedle (DMN) and the
arrays with cavities before and after loading of the finasteride (FNS) powder
(Scale bar, 1 mm). The dotted red line indicates the cavity for loading the FNS
powder. (B) Standard force of a single DMN structure before and after loading
the FNS powder, which was recorded by moving the probe along the axial
distance; the peaks of the graphs indicate the fracture force (arrows, n = 4,
mean ± SEM). Both groups showed a first fracture when the tip part was
broken, whereas additional fractures occurred at the base part only in FNS
powder-unloaded group. (C) The FNS powder-unloaded group showed a frac-
ture of the tip (i; dotted red circle) and a base fracture (ii) in microscopic
images, while the FNS powder-loaded group showed only the tip fracture (iii)
and the base fracture did not occur until 1 N of axial force was applied (iv, Scale
bar: 300 μm). (D) In skin penetration analysis, the FNS powder-unloaded group
showed imperfect skin perforation of both the outer surface (i; white dotted
circles) and inner surface of the skin (ii), whereas the FNS powder-loaded group
showed the 5 × 5 pattern of perforations in the outer surface (iii; dotted white
circles) and inner surface (iv), indicating formation of the micro-channels
caused by the FNS-PCM puncture (Scale bar, 1 mm).
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the application site (outer surface of the skin), representing the dis-
solution and diffusion of Nile red, even though successful skin pene-
tration was demonstrated by the patterns of the microchannels in the
inner surface of the skin (Fig. 4A). This indicated that all the Nile red
powder was washed out and could not diffuse into the skin. By contrast,
the Nile red-PCM/DE group showed the purple color over the applica-
tion site (1 cm2, black dotted squares), which demonstrated that the
sequential application of the DE facilitated the lateral diffusion of Nile
red encapsulated in the PCMs. In addition, in the images of the inner
surface of the skin, both groups showed 5 × 5 patterns of perforations
in the application area of 1 cm2, reconfirming the successful penetra-
tion and micro-channel formation via the Nile red-PCMs, as shown in
Fig. 3D. However, purple staining representing the diffusion of Nile red
via the micro-channels under 800 μm (the thickness of the pig cadaver
skin) was only observed in the Nile red-PCM/DE group, which indicated
that DE application was required for lipophilic powder drug delivery
and that it promoted the vertical diffusion of Nile red via the channels.
The FNS powder has similar lipophilic characteristic to Nile red;
therefore, these results suggested strongly that application of the DE on
the implantation site of FNS-PCMs is a prerequisite for intradermal
delivery of FNS. In the Nile red-gel group, purple staining was observed
in both the outer and inner surfaces of the skin; however, the staining
area was limited to the application site indicating limited lateral

diffusion of Nile red compared with that observed for the Nile red-
PCM/DE group. Moreover, the Nile red-gel group showed a more in-
tense purple color on the outer surface of the skin and a less intense
color on the inner surface, compared with that in the Nile red-PCM/DE
group, indicating limited vertical diffusion of the gel formulation
through stratum corneum. This result suggested that an application
including FNS-PCMs with the DE could deliver FNS more effectively to
the reticular and hypodermic regions compared with that of the FNS-gel
formulation.

Cross-sectioned images of the skin in the Nile-red PCM only group,
Nile-red PCM/DE group, and Nile red-gel group are shown in Fig. 4B.
These results also demonstrated that diffusion of Nile red did not occur
in the Nile-red PCM only group, whereas the Nile red-PCM/DE and Nile
red-gel group showed vertical diffusion of Nile red throughout the skin
on both phase contrast and fluorescent images. Moreover, in the Nile
red-PCM/DE group, the fluorescence intensity was higher than that of
the gel group, which confirmed that this application system is more
effective to deliver FNS intradermally than the gel formulation.

