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Abstract

Currently, the treatment of androgenetic alopecia (AGA) is mostly achieved by local application of
minoxidil tincture. But there are significant limitations, including ineffectiveness on its ewn, poor
patient compliance and low transdermal absorption. Microneedles (MNs) can puncture the stratum
corneum without pain and increase the absorption of drugs through the skin. Additionally, nitric oxide
(NO) has been shown to improve blood supply to hair follicles and reduce inflammation. Therefore,
we prepared a kind of hair-growth microneedles, which can co-deliver minoxidil'and NO donor for
AGA treatment. In simple terms, the nanogel (MHMA) was formed through photopolymerization of
and methacryloyl hyaluronic acid (MeHA) and the NO donor methacryloyl arginine (MeArg). Through
optimized formulation design, minoxidil was efficiently encapsulated within the.nanogel (MHMA)
with a particle size of 522.9 nanometer, which will facilitate its targeting: to hair follicles.
Subsequently, the microneedles were prepared using a miero-molding method. Both in vitro and in
vivo experiments demonstrated that the hair growth-promoting microneedles could efficiently deliver
minoxidil and NO donor with just 3 minutes pressing on mouse.skin. It effectively promoted the
transition of hair follicles into the growth phase and stimulated angiogenesis around the follicles,
ultimately leading to hair regeneration in-a mouse model of hair loss. Overall, the hair growth
microneedles efficiently deliver minoxidil and NO. donor into skin without pain, thus offering a

promising new direction for clinical AGA treatment.
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Body Text

1 Introduction

Androgenetic Alopecia (AGA) is currently the most common type of hair loss seen in clini¢al
settings'*2. In China, epidemiological data indicates that the prevalence of male AGA is 21.3%, while
for females, it is 6.0%°. The main characteristics of AGA include follicular miniaturization, hair
thinning, and excessive shedding, which significantly impact patients' quality oflife.and mental health.
Although the molecular pathogenesis of AGA is not fully understood, studies have shown that
increased levels of dihydrotestosterone (DHT) and androgen receptors (AR) are-closely associated
with the onset of AGA *. DHT is converted from testosterone via 5-alpha-reductase and has about 10
times the androgenic activity of testosterone. In hair follicles, DHT forms‘dimers with AR proteins in
the cytoplasm of dermal papilla cells, which are then transported to the nucleus to act as transcription
factors, promoting the expression of hair growth-inhibitory: proteins (such as TGF- and DKK-1),
leading to follicular aging and degradation. Additionally, the Wnt/B-Catenin signaling pathway plays
a key role in the early morphogenesis, development, and regeneration of hair follicles during the hair
cycle®. Inhibition of Wnt signaling may be associated with abnormal hair reduction. Oxidative stress
in the microenvironment surrounding the hair follicle is'another possible factor in hair loss. Excessive
reactive oxygen species (ROS) can mediate.androgen signaling and may also induce premature aging
of dermal papilla cells, while simultaneously. inhibiting angiogenesis, leading to vascular dysfunction
and preventing the transition of hair follicles from the resting phase to the growth phase®.

The most common clinical. treatment, for AGA is topical application of minoxidil, which is
currently recognized as an.effective anti-hair loss treatment worldwide. Minoxidil prevents hair loss
and promotes hair gtowth through multiple mechanisms: (1) directly stimulating the proliferation and
differentiation of follicular epithelial cells; (2) promoting angiogenesis, increasing local blood supply,
and dilating.scalp blood vessels;(3) activating the WNT/B-catenin signaling pathway to promote the
growth and development of hair follicles; (4) regulating the hair growth cycle, causing more hair
follicles to'transition from'the resting phase to the growth phase’ 8. However, due to the poor solubility
of minoxidil, it is'mainly available in a tincture form, using ethanol or propylene glycol as solvents.
Organic solvents.are volatile, leading to crystallization of the drug on the skin surface, which hinders
absorption. Moreover, long-term use of organic solvents can irritate the skin, causing oily hair, rapid
hair loss; dermatitis, and allergic reactions, and may even lead to hypotension and tachycardia’.

