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Abstract.

Androgenetic alopecia (AGA) is a worldwide and cross-gender disease that is usually
treated by continuous administration of minoxidil (MXD). However, MXD can only slow hair
loss and may cause hirsutism due to its low absorption effect. In this work, an MXD-loaded
microneedles (MNs) system with the assistance of valproic acid (VPA) was developed to treat
AGA under electrical stimulation (ES). The matrix of MXD-loaded MNs consisted of car-
boxymethylcellulose (CMC), hyaluronic acid (HA) and polyvinylpyrrolidone (PVP). The mi-
croneedles could create microchannels after their insertion into the skin, and the transdermal
efficiency of the loaded MXD could be enhanced under ES. In vivo results in C57BL/6J rats
showed that the as-fabricated MXD-loaded MNs promoted hair growth via transdermal deliv-
ery of minoxidil and valproic acid under ES by upregulating Wnt/beta-catenin in VPA, pro-
moting the secretion of vascular endothelial growth factor (VEGF) and activating hair follicle
stem cells.

Keywords: Minoxidil, valproic acid, androgenetic alopecia, electrical stimulation, hair
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1. Introduction

Androgenetic alopecia (AGAP is the predominant form of hair loss and primarily affects
young and middle-aged males /. It is characterized by a greater rate of hair loss than hair
growth " The increasing number of individuals experiencing hair loss, along with the
growing demand for hair restoration, indicates a promising market for hair regrowth 4,
Current treatment strategies for AGA include topical minoxidil (MXD), oral finasteride (FIN),
and hair follicle (HF) transplantation ™**°!. However, these treatments have significant limita-
tions. For instance, minoxidil requires twice-daily application, which can be inconvenient, and
may cause scalp irritation. Finasteride, on the other hand, is associated with systemic side ef-
fects such as decreased libido, erectile dysfunction, and depression. Moreover, both medica-
tions require continuous use to maintain their benefits *°*®/. Hair follicle transplantation as a
surgical procedure has its own set of risks, such as lower availability of viable hair follicles
and related costs 1% 2%,

Although MXD has demonstrated positive outcomes in AGA treatment, it may be more
susceptible to cutaneous side effects and hirsutism “%*). Due to the skin barrier, the actual
absorption of MXD by hair follicle cells is still limited ““®. Valproic acid (VPA) is an FDA-
approved anticonvulsant drug that effectively stimulates HF regrowth by upregulating Wnt/f-
catenin. Currently, the only available route for administering VPA to induce hair regrowth is
the topical delivery of solvent-based VPA (topical VPA). However, long-term administration
of organic solvent-based therapeutics may irreversibly damage human health ",

AGA treatment mediated by MNs is a painless method for drug transdermal delivery, of-
fering the advantages of ease of administration, minimal tissue trauma, and cost-effectiveness
(30321 "1t effectively overcomes the barrier posed by the stratum corneum, facilitating drug
penetration into both the epidermis and dermis ** **. The current trend in clinical research
and practical applications involves the gradual introduction of nonpharmacological therapies,
such as thermal stimulation, electrical stimulation, and photostimulation *>*!. These thera-
pies typically utilize alternating electric fields (EFs) within the frequency range of 0.1-10
V/ecm? and <15 Hz, which have minimal tissue damage effects °* “°!. The electrical stimula-
tion effect is believed to concurrently regulate the secretion of growth factors, such as vascu-
lar endothelial growth factor (VEGF), which facilitates the proliferation of hair follicles
(HFs), extends the anagen phase, and ultimately stimulates hair regrowth (%), The current in
vitro therapeutic equipment, however, remains bulky and impractical for daily treatment “*!,
Moreover, the efficacy of electrical stimulation alone in promoting hair regeneration is rela-
tively insignificant.
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Herein, a system incorporating MXD-loaded MNs and VPA was designed for the treat-
ment of AGA with the assistance of electrical stimulation. Using the inherent function of
MXD-loaded MNs to overcome the skin barrier, the encapsulated MXD and VPA were phys-
ically penetrated and implanted inside the skin. Carboxymethyl cellulose (CMC), hyaluronic
acid (HA) and polyvinylpyrrolidone (PVP) were selected as the MN matrices due to their bio-
compatibility, biodegradability, and rapid dissolution in the skin’s extracellular fluid, leading
to improved drug permeation. Subsequently, the hair growth-promoting effects of MXD-
loaded MNs, VPA and electrical stimulation were evaluated in C57BL/6J rats (Fig. S1).