3.5. In vitro skin permeation and retention of FNS

Next, instead of Nile red powder, FNS powder was loaded into the
PCMs to quantitatively demonstrate the transdermal delivery of FNS via

Fig. 4. (A) Distribution analysis after 24 h of permeation in the Nile red powder-loaded powder-carrying microneedle (Nile red-PCM) and Nile red-gel groups (Scale
bar, 3 mm). The Nile red-PCM only group showed no purple color at the application site (1 cm2, black dotted squares) in both the outer and inner skin surfaces,
whereas the application of Nile red-PCM with the diffusion enhancer (DE) showed purple staining over the application site (Nile red-PCM/DE group); this indicated
that the DE was necessary for lipophilic powder drug delivery and could facilitate the vertical diffusion of Nile red via the micro-channels. The Nile red-gel group
showed more intense staining in the outer surface and less intense staining in the inner surface, indicating limited vertical diffusion of the gel formulation through the
stratum corneum. (B) Cross-sectioned images demonstrated that diffusion of Nile red did not occur in the Nile-red PCM only group (Scale bar, 3 mm). Both Nile red-
PCM/DE and Nile red-gel group showed vertical diffusion in the phase contrast and fluorescent images; however, the fluorescence intensity in the Nile red-PCM/DE
group was higher than that in the gel group. Arrows represent the implantation sites of the Nile red-PCMs.
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PCM combined with DE application in a Franz diffusion cell test.
Immediately after administration and at 24 h of permeation, there were
no differences in the white spots at the implantation site of the FNS-
PCMs in the FNS-PCM only group (Fig. 5A). The white spots indicated
the FNS powder; therefore, this result implied that the FNS powder
encapsulated in the FNS-PCMs remained at the site for 24 h without
dissolution. This also confirmed that FNS powder could not diffuse out
when applied as FNS-PCMs only, similar to the Nile red distribution
pattern. In the FNS-PCM/DE group, however, these spots disappeared
substantially after 24 h of permeation, although some residual white
spots were observed inside the skin (arrow marks), indicating that DE

application enabled the permeation of FNS inside the skin.
After the test, the amount of permeated FNS was sampled in the

receptor fluid, and the powder that had not dissolved and diffused out
by DE application, which remained inside the skin in a powdered state
at the implantation sites (white spots), was washed out several times
with distilled water. The amount of retained FNS, which diffused out
and thus accumulated inside the skin, was measured using HPLC. In the
quantitative analysis, the FNS-PCM only group showed 0.02 ± 0.02 μg
and 8.60 ± 2.29 μg of permeated and retained FNS, respectively,
which confirmed that most of the FNS powder encapsulated in the FNS-
PCM arrays (209.8 μg) could not diffuse into the skin and was thus

Fig. 5. (A) In vitro skin permeation test in finasteride (FNS)-loaded powder-carrying microneedles (FNS-PCMs) with the diffusion enhancer (DE). The FNS-PCM only
group showed no differences in the white spots representing the crude FNS powder immediately after administration and after 24 h of permeation, which de-
monstrated that the FNS powder could not diffuse out after application of FNS-PCMs only. The spots in the FNS-PCM with DE group (FNS-PCM/DE) markedly
disappeared after 24 h, with some residuals (arrows), indicating that DE application enabled the permeation of FNS inside the skin (Scale bar, 3 mm). Quantitative
analysis of permeated (B) and retained (C) amounts of FNS after removing the implanted crude FNS powder (white spots) inside the skin (n = 4, mean ± SEM). The
FNS-PCM/DE group showed higher amounts of permeated and retained FNS than the FNS-PCM only and FNS-gel groups (*p < 0.05 and **p < 0.01 compared with
the FNS-PCM only group). X-ray diffraction (XRD) of FNS powder, intact skin, after administration of FNS-PCMs immediately (E) and FNS-PCM only, FNS-PCM/DE
with daily application of DE (F) after the permeation test for the analysis of phase transitions and the diffusivity of FNS powder inside the skin.
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washed out (Fig. 5B and C, n = 4, mean ± SEM). By contrast, the FNS-
PCM/DE group showed 7.57 ± 1.39 μg (p < 0.01) and 44.70±8.14
μg (p < 0.05) of permeated and retained FNS, respectively, which
confirmed that the application of DE on the sites of FNS-PCMs is a
prerequisite for the intradermal delivery of FNS. However, the sum of
the permeated and retained amounts of FNS was only 52.27 μg in FNS-
PCM/DE group, whereas the amount of FNS contained in FNS-PCM
arrays was 209.8±8.7 μg. The FNS-PCM/DE group also showed re-
sidual white spots representing crude FNS powder after 24 h of per-
meation; therefore, these implanted residuals might have been washed
out and thus the sum of the permeated and retained FNS was lower than
the original amount in the FNS-PCM array. Based on these results, the
application of additional DE was expected to facilitate the diffusion of
the residual implanted FNS powder. In the FNS-gel group, the per-
meated and retained amounts were lower than those in the FNS-PCM/
DE group at 3.79±0.69 μg and 13.93±5.51 μg, respectively. The sum
of the permeated and retained FNS in the gel group was only 17.72 μg,
which also demonstrated that the novel application of FNS-PCMs with
DE could deliver FNS 2.95 times more effectively than topically applied
FNS by permeating the stratum corneum.