Other studies have reported that insufficient vascularization in the hair loss areas of AGA patients
can hinder the delivery of active nutrients and therapeutic drugs like minoxidil to the follicles,

significantly reducing minoxidil's bioavailability. As a result, the efficacy of minoxidil is greatly
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diminished, requiring patients to use the drug frequently over long periods, which significantly
decrease patient adherence’. In recent years, the role of nitric oxide (NO) in promoting hair growth has
gradually gained attention among researchers!®. NO can indeed play a synergistic role in minoxidil
treatment for AGA through several mechanisms: 1) Vasodilation and increased blood flow, enhancing
drug penetration; 2) Promoting neovascularization; 3) Accelerating proliferation and“migration’ of
dermal papilla cells; 4) Reducing inflammatory immune responses'!. The most widely studied nitric
oxide donors include organic nitrates (RONO2), nitrites (RONO), S-nitrosothiols “(RSNO),
nitrosamines, N-diazeniumdiolate salts (NONOates), and metal-NO complexes'®'?. Among them,
RSNO and NONOates are the two most widely used NO donors. Although these NO donors-are more
stable than NO gas and can be stored as solids, they still have short half-lives, low bioavailability, and
poor stabilities. L-arginine, an endogenous amino acid, can be metabolized to'NQ and L-citrulline
under the action of nitric oxide synthase (NOS) or ROS. More importantly; compared with RSNO and
NONOates, L-arginine has much better biocompatibility, stability, and.draggability'* 1. Currently, oral
and injectable L-arginine medications are available in clinical practice. Therefore, exploring L-arginine
as a NO donor to improve insufficient vascularization in.hair loss areas, in combination with minoxidil,
holds promising clinical potential for the treatment of AGA.

Microneedles (MNs) are micron-scaled tiny needles’ measuring 100 to 1000 um. They are
designed for minimally invasive and nearly painless penetration of the stratum corneum, the outermost
layer of the skin. Compared to topical formulations like minoxidil tincture, microneedles can deliver
drugs more efficiently into the skin.(Scheme 1)..This technology addresses the challenges of low

transdermal efficiency and poor compliance often‘associated with AGA treatments™™ 16,

N .. 4 microneedle
minoxidil tincture

] Epidermis

%
>
Dermis |

| Nerve endings

»
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Skin capillaries |
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Scheme 1 Microneedles (MN) are micron-sized needles designed to minimally invasively and painlessly

penetrate the stratum corneum, facilitating more efficient drug delivery into the skin compared to minoxidil

tincture.
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Additionally, the rapid advancement of nanotechnology has opened new opportunities for hair
follicle regeneration. By designing nanoparticles with specific characteristics, researchers can achieve
targeted drug delivery to hair follicles, allowing drugs to penetrate deeply into the follicle roots for
more effective treatment!” '8, It has been indicated in literature that nanoparticles with diameters
ranging from 400 nm to 600 nm show deeper penetration within hair follicles'® ?°. This targeted
delivery strategy not only improves treatment efficacy but also minimizes side effects, providing
significant benefits for patients suffering from hair loss.

Based on the above background, this study designed a novel drug delivery system for’ AGA
treatment, utilizing microneedles as a delivery platform to efficiently co-deliver minoxidil 'and NO
donors in a nano-hydrogel. Specifically, the nano-hydrogel (MHMA) ' was_formed by
photopolymerization of Methacryloyl hyaluronic acid (MeHA) and Methacryloyl arginine (MeArg),
with MeArg serving as the NO donor. Through optimized formulation.design,-this nano-hydrogel
efficiently encapsulated minoxidil (MI) in a non-organic selvent, resulting in a drug-loaded nano-
hydrogel co-encapsulating arginine and minoxidil (MHMA@MI). ‘Furthermore, using a micro-
molding method, MHMA@MI was loaded into microneedles to-produce hair-growth microneedles
(MN-MHMA@MI) (Scheme 2). The prepared-hair-growth- microneedles demonstrated complete
morphological structure and excellent mechanical properties, successfully penetrating the stratum
corneum and effectively delivering MHMA @MI into the skin. Compared to commercially available
minoxidil tincture and minoxidil microneedles. (MN-MI), MN-MHMA@MI showed the most
significant hair regeneration effect in_a mouse hair loss model. Hematoxylin-Eosin staining (H&E)
results demonstrated that MN-MHMA @M effectively promoted hair follicles to enter the growth
phase. Meanwhile, CD31 immunofluorescence staining results indicated that the MN-MHMA @MI
group stimulated angiogenesis around the hair follicles and improved blood supply to the follicles. In
addition, the microneedles were free of organic solvents, and no significant damage was observed in
the skin tissue.during the treating period, confirming the excellent biosafety of MN-MHMA@MI.
Therefore, the hair-growth microneedles we developed highlight their potential as a safe and effective