2. Experimental section

2.1 Materials

Minoxidil (MXD, >98.0%), valproic acid (VPA, >98.0%), carboxymethyl cellulose so-
dium (CMC, 1500-3100 mPa-s), hyaluronic acid (HA, 95%), polyvinylpyrrolidone (PVP,
K30), phosphate-buffered saline (PBS), acetate (36%), TWEEN® 80 and ethanol (>99.5%)
were obtained from Aladdin Chemical Reagent Co., Ltd. (Shanghai, China). Testosterone was
purchased from Beyotime Biotechnology (Shanghai, China). Dulbecco’s modified Eagle’s
medium (DMEM) was obtained from Procell Life Science & Technology Co., Ltd. (Shanghai,
China).

2.2 Preparation of MXD-loaded MNs

The preparation of blank MNs followed procedures described in previous wor
First, solution A [CMC (0.3 g), HA (0.15 g) and PVP (0.9 g)] was dissolved in deionized wa-
ter (15.3 mL) and stirred for 24 h. The solution was then prepared and cast onto the surface of
polydimethylsiloxane (PDMS) molds. After that, the residual solution was scraped off from
the PDMS template by a medical spoon. The blank MNs were gently peeled off from the
PDMS molds and stored before use after drying for 24 h. For the preparation of the MXD-
loaded MNs, MXD (0.3 g) was dissolved in solution A (15 g) and stirred for 24 h, after which
the MXD-loaded MN patches were prepared as described above. The morphologies of the as-
obtained MN patches were characterized by field emission scanning electron microscopy (FE-
SEM, Vltrab5, Zeiss) at an extra high tension of 5 kV and a digital microscope (DTM,
BST500xUSB).

2.3 Mechanical strength and skin penetration tests

The mechanical properties of the MNs were measured by a universal material testing ma-
chine (UTM, WDW-02). The MN patches were placed on the pallet of the testing machine,
and the force was continuously monitored when the top plate compressed the needles at a
constant speed. The force—displacement curve was recorded. To assess in vitro skin penetra-
tion, MN patches loaded with rhodamine R6G (R6G-MNSs) were applied to isolated rat skin
for 5 min. The skin samples were immediately embedded in OCT compounds. The samples
were then frozen and sectioned using a cryotome (CryostarNX50, Thermo, USA) for histolog-
ical analysis. Hematoxylin and eosin (H&E) staining was conducted on the sections to visual-
ize tissue morphology. Following H&E staining, the sections were examined under a bright-
field light microscope (TS2-S-SM, Nikon, Japan).

2.4 Drug release in vitro

Transdermal tests were performed using the Franz diffusion cell method. Rat skin was
sliced and glued to the diffusion pool with PBS containing 30% ethanol as the receiving me-
dium. The effective transdermal area was 2 cm? and the receiving cell volume was 15 mL.
Freshly prepared mouse skin was inserted with an MXD-loaded MN patch and coated with
0.4 mL of VPA, which was affixed to the receiving chamber of the Franz diffusion cell. At
predetermined time intervals, 1.5 mL samples were taken from the receiving cell and prompt-

 [44. 45]
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ly replaced with an equal volume of the same receiving medium (PBS + 30% ethanol). The
total amount of MXD released from the patch was determined using a UV—Vis spectropho-
tometer.
2.5 Cytotoxicity tests in vitro and androgenetic alopecia management in vivo