3.6. In vitro diffusivity analysis of FNS by XRD

The phase transition of FNS from crystal to amorphous inside the
skin by DE is an important aspect of this system for confirming the
diffusivity and permeation of FNS. Therefore, phase changes and dif-
fusion of FNS were studied by XRD patterns of the skin samples after the
permeation test. As shown in Fig. 5D, FNS powder exhibited a sharp
intense Bragg’s peak with narrow range scattering of X-rays at the an-
gles of 13.92°, 15.78°, 16.86° and 19.9°, due to the crystalline nature of
FNS, while intact skin showed broad humps without crystalline peaks
scattering from a wide range of directions. However, after administra-
tion of FNS-PCMs inside the skin immediately, the intensity of peaks
were increased at the angles approximately from 13.58° to 44.50°
especially with the sharp peaks of FNS powder, confirming that the FNS
powder was successfully implanted inside the skin without changing its
phase transitions of crystalline nature.

After the 24-h permeation, FNS-PCM only group showed the same
patterns to that of the skin after administration of FNS-PCMs im-
mediately, which demonstrated that FNS powder preserved its crys-
talline nature and was not diffused inside the skin over the day
(Fig. 5E). By contrast, FNS-PCM/DE group exhibited the decreased in-
tensity compared to the FNS-PCM only group, confirming DE applica-
tion enabled the permeation of FNS inside the skin. Moreover, with
daily application of DE, the intensity of the crystalline nature of FNS-
PCMs’ implanted skin was decreased over the days (day 2 and day 3)
and finally showed broad humps without crystalline peaks similar to
that of the intact skin group. This demonstrated that the implanted FNS
powder was changed to amorphous by application of DE, and diffused
out over the days with daily application of DE using implanted FNS
powder as a reservoir inside the skin.

3.7. Clearance of implanted FNS powder

For successful intradermal delivery of lipophilic FNS inside the skin,
the application of additional DE on the implantation sites is a pre-
requisite. However, one application of DE could not achieve the com-
plete delivery of the FNS encapsulated in the FNS-PCMs after 24 h of
permeation and the crystallinity of FNS-PCMs’ implanted sites were
reduced gradually over the days with additional application of DE;
therefore, we tested the appropriate number of applications of addi-
tional DE that could clear FNS powder, which would validate the safety
of the procedure. Furthermore, for the cumulative application of FNS-
PCMs, the number of additional DE applications was determined based
on the clearance of the FNS retained inside the skin (n = 4 per group).
As shown in Fig. 6A, white spots of FNS powder encapsulated in the

FNS-PCMs were clearly visible at the implantation site (i), and after the
immediate application of DE (ii). In parallel with the 24 h permeation
data shown in Fig. 5A, these spots disappeared after 1 day, with some
residual white spots representing the remaining FNS powder inside the
skin (Fig. 6B, i), demonstrating that most of the implanted FNS powder
was cleared. Moreover, with daily application of additional DE, the
spots disappeared over subsequent days and were not observed after 3
days, indicating the complete clearance of the implanted FNS powder
from the application sites (ii; day 2, iii; day 3).