treatment for AGA, further supporting their potentials in clinical application.
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Scheme 2 Schematic diagram of the preparation process_of hair-growth microneedles (MN-
MHMA@MI) and its combination with minoxidil (MI) and NO-donor (MeArg) for the treatment of
androgenetic alopecia. (A) Constructing monomers and mechanism of-action of MN-MHMA@MI. (B) The

preparation process of MN-MHMA@MI.

2 Materials and Methods

2.1 Materials

Hyaluronic acid, arginine, methacrylic anhydride, minoxidil, N, N-methylene bisacrylamide
(MBA), photoinitiator Irgacure 2959, ethanol, acetone, glacial acetic acid, testosterone, Texas-red

fluorescent dye, polydimethylsiloxane (PDMS).
2.2 Animals

Male C57BL/6 mice, 8 weeks old
2.3 Preparation of main solutions

Acetate buffer (pH 2.5): Mix 25 mL of acetic acid solution with 200 mL of water, adjust the pH
to 2.50.(0.05) with NaOH. (40% w/v), and finally adjust the volume to 250 mL with ultrapure water.

Sulfanilamide solution (Griess): Weigh 0.6 g of sulfanilamide into a 100 mL volumetric flask,
add 40 mL of HCI (1'mol/L), and adjust the volume to 100 mL with ultrapure water.

Naphthyl ethylenediamine solution (NED): Weigh 0.6 g of NED into a 100 mL volumetric flask,
add 40 mL of HCI (1 mol/L), and adjust the volume to 100 mL with ultrapure water.

2.4 Synthesis of methacryloylated hyaluronic acid

Dissolve 1.0g of HA in 50 mL of pure water at 4°C, add 0.8 mL of methacrylic anhydride (MA)
dropwise, adjust the pH of the reaction solution to 8-9 with SN NaOH, and stir for 24 hours at 4°C.

7
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After the reaction is complete, precipitate the product in acetone, wash with ethanol, dissolve again in

pure water, dialyze for 2 days, and lyophilize to obtain methacryloyl hyaluronic acid (MeHA).
2.5 Synthesis of methacryloylated arginine

Dissolve 2.0 g of arginine in a mixture of 8.5 mL of 1,4-dioxane and 20 mL of deionized water.
Add 4.5 mL of triethylamine while stirring. Cool the mixture to 0 °C, then add 3 mL of ' methacrylic
anhydride dropwise for over 10 minutes. Stir the mixture at 25 °C for 24 hours. Precipitate the product
in 400 mL of acetone, dissolve it in water, and precipitate again in acetone (Fig.-1TA). Lyophilize to

obtain methacryloyl arginine (MeArg) (Fig. 1B).

Fig. 1 (A) Acetone precipitation process. (B) Product after freeze-drying.

2.6 Preparation of nanogels

As shown in Table 1, mix the.following materials in 1 ml of 0.3% acetic acid aqueous solution.
Then expose the mixture to UV light for 60 seconds for crosslinking, and prepare nanogels
(MHMA@MI). Measure the hydrated particle size and dynamic dispersion coefficient with a laser
particle size analyzer. The screened.particle size should be in the range of 400-600 nm, with a
polydispersity index (PDI) ofless.than 0.3.

Table1. Dosages of each component for formulation screenings

Materils " (mg/mL) Formulations
1 3 5
Minoxidil 2 2 2
MeHA 0 4 4
MeArg 4 0.5 1 0.5 0
MBA 0.6 0.6 0.6 1.2 0.6
Irgacure 2959 0.2 0.2 0.2 0.2 0.2

Additionally, after finalizing the formulation, perform NMR spectroscopy on the nanogels to

confirm if cross-linking reactions have occurred and if covalent bonds have been formed
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2.7 Detection of encapsulation efficiency of minoxidil in nanogels

Using HPLC detection methods, the amount of free minoxidil in the crosslinked system. was
measured to determine the encapsulation efficiency of the nano-gel MH-MA@MI for minoxidil (MI).
Specifically, after crosslinking, the system was centrifuged using an ultrafiltration tube with a
molecular weight cut-off of 300 KDa under the following conditions: 4000 rpm for«}5.minutes. The
free MI was centrifuged into the ultrafiltration outer tube, filtered through a 0.22 um filter head, and
then detected by the machine.