The cytotoxicity of the MXD-loaded MNs was tested by culturing L929 cells using MTT
analysis. The hair regeneration capabilities of MXD-loaded MNs with or without electrical
stimulation were evaluated in male C57BL/6 rats (6 weeks old, Moslet Biotechnology Co.,
Ltd., Hangzhou, China) following a previously reported method “*! with slight modifications.
All the animal procedures were approved by the Animal Ethics Committee of Zhejiang Sci-
Tech University (No: 20240109-10) and Moslet Biotechnology Co., Ltd. (No: MSLT-2023-
0022). A 4 cm? area (2 cm x 2 ¢cm) of hair from the dorsal portion of the hair of 7-week-old
mice in the telogen phase was gently shaved with an electric hair clipper and depilated with
hair-removing cream. The mice were randomly divided into 6 groups (Table S1): G1 (Model
group: AGA mice without treatment), G2 (Control group: AGA mice treated with MXD-
loaded MNs), G3 (Positive 10 min group: treated with MXD-loaded MNs and positive elec-
trical stimulation for 10 min), G4 (Positive 60 min group: treated with MXD-loaded MNs and
positive electrical stimulation for 60 min), G5 (Negative 10 min group: treated with MXD-
loaded MNs and negative electrical stimulation for 10 min), and G6 (Negative 60 min group:
treated with MXD-loaded MNs and negative electrical stimulation for 60 min). MXD-loaded
MNs were applied to the skin to create microchannels before spreading VPA and applying
electrical stimulation. Digital pictures of the skin and hair were taken at defined intervals. The
diameter and density of the regrown hair were measured with the assistance of a Firefly tri-
scope DE337T (Belmont, USA) on day 21 postdeposition.

2.6 Histology and immunohistochemistry analysis

Hematoxylin and eosin (H&E) staining was performed for histological examination to
assess hair growth in AGA C67BL/6J mice. Inflammation at hair regrowth was evaluated by
the interleukin 6 (IL-6) ELISA Kit. The level of vascular endothelial growth factor (VEGF) in
the hair regrowth area was determined by a VEGF ELISA Kkit.

2.7 Statistical analysis

The statistical analysis was performed using the statistical software GraphPad Prism 7. A
p value < 0.05 was considered to indicate statistical significance. *P < 0.05, **P < 0.01, #*xP
< 0.001, ***+P < 0.0001.
3. Results and discussion
3.1 Synthesis and characterization of CPH and MXD@CPH

The as-fabricated MNs were arranged in a 30 x 30 array on a 20 x 20 mm patch (Fig. 1a).

The as-fabricated MXD-loaded MNs exhibit a conical shape with a height of 550 um (Fig.
1b), coupled with an intact and uniform morphology. The mechanical properties of MXD-
loaded MNs are a critical factor in achieving their successful insertion into the skin %1, As
shown in Fig. 1c, an axial compressive load is applied to the MN patch, and the force—
displacement curves are recorded against the compressive displacement. The compressive
force—displacement diagram shows smooth curves without fracture within the displacement
range of 0—800 um. The compressive forces measured for the MNs were more than 0.48 and
0.50 N/needle for those without and with MXD loading, respectively, at a displacement of
400 um. This indicates that the insertion force is sufficient to penetrate the skin, as it exceeds
the minimum required force.
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Figure 1 Bright-field microscopy image and SEM image of blank (a) and MXD-loaded MNs (b), force—
displacement curves of blank and MXD-loaded MNs (c), SEM image of MXD-loaded MNs after insertion into
skin (d, insets show the magnific SEM and bright-field microscopy images of MNs), H&E staining image of skin
pierced by MNs (e) and laser confocal images (f) of R6G-loaded MNs after piercing into the isolated rat skin.

After insertion into the skin, the tips of the needles are broken, and most of them remain
on the skin (Fig. 1d). R6G, a model red dye, is used to assist in observing the penetration per-
formance of MNs for porcine skin. As anticipated, the R6G-loaded MNs can penetrate por-
cine skin. Hematoxylin-eosin (H&E)-stained histological section images showed that the
MNs could successfully puncture the stratum corneum of the skin and leave microchannels on
the surface of the skin. The depth of these microchannels is ~ 200-550 um (Fig. 1e). The laser
confocal images show a red area with a microneedle shape after piercing the patches into the
skin, indicating successful insertion into the skin (Fig. 1f).