In the quantitative analysis, the content of residual FNS in the
mouse dorsal skin also decreased over time (Fig. 6C, mean ± SEM). On
day 0, after the implantation of FNS-PCMs and the immediate se-
quential application of DE, the residual FNS was measured as
202.62 ± 9.01 μg, similar to that of encapsulated FNS in PCMs, which
confirmed that almost 100 % of FNS was delivered in the skin suc-
cessfully. In addition, the residual FNS content gradually decreased
over time after the daily application of DE (day 1; 33.46 ± 23.11 μg,
day 2; 3.59 ± 3.42 μg) and finally cleared after 3 days. This finding
suggested that the FNS-PCM/DE system could continuously deliver FNS
for 3 days with daily application of DE using implanted FNS powder as
a reservoir inside the skin. In addition, 209.8 μg of FNS could be de-
livered intradermally via one application of FNS-PCMs, whereas the
FNS-gel with daily application only delivered total 75 μg during the
same period (calculated by daily application of 10 μL (25 μg) of FNS-gel
at a concentration of 0.25 %, w/v). Although the DE was also applied
daily to facilitate the diffusion of the implanted FNS powder inside the
skin, the FNS-PCMs could deliver about 2.80 times more FNS on the
same application area, exhibiting enhanced efficacy compared with that
of the gel formulation. Moreover, for confirming the necessity of ad-
ditional application of DE, we analyzed the residuals of FNS in the
groups without DE application in the middle of the test as controls (day
1 without DE, and day 2 without DE group). Although the residuals of
FNS in these groups were also decreased without DE application, the
residuals were higher (day 1 without DE; 19.16 ± 10.73 μg, day 2
without DE; 0.62 ± 0.29 μg) compared to the results of the daily ap-
plication of DE groups, confirming that additional application of DE
facilitated diffusion of implanted FNS powder inside the skin. Based on
these findings, the interval of FNS-PCMs application was set as 3 days
with the daily application of DE for safe and effective FNS delivery.
Also, the subsequent assessments were set as demonstrating the efficacy
of FNS-PCM/DE group compared with control and FNS-gel group.

3.8. Evaluation of hair growth promotion

Using FNS-PCMs delivered at 3-day intervals with daily application
of DE, the hair growth promotion of the FNS-PCM/DE group was
compared with that of the FNS-gel and control group (n = 5 per group)
reflecting simplified hair growth promotion in male mice model
[10,34]. Representative images in each group following the test are
shown in Fig. 7A. At the beginning of the test, there were no significant
differences between the groups. However, based on visual scoring using
the hair growth quantification scale [33,34], the FNS-PCM/DE group
showed a slightly “grey to black coloration” status on day 3; and this
reached “sparse long hair” on day 6 and “dense long hair” on day 9,
which indicated significant promotion of hair growth compared with
that of the FNS-gel and control group. Although the FNS-gel group
showed slightly enhanced efficacy compared with the control group,
the enhanced efficacy in the FNS-PCM/DE group revealed that the FNS
powder was implanted successfully and delivered to hair follicles ef-
fectively via application of FNS-PCMs with DE. In parallel, the hair
growth quantification score in the FNS-PCM/DE group was higher than
that of the FNS-gel and control group during the whole course of the
test (Fig. 7B, mean ± SEM). There were no differences between the
groups up to 3 days; however, the FNS-PCM/DE group showed sig-
nificant hair growth scores at 6 days (p < 0.05) and 9 days (p <
0.01), which suggested that this novel application system facilitated
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faster hair growth than the FNS-gel or control group (images of the hair
growth status in all groups are shown in Supplementary Fig. 1).
Moreover, as FNS-PCMs could be implanted inside the skin and be
diffused by DE over the days; this indicated that FNS-PCM/DE system
could deliver FNS more efficiently than topical gel formulations. Since
the topical FNS-gel could not be efficiently diffused out intradermally as
shown in Fig. 5B and C, this demonstrated that FNS could be washed

out by sweat or daily hair washing with loss of the active compound,
FNS. FNS-PCM/DE system was also considered to prohibit daily ex-
ercise or hair washing after immediate application of FNS-PCM, since
the time for skin resealing by microneedle punctuation are 10–12 h
[37]. After administration, however, the polymer matrix, CMC, was
dissolved out by DE and skin interstitial fluid, and thus FNS powder
remained implanted inside the skin by the skin resealing process. This

Fig. 6. (A) Images of the dorsal skin of a mouse showing the implantation site of finasteride (FNS)-loaded powder-carrying microneedles (FNS-PCMs) with sequential
application of diffusion enhancer (DE). Immediately after implantation, white spots of FNS powder were clearly visible at the implantation site (i), and after the
application of DE (ii; Scale bar, 2 mm). (B) With daily application of DE, the spots disappeared after 1 day, with some residuals (i) and almost completely disappeared
over subsequent days (ii; day 2, iii; day 3). (C) The residual FNS content decreased over time and finally cleared after 3 days, confirming that the suitable interval of
FNS-PCM treatment with daily application of DE was 3 days (n = 4, mean ± SEM).