Preparation of the mobile phase: Aqueous phase: an aqueous .solution containing 1%
trifluoroacetic acid; Organic phase: methanol. After the mobile phase was.prepared, it was filtered and
degassed by ultrasonic treatment.

Chromatographic conditions: Flow rate: 1 mL/min; Elution conditions:’ Aqueous phase: Organic
phase = 40:60; Injection volume: 20 puL; Column temperature: 30°C. A series of standard solutions
with different concentrations were prepared by gradient dilution of.the /minoxidil standard solution.
High-performance liquid chromatography (HPLC) was used for standard injection to obtain sample
absorption peaks (peak area) and to plot the standard curve.

Detection was performed according to the above chromatographic detection method, and the
standard curve was plotted based on the.linear relationship between peak area (A) and drug
concentration (C). The sample was prepared and detected according to the above method, and the
measured peak area was substituted into the standard curve to calculate the amount of free MI in the
sample. The encapsulation efficiency. of MI inthe formulation was then calculated using the following
formula:

t

X 100%

Encapsulation efficiency% =

Here, C; represents the total amount of MI added; Cr represents the total amount of free MI.
2.8 Preparation and characterization of hair-growth microneedles

For the preparation of the microneedles: The PDMS microneedle mold is plasma cleaned, then
40 pL of MHMA@MI solution is applied to the PDMS microneedle mold and subjected to pressure
treatment (0:3,MPa, 5 minutes), followed by drying in a fume hood. Another 40 pL. of MHMA@MI
solution is.then applied to the mold, subjected to vacuum treatment (-0.1 MPa, 12 minutes), and dried
againdn a fume hood. Once completely dry, 11 uL of HA solution (0.5 g/mL) is applied to the PDMS
microneedle mold, subjected to vacuum treatment (-0.1 MPa, 12 minutes), and dried in a fume hood
for 3 hours until fully dry. The microneedles are then peeled off and stored in a desiccator for later use.

The preparation process of MN-MI (microneedles loaded with minoxidil) is identical to that of MN-
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MHMA @ML.
2.8.1 Detection of drug loading in hair-growth microneedles

Peel off and collect the tips of the MN-MHMA@MI microneedles, add 1 mL of ethanol (per
patch), sonicate with a probe, filter through a 0.22 pum filter head, and then detect the MI content using
the HPLC method described in section 2.7.1.

2.8.2 The amount of NO produced by hair-growth microneedles

The needle tips of MN-MHMA@MI were peeled off and collected, dissolved in 0.5 mL of UP
water and H>O» (200 uM), and placed in a shaker set at a speed of 100 rpm/min and.a temperature of
37°C. After incubation for 6 hours, 50 pL of the obtained sample was taken and.the NO content was
detected using the Griess method.

NO standard curve preparation: Prepare a 10 mol/L. NaNOs working solution and use acetate
buffer (pH = 2.5) to prepare a series of concentrations: 10, 2x10,/5%10°, 7x10°, 10x10°° mol/L.
Then, add 200 pL of Griess reagent to the sample, gently. shake,.and. react in the dark for 3 minutes.
Continue by adding 50 uL of NED solution, gently shake, and react'in the dark for 5 minutes.

Detection principle?"> 22: NO* is a stable end metabolite of NO. Under acidic conditions, NO>
reacts with sulfanilamide in the Griess reagent to form a diazonium salt, which then reacts with N-(1-
naphthyl) ethylenediamine (NED) to produce a magenta diazo dye. The absorbance of this magenta

dye is measured at 540 nm using microplate reader-to.calculate the NO content in the solution (Fig. 2).

—— HO5S N. O
HOJS@NHQ 3 @ o 4+ —_— HO3SON=N Q NHCH,CHoNH;
NHCH,CHoNH,

Griess reagent Dlazonlum salt Azo dye

N-(1-naphthyl) -ethylenediamine reagent
Fig. 2 Principle of NO Detection.
2.8.3 Morphological characterization of the microneedles

Using scanning electron microscopy (SEM), confocal laser scanning microscopy (CLSM), and
optical sectioning microscopy to scan the morphology of microneedles, including assessing the

integrity and tip morphology of the microneedles.