3.2 Drug release and cytotoxicity in vitro

To simulate drug delivery in vivo, a modified Franz diffusion cell (Fig. 2a) and posi-
tive/negative electrode (Fig. 2b) were used to measure drug delivery efficiency via a trans-
dermal delivery route (Table S2). As shown in Fig. 2c and 2d, the cumulative drug release
rates of MXD and VPA were ~79.09% and ~69.96%, respectively, with positive electrical
stimulation for 120 min. In contrast, the cumulative drug release rates were ~74.96% and
~64.92%, respectively, with negative electrical stimulation for 120 min. This may be related
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to the fact that negative electrical stimulation accelerates the recovery of the microtrauma
caused by MNs, and the rapid recovery of the microchannels may affect drug delivery =% *!,
However, the cumulative drug release of MXD and VPA was less than ~60% and ~10%, re-
spectively, after 120 min without electrical stimulation. These results indicate that electrical
stimulation can accelerate the drug release rate and significantly improve the transdermal effi-
ciency of drugs by regulating the intradermal environment. Positive electrical stimulation is
the best method for drug transdermal penetration.
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Figure 2 Schematic illustration of the Franz diffusion cell for drug release in vitro (a) and electrode structure of
positive/negative electrical stimulation (b), the release profiles of MXD (c) and VPA (d) by a Franz diffusion
cell in vitro under different electrical stimuli, and cell viability plots for blank and MXD-loaded MNs against
L929 cells (e).

The effect of MNs on the viability of L929 cells was assessed by MTT assay. Fig. 2e
shows the viability of L929 cells after co-culture for 24 h with different concentrations of MN
leachate (20 uL/hole) obtained by soaking the MNs in DMEM for 24 h. The viability was
greater than 80% even when the leachate concentration increased to 100 pg/mL, indicating
the cytocompatibility of CMC with HA. The survival of cells loaded with MXD-loaded MNs
was also assessed by MTT analysis. The viability was more than 80% for concentrations
ranging from 0 to 100 pg/mL, implying negligible effects after loading MXD into the MNs.

3.3 Hair regeneration evaluation

To evaluate the efficacy of MXD-loaded MNs and electrical stimulation on hair regenera-
tion in C57BL/6 mice, an AGA model was established by topically coating 0.5% testosterone
to the dorsal depilated area of the mice for 20 days at a dose of 5 mg/kg (Fig. 3a) °*. Different
administration strategies were used on days 3, 9, and 15. Representative pictures of mice on
days 0, 5, 10, and 20 during the treatment period were recorded and are shown in Fig. 3b.
There was almost no hair growth within 20 days in the model group due to the inhibition of
hair HF cells in the resting period by testosterone, indicating the successful establishment of
the AGA mouse model. In the control group (G2: AGA mice treated with MXD-loaded MNs
and VPA), HF cells began to appear in the anagen phase after 5 days. Skin darkening com-
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menced on day 10 after hair removal, and noticeable hair regrowth was observed on day 20.
The dorsal skin of the mice in the model group remained pink after day 10, indicating that the
HFs remained in the telogen phase. This result also suggested the successful establishment of
the testosterone-induced AGA model. In contrast, obvious hair regrowth can be found in the
dorsal skin of mice treated with MXD-loaded MNs, VPA, and positive electrical stimulation
for 10 days (G3 and G4 groups), indicating the effectiveness of hair regeneration. In addition,
dorsal skin that transformed from pink to black with greater density was observed on days 15
and 20, with longer positive electrical stimulation times per treatment. Compared to those in
the positive electrical stimulation groups, hair regrowth was also found in the dorsal skin of
mice in the G5 and G6 groups after 10 days of negative electrical stimulation. Greater regen-
erated hair coverage in the G6 group than in the G5 group was observed with longer durations
of negative electrical stimulation. However, the regenerated hair coverage in the G5 and G6
groups with negative electrical stimulation was slightly lower than that in the G3 and G4
groups with positive electrical stimulation even with decreased electrical stimulation frequen-
cy.

Furthermore, hair-covered areas on the dorsal surface of mice in the G1-G6 groups were
evaluated for the quality of regenerated hair. As shown in Fig. 3c, 10 days after administra-
tion, the regenerated hair coverage in G2-G6 was ~25% of the dorsal depilated area. Howev-
er, hair growth became faster and denser in the G3-G6 groups after 10 days of electrical stim-
ulation. This indicates that electrical stimulation favors hair regeneration. However, the hair
coverage area in the G5 and G6 groups was relatively lower than that in the G3 and G4
groups, and a lower electrical stimulation frequency led to a lower hair coverage area (Fig.
3d). These results indicate that longer positive electrical stimulation has a better synergistic
effect on hair regeneration.