Fig. 7. (A) Images of representative mouse hair growth status in the non-treated group (control), in the daily application of finasteride-gel group (FNS-gel), and in the
group receiving 3-day intervals of FNS-loaded powder-carrying microneedles (FNS-PCMs) with daily application of diffusion enhancer (DE) (FNS-PCM/DE). (B) Hair
growth quantification score during the whole course of the test (n = 5, mean ± SEM, *p < 0.05 and **p < 0.01 for the FNS-PCM/DE group vs. the control group).
(C) Images of the application sites (red dotted squares) and non-treated sites (white dotted squares) 1 week after the test. The FNS-PCM/DE group showed a
significant mass of dense hair over the application area, confirming the efficacy of the treatment for hair growth, as well as increasing the amount and density of the
hair.
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indicated that this system could overcome the limitations of daily hair
washing without loss of FNS after skin resealing. Moreover, during the 2
days of clearance, FNS powder remained inside the fully-resealed skin
indicating this FNS-PCM/DE system could be utilized as a practical
delivery system without loss of FNS by overcoming sweat or daily hair
washing.

In particular, in the FNS-PCM/DE group, the hair on the FNS-PCM
application sites remained at the “sparse long hair” status, and was not
fully grown, which might have been caused by the micro-wounds re-
sulting from the cumulative application of FNS-PCMs (Supplementary
Fig. 2). Since this FNS-PCM/DE system was based the inherent micro-
needle function which overcomes the skin barrier properties physically,
this indicated that frequent usage of FNS-PCMs could result in damages
on scalp by FNS-PCMs’ punctures. However, at 1 week after the test, the
hair on the application sites became similar to that of the surrounding
scalp, which indicated restoration of fully-grown hair at the application
sites reveals the reversible skin restoring by this system considered as
safe without frequent usage and could be utilized for male androgenetic
alopecia.

Furthermore, the dorsal skin of all groups was shaved using an
electric clipper 1 week after the test, and the application sites (red
dotted squares) and non-treated sites (white dotted squares) were
analyzed (Fig. 7C). Compared with that of the control group, the FNS-
gel group showed an area of slightly dense hair on the application site,
indicating the efficacy of the FNS-gel. In the FNS-PCM/DE group,
however, the application site showed a significant mass of dense hair
with the area of 1.11 ± 0.24 cm2, which was larger than that of the
application area of the FNS-PCMs (images of shaved dorsal skin in all
groups are shown in Supplementary Fig. 3). Since the non-treated sites
for FNS-PCM/DE group were not significantly different compared to
control and FNS-gel group, we determined that FNS-PCM/DE system
had no systemic effect and FNS was delivered locally on the application
area of FNS-PCMs. Further, we plan to study the system exposure of this
system compared to other different dosage forms, oral FNS and topical
FNS-gel. Also, the study related to inhibition of DHT in hair follicles and
androgen dependent tissue is planned in future. In conclusion, in terms
of efficacy, the application of FNS-PCMs with a DE could deliver FNS to
hair follicles effectively, which facilitated hair growth, as well as in-
creased amounts and density of the hair.

3.9. Storage stability test

The amount of FNS in all formulations (dry powder, gel, and PCMs)
stored at 25 °C was evaluated over 8 weeks. FNS is a synthetic com-
pound and is stable at room temperature; the amount of FNS was
maintained at more than 97 % in all groups over 8 weeks of storage
(Supplementary Table 1, n = 4, mean ± SEM). This result demon-
strated that FNS encapsulated in PCMs was stable, which would permit
their wide use as a platform for a lipophilic drug-delivery comprising
long-term stability with no apparent safety issues.

4. Conclusion

This study revealed a novel intradermal FNS powder delivery
system combined with DE for the effective treatment of androgenetic
alopecia. The system overcomes the limitations of conventional DMN
techniques by encapsulating FNS powder using PCMs, and the appli-
cation of the DE on the implantation site of the FNS powder enabled
enhanced transdermal delivery of FNS. Compared with the gel for-
mulation, this novel system showed effective in vivo efficacy, in terms of
hair growth promotion, the amount and density of the hair, with sa-
tisfactory safety. This approach has the potential to advance the field of
transdermal drug delivery via its ability to deliver any type of powdered
drug for a wide variety of biomedical applications.
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