2.8.4 Evaluation of the mechanical properties of the microneedles

Using a force gauge (MARK-10) to measure the rupture force and rupture displacement of MN-

10
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MI and MN-MHMA @MI, and recording the force-displacement curve.
2.8.5 Evaluation of the puncture efficiency of the microneedles

Attach the prepared MN-MHMA@MI microneedles (Fig. 3A) to the microneedle ‘delivery
injector device (Fig. 3B), press the MN-MHMA@MI onto the skin of male C57BL/6 mice for'3
minutes, and then remove the microneedle backing layer (Fig. 3C). Subsequently, euthanize the mouse
and excise the skin from the application site. Stain the microneedle puncture sites with 30 uL of
Coomassie Brilliant Blue for 5 minutes, then wash off the excess dye and observe under a microscope.
The puncture efficiency of the microneedles is determined by the ratio of blue-stained holes to-the total

number of microneedles.

Fig. 3 (A) Image of the microneedles. (B).Diagram of the drug delivery injector device. (C) Microneedle

drug delivery process.
2.8.6 Efficacy evaluation

Day 0: Shave the backskin of'the mice with a hair clipper and perform a thorough hair removal
treatment with depilatory cream. Randomly divide the mice into the following groups: Model,
Minoxidil Solution (MI), Minoxidil Microneedle (MN-MI), and Nanogel Microneedle Loaded with
Minoxidil (MN-MHMA @MI). Anesthetize all groups and apply a 0.5% testosterone solution to the
depilated .area, maintaining it for 20 minutes®>. Apply the testosterone solution throughout the
observation period to maintain the androgen-induced alopecia model.

Treatment Protocol: On Day 1, start treatment with different formulations for all groups except the
Model groups. Administer treatment every three days for a total of 5 doses over 13 days. Specifically,
MI tineture: Apply minoxidil solution to the hair loss area; MN-MI: Microneedles loaded solely with
minoxidil were applied to the hair loss areas for 3 minutes; MN-MHMA @MI: Microneedles loaded
with MN-MHMA @MI were applied to the hair loss areas for 3 minutes.

Efficacy Assessment: Throughout the observation period, mice were photographed on days 0, 18,

11
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22, and 28 to monitor hair growth. On day 28, the mice from each group were euthanized, and their
skin was harvested for hair follicle examination using a trichoscope (Fig. 4A, B). Additionally, skin
samples were fixed and analyzed using HE staining and CD31 immunofluorescence staining to assess

hair follicle conditions and angiogenesis.

A B

Fig. 4 (A) Diagram of the trichoscope device. (B).Imaging process.using the trichoscope.
3 Results and discussion

3.1 Synthesis and characterization of methacarylated hyaluronic acid

The synthesis route of the methacarylated hyaluronic.acid (MeHA) monomer is shown in Fig. SA.
Compared to the 'H NMR spectrum of \HA. (Fig. 5B), the 'H NMR spectrum of MeHA displayed
characteristic peaks from the two hydrogens onthe C = C bond. The chemical shifts (ppm) of each
proton were as follows, denoted by o: 66.1.(s,"1H), 5.7 (s, 1H), 1.9 (s, 3H), 1.83 (s, 3H) (Fig. 1C).
These values were consistent with theoretical expectations, and the spectrum showed no other impurity
peaks, indicating the successful synthesis of a structurally accurate MeHA monomer that meets

experimental requirements

12
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Fig.5 (A) Synthesis process of methacryloylamide-arginine (MeHA). (B) 'H NMR spectrum of HA (C)1H
NMR spectrum of MeHA (D20, 400 MHz). '"H NMR (400 MHz, D20Q).56.1(s, 1H), 5.7 (s, 1H), 1.9 (s, 3H),
1.8 (s, 3H), indicating the successful synthesis of MeHA.