Fig. 3e shows the hair density under different treatment strategies after 20 days of treat-
ment. There were only ~2,000 shafts/cm? for the G2 group with only the administration of
MXD-loaded MNs and VPA. The MXD and VPA can only slowly diffuse into the skin
through the microchannels formed by MNs. However, under electrical stimulation, the hair
density can increase to more than ~3,000 shafts/cm? in the same administration period. This
indicates that electrical stimulation is favorable for the transdermal delivery of MXD and
VPA into skin tissue due to the electrostatic repulsion between electrical stimulation and
drugs.
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Figure 3 Schematic for the establishment of and therapeutic strategies for AGA mice (a), representative
images of hair regeneration in vivo (b), hair-covered areas on the backs of mice in the G1-G6 groups (c), and
comparison of the hair-covered areas (d) and hair density (e) in the G2-G6 groups after administration for 20
days.

The effect of MXD, VPA, and electrical stimulation on hair regrowth quality was evaluat-
ed by quantifying the length (mm) and diameter (um) of the dorsal skin area. Fig. 4a shows
the average hair length after 12 days of administration. The average hair length of the G2
group was only ~2.80 mm, which was the shortest among the G2-G6 groups. The average hair
length of G4 was 5.90 mm, which was the longest among all the tested groups. This indicates
that the synergistic effect of MXD-loaded MNs, VPA and longer electrical stimulation can
produce the greatest effect on hair regeneration. In addition, the average hair diameter of the
G2 group was 18.21 um, which was the smallest among all the tested groups, whereas the av-
erage hair diameter of the G4 group was 24.43 um (Fig. 4b). The SEM images revealed that
the regenerated hair in the G2-G6 groups was thick, with intact scales, while the regenerated
hair in the G1 group was thin, with unhealthy scales (Fig. 4c). The hair pulls tests demonstrat-
ed that the regrown hair in the G3-G6 groups could not be easily peeled off by tape, similar to
the natural hair of wild-type mice (GO) (Fig. 4d). These results indicate that the synergistic
effect of MXD-loaded MNs, VPA and longer electrical stimulation not only promotes the
growth of hair but also improves the quality of regenerated hair. We believe that the main rea-
son for this phenomenon is that electrical stimulation can enhance the regrowth of HF cells by
accelerating the telogen-to-anaagen transition. Skin pigmentation occurs because of the for-
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mation of melanin by HFs during the transition from the resting to anagen state. This hypoth-
esis was confirmed by H&E images of hair-regenerated skin tissue after 20 days of admin-
istration, as shown in Fig. 4e. Only a small number of HF cells were observed in the G1
group. However, a large number of HF cells were found in the G2-G6 groups after electrical
stimulation. In particular, in the case of the G4 group, the most active HF cells were obtained,
indicating an earlier transition into the anagen phase in all groups.
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Figure 4 Comparison of hair length (a) and hair diameter (b) after administration for 20 days, SEM imag-

es of regrowth hair in G1-G6 (c), hair pull tests of regrowth hair by the tape assay in G2-G6 groups in compari-

son with the wild-type mice (GO) as a control (d), H&E staining images of hair regenerated skin tissue after 20
days administration (e).

The epidermal thicknesses were also tested after 12 days of administration (Fig. 5a).
Among them, the G4 and GO groups exhibited no significant differences in epidermal thick-
ness. These findings indicated that MXD-loaded MNs, VPA, and positive electrical stimula-
tion promoted hair regeneration without irreversible damage to the skin. High expression of
the inflammatory factor interleukin-6 (IL-6) inhibits the growth and proliferation of dermal
papilla cells (DPCs), which inhibits hair growth **!. Fig. 5b shows that the highest secretion
levels of IL-6 were observed in the G5 and G6 groups, while there was a slight decrease in IL-

Uzbekistan Journal of Polymers 25



DELIVERY OF MINOXIDIL AND VALPROIC ACID FOR THE
TREATMENT OF ANDROGENETIC ALOPECIA UNDER
ELECTRICAL STIMULATION

6 in the G3 and G4 groups after 20 days of administration. In addition to mechanical inser-
tion, MXD-loaded MNs may contribute to the emergency response to inflammation caused by
negative electrical stimulation. However, a significant decrease in IL-6 expression can be ob-
tained after electrical stimulation, indicating that it can suppress the secretion of IL-6 and re-
duce the risk of inflammation. Fig. 5¢c shows images of IL-6-stained hair-regenerated skin tis-
sue after 20 days of treatment. The G4 group exhibited the lowest amount of IL-6 staining,
which is consistent with the decrease in I1L-6 secretion.