3.2 Synthesis and characterization of methacarylated-arginine

The synthesis route of the methacarylated arginine (MeArg) monomer is shown in Fig. 6A.
Compared to the 'H NMR spectrum-of arginine.(Arg) (Fig. 6B), the 'H NMR spectrum of MeArg
displayed characteristic peaks.from the two hydrogens on the C = C bond. The chemical shifts (ppm)
of each proton were as follows, denoted by 8: 85.61 (s, 1H), 5.35 (s, 1H), 4.13 (dd, 1H), 3.09 (t, 2H),
1.83 (s, 3H), 1.81-1.59+(m,2H), 1.56-1.46 (m, 2H) (Fig. 6C). These values were consistent with
theoretical expectations, and the spectrum showed no other impurity peaks, indicating the successful

synthesis of a structurally accurate MeArg monomer that meets experimental requirements.

13
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Fig.6 (A) Synthesis process of methacryloylamide-arginine (MeArg). (B) "H' NMR spectrum of Arg (C)'H
NMR spectrum of MeArg (D20, 400 MHz). "H NMR (400 MHz, D20) 55.61 (s, 1H), 5.35 (s, 1H), 4.13 (dd,
1H), 3.09 (t, 2H), 1.83 (s, 3H), 1.81-1.59 (m, 2H), 1.56 -1.46 (m, 2H),-indicating the successful synthesis
of MeArg.

3.3 Synthesis and Characterization of Nanogels

Laser diffraction particle size analysis'measures particle size by directing a laser beam through a
sample. The particles scatter the laser light, and the angle of this scattering is related to the particle
size. The instrument collects and analyzes these.scattered light signals using specific algorithms to
calculate the particle size distribution.<The Polydispersity Index (PDI) reflects the uniformity of
particle size and is a crucial indicator of particle size characterization.

According to Section 2.6, five different formulations were prepared, with their corresponding
particle sizes and PDIs:shown.in Fig. 7A. Notably, the cross-linked formulation 3 exhibited a particle
size of 522.9 nm and a PDI of 0.144, demonstrating that the monodisperse nanogel (MHMA@MI)
with a uniform particle size.was successfully prepared, meeting the criteria for targeting hair follicles.
Additionally, the high encapsulation efficiency of minoxidil in the nanogel is vital for the formulation's
success. HPLC analysis revealed that the nanogel encapsulates minoxidil with an efficiency of 87.64%
(Fig. 7B), indicating a successful formulation with high minoxidil loading.

Furthermore, NMR results (Fig. 7C) showed that peaks at 6.1 ppm and 5.7 ppm (MeHA), 5.61
ppm and 5:35 ppm (MeArg), and 5.8 ppm and 6.25 ppm (MBA) disappeared, signifying the complete
consumption of the double bonds and the successful completion of the polymerization reaction,
resulting in MHMA. These findings confirm that we have synthesized an MHMA nanogel with an

approximate particle size of 500 nm, uniform particle size, and high minoxidil encapsulation efficiency.
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Fig. 7 (A) Formulation screening of nanogels; including particle size and Polydispersity Index (PDI) results.
(B) Particle size distribution and encapsulation efficiency of MHMA. (C) '"H NMR spectrum of MeHA, MeArg,
MBA and MHMA.

3.4 Fabrication and.Characterization of microneedle

The preparation method for two types of microneedles were similar: MI or MHMA@MI was
filled into PDMS molds under reduced pressure and then dried. Subsequently, HA was further filled
into the PDMS molds'to form the final microneedle patches. Analysis of stereomicroscope images (Fig.
8A) and scanning electron microscope images (Fig. 8B) demonstrated that both microneedle types
maintained intact morphology with sharp tips and heights exceeding 700 micrometers. Additionally,
substituting texas red dye for minoxidil during microneedle preparation and scanning with a confocal
microscope” (Fig. 8C) revealed uniform drug distribution throughout the microneedles, which is

beneficial for effective drug delivery.
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A MN-MI MN-MHMA@MI B 2 MN-MHMA@MI

= N & S

MN-MI MN-MHMA@MI

Fig. 8 (A) Stereomicroscope images of the two types of microneedles. (B) Scanning electron microscope
images of the two types of microneedles, scale bar = 200 ym. (C).Confocal microscope images of the two

types of microneedles, characterized using texas red dye instead of minoxidil, scale bar = 200 pm.

Compared to traditional formulations such as tinctures, microneedles offer a significant advantage
in terms of patient compliance due to their painless delivery method, which is preferable to injections.
However, adequate mechanical strength is essential for effective drug delivery via microneedles. We
evaluated the mechanical properties of individual microneedles by measuring the break force-
displacement curves (Fig. 9A, B). Further.analysis of these curves yielded data on break displacement
and break force. Statistical analysis demonstrated. that the incorporation of nanogel significantly
improved the mechanical performance of MN-MHMA@MI compared to MN-MI, with performance
metrics well above the 0.058 N/needle threshold required for skin penetration (Fig. 9C, D). These
findings indicate that the microneedles developed using our designed nanogel exhibit optimal
mechanical performance:

To further assess. the practical piercing efficiency of the microneedles, we applied them to the
dorsal skin of‘mice using a custom ejector for 3 minutes. Following removal, the skin was stained with
evans blue for 3 minutes. The results demonstrated that both types of microneedles achieved 100%

piercing efficiency; effectively penetrating the skin (Fig. 9E).
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Fig. 9 (A, B) Rupture force-distance curves for the two types of microneedles. (C, D) Rupture force and
rupture distance for the two types of microneedles. (E) Piercing efficiency of the two types of microneedles
on the dorsal skin of C57BL/6 mice, as assessed-by. evans blue staining. Data are represented as mean

+ SEM (n=4). Student’s t-test analysis in - Graphpad Prism9.0. Levels of significant differences were

expressed as follows, *P < 0.05, **P <0.01,***P < 0.001, ****P < 0.0001.

Finally, HPLC analysis of the drug loading capacity for minoxidil in the two types of
microneedles showed that the drug load was 124.9 pg/patch for one type and 127.92 pg/patch for the
other, with no significant.difference between them (Fig. 10A). Additionally, the amount of arginine-
loaded MN-MHMA@MI..that released NO was 0.78 pM/patch (Fig. 10B). All these results

demonstrate the successful preparation of two types of minoxidil-loaded microneedles.
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Fig. 10 (A) Amount of minoxidil loaded in the two types of microneedles. (B) Plate bottom images of NO
detection and the amount of NO released from MN-MHMA@MI loaded with arginine. Data are represented
as mean * SEM (n=3). Student’s t-test analysis in Graphpad Prism9.0. Levels of significant differences

were expressed as follows, *P < 0.05, **P < 0.01, ***P < 0.001, ****P <0.0001.
3.5 In vivo pharmacodynamic studies

Hair growth is characterized by a cyclical nature:~To visually observe hair follicle (HF)
development, the C57BL/6 mouse is commonly used in-alopecia research. This is because the skin
color of C57BL/6 mice is closely linked to the growth cycle of their hair follicles. Hair follicles contain
melanocytes, and their growth is synchronized with melanocyte activity. During the active growth
phase of hair follicles, melanocytes begin synthesizing and secreting melanin, resulting in darker skin.
When hair follicle growth ceases and “transitions to' the resting phase, melanin production by
melanocytes stops, and the skin gradually returns to a pink color. Thus, changes in skin color can
indicate the growth phase of the hairfollicles: For our experiments, we selected 8-week-old C57BL/6
mice. At this age, the skin follicles have completed their development and have transitioned from the
growth phase to the resting phase, causing the skin to change from black to pink. Upon external stimuli
such as hair removal, the hair follicles re-enter the growth phase, with renewed and comprehensive
activation of follicle-growth, leading to a subsequent change in skin color?® %,

In this experiment, an androgenetic alopecia (AGA) model in mice was established by applying
a testosterone.solution.to the depilated area on the back of the mice, as previously described (section
2.8). 8-week-old male C57BL/6 mice were randomly divided into four groups (n=4) and depilated on
the back-on day 0. Different treatments were administered on days 1, 4, 7, 10, and 13, with daily
application0f0.5% testosterone solution to maintain the AGA model (Fig. 11A). The regrowth of hair
in the depilated area over time is shown in Fig. 11B-E. In the testosterone-treated group (Model group),
hairregrowth in the depilated area was significantly inhibited. By day 18, the skin on the back remained
pale pink without any darkening, and no signs of hair regrowth were observed throughout the
observation period. In contrast, MI tincture, MN-MI, and MN-MHMA @MI groups showed some new
hair growth around day 18, with MN-MHMA@MI exhibiting the most extensive coverage and
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significant pigmentation, indicating that the hair follicles had entered the growth phase. By day 28, the
MN-MHMA@MI group showed the best hair regrowth, with the largest hair coverage area.