The expression of vascular endothelial growth factor (VEGF) affects the apoptosis of
hair follicle stem cells '), Fig. 5d shows VEGF staining images of hair-regenerated skin tissue
after 20 days of administration. The highest level of VEGF was observed in the G4 group
(Fig. 5e), showing the synergistic effect of MXD-loaded MNs, VPA, and positive electrical
stimulation on accelerating VEGF secretion in the alopecia area. However, lower levels of
VEGF can be observed after the incorporation of negative electrical stimulation into MXD-
loaded MNs and VVPA. Based on the above results, in MXD-loaded MNs, VPA and electrical
stimulation for 60 min exhibit anti-inflammatory activity and hair growth-promoting effects
and have potential applications in the treatment of androgenetic alopecia.
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Figure 5 Epidermal thickness after administration for 20 days (a), IL-6 staining images of the G1-G6
groups after administration for 20 days (b), quantitative analysis results of IL-6 staining (c), VEGF staining im-
ages of the G1-G6 groups after administration for 20 days (d) and quantitative analysis results of VEGF staining
in the G1-G6 groups (e).

In vivo inflammatory factor and VEGF expression can be used to estimate hair regenera-
tion efficacy. First, a nude mouse (BALBc nude) model was established. As shown in Fig. 6a,
different administration strategies were used on days 3, 9 and 15. No hair developed within 20
days in G7 (control group: without electrical stimulation) due to immunodeficiency and low
levels of VEGF. The HF cells begin the anagen phase after 10 days, and the hair begins to
grow (Fig. 6b). The effects of MXD-loaded MNs, VPA, and electrical stimulation for 60 min
on hair regrowth were further evaluated by quantifying the hair coverage area (cm?), length
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(mm), diameter (um) and hair density (shafts/cm?) over the dorsal skin area, as shown in Ta-
ble S3. During the entire treatment, the nude mice in the control group (G7) were in the quies-
cent phase and exhibited almost no hair regrowth (3142 shafts/cm?). However, a noticeable
synergistic effect on hair regeneration was also observed in the G8 group with positive elec-
trical stimulation. An accelerated transition was observed in the G8 group due to the increased
expression of VEGF. Only a very small and unhealthy amount of HF cells and lower levels of
IL-6 and VEGF secretion were observed in the G7 group (Fig. 6¢). In addition, more healthy
HF cells, more inflammatory cells with a greater level of IL-6 secretion and greater expres-
sion of VEGF can be found with the synergistic treatment of MXD-loaded MNs, VPA and
positive electrical stimulation (Fig. 6d).
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Flgure 6 Schematlc representatlon of the establlshment and therapeutic strategies of the nude mice (a), repre-
sentative images of the G7 and G8 groups after administration for 0, 10 and 20 days (b), H&E staining, IL-6
staining, and VEGF staining images of the G7 group (c) and G8 group (d) after administration for 20 days.

4. Conclusion

In this study, an MXD-loaded MN system with the assistance of VPA was developed to
treat AGA under electrical stimulation (ES). In vivo assays revealed that in clinical AGA
treatment, the diffusion of MXD and VPA into skin tissue can be accelerated through micro-
channels produced by MNs, thereby promoting cell proliferation, accelerating hair follicle re-
newal, and facilitating hair follicle recovery. Moreover, electrical stimulation can achieve
greater hair regeneration coverage in the AGA mouse model in combination with MXD-
loaded MNs and VPA than without electrical stimulation, even with decreased electrical stim-
ulation frequency. In addition, the synergistic effect of MXD-loaded microneedles, VPA, and
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positive electrical stimulation could boost perifollicular vascularization, activate hair follicle
stem cells, decrease inflammation effectively, and promote VEGF, showing potential applica-
tion in the treatment of AGA.
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