A
Androgen alopecia model
0.5% Testosterone
solution (daily)

[' — \
*—o—0—0—0—0 O
D0 D1 D4 D7 D10 D13 D28
@ treated with different formulations

B C

Model MI tincture
h n E Y
D E
MN-MHMA@MI
DO “ DO
\ 1
" E E "
D22 ‘ i D22
&
,v'w.
D28 D28
w

Fig. 11/(A) Pharmacodynamic animal experimental protocol. (B-E) Photographic results of hair regrowth
on the backs of mice in the Model, Ml tincture, MN-MI, and MN-MHMA@MI groups, taken on days 0, 18,
22, and 28, respectively. (n=4).

A trichoscope is a crucial diagnostic tool for hair loss, offering significant value in diagnosing,
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grading, and assessing the efficacy of treatments for androgenetic alopecia. It facilitates a clearer
observation of hair follicle openings, hair shafts, and the surrounding skin (Fig. 12A). As show§
Fig. 12B, the MN-MHMA@MI group demonstrated uniformly distributed hair with neatly a

(§]

roots and normal morphology, displaying significant differences compared to the Model,&

and MN-MI groups. / —
A ?‘

Model

MI tincture

Fv (A) atic of trichoscope imaging. (B) Observation results of hair regrowth on the backs of

% in th@l tincture, MN-MI, and MN-MHMA@MI groups using the trichoscope on day 28. (n=4).
Q @aﬁer assess the condition of the skin and hair follicles in the mice®> 2, we conducted
% Hematoxylin and Eosin (HE) staining on skin samples from the drug application areas of each group.
The results are presented in Fig. 13A. On day 28, hair follicles (HFs) in the Model group remained in

the resting phase. In the MI tincture group, only a few hair follicles had transitioned to the growth
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phase. In contrast, the MN-MI and MN-MHMA @MI groups exhibited hair follicles advancing to the
growth phase, with increased follicle depth. Notably, the MN-MHMA @MI group showed hair follicle
bulbs with increased volume and accompanying melanin production. Additionally, CD31 a specific
marker for endothelial cells, reflects the extent of angiogenesis. The CD31 immunofluoreéscence
staining results (Fig. 13B) showed that the MN-MHMA@MI group exhibited prominent red
fluorescence, indicating that the nanogel co-loaded with NO donors (MeArg) and minoxidil effectively

promoted CD31 expression and enhanced angiogenesis around the hair follicles.

A

Naive Model MI tincture MN-MI MN-MHMA@MI

Naive Model MI tincture MN-MI MN-MHMA@MI

Fig. 13 (A) Representative HE staining images of.the back skin from naive, model, MI-tincture, MN-MI,

and MN-MHMA@MI groups of:mice, Scale .bar =100 um. (B) Representative CD31 immunofluorescence
images of the back skin from.the naive, model, MI-tincture, MN-MI, and MN-MHMA@MI groups of mice,
Scale bar =50 um.

4 Conclusion

In summary; we developed a nanogel capable of high encapsulation of minoxidil through a
straightforward chemical modification by covalently polymerizing an NO donor arginine. This was
achieved via a simple photopolymerization reaction. Furthermore, we utilized this nanogel to fabricate
microneedles with excellent mechanical properties. The microneedle material used in this study is
hyaluronic.acid (HA), a safe and biocompatible injectable excipient. The microneedles prepared in this
studyallow drug delivery with just a 3-minute application, enhancing patient compliance while
minimizing the potential risk of skin irritation. Additionally, compared to commercial minoxidil
tincture, these microneedles contain no organic solvents, significantly reducing the dosage of minoxidil

and further improving safety. By encapsulating minoxidil in soluble microneedles using a gentle and
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simple method, with an encapsulation efficiency exceeding 80%, we achieved co-delivery of minoxidil
and the NO donor through the skin. The microneedles effectively delivered minoxidil and, with the aid
of NO, effectively stimulated hair follicles to enter the growth phase, promoted angiogenesis.and

significantly enhanced hair growth, thereby achieving optimal therapeutic outcomes.
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