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Abstract: Androgenetic alopecia (AGA) is a transracial and cross-gender disease

worldwide with a higher prevalence among young individuals. Traditional oral or

subcutaneous injections are often used to treat AGA, however, they may cause severe

side-effects and therefore effective treatments for AGA are currently lacking. In this

work, to treat AGA, we developed a composite paste system based on minoxidil

(MXD)-loaded nanoparticles and valproic acid (VPA) with the assistance of

roller-microneedles (roller-MNs). The matrix of composite paste systems is

carboxymethyl cellulose (CMC), hyaluronic acid (HA) and polyvinylpyrrolidone

(PVP). The roller-MNs can create microchannels in the skin to enhance drug

transdermal efficiency. With the combined effects of the stimulation hair follicle (HF)

regrowth by upregulating Wnt/beta-catenin of VPA and the mechanical microchannels

induced by roller-MNs, the as-prepared composite paste systems successfully boost

perifollicular vascularization, and activate hair follicle stem cells, thereby inducing

notably faster hair regeneration at a lower administration frequency on AGA mouse

model compared with minoxidil. This approach offers several benefits, including the

avoidance of efficacy loss due to the liver’s first-pass effect associated with oral drug,

reduction in the risk of infection from subcutaneous injection, and significant decrease

in the side effects of lower-dose MXD.

Keywords: Minoxidil, valproic acid, androgenetic alopecia, roller-microneedles, hair

regeneration
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1. Introduction

Androgenetic alopecia (AGA) is the most prevalent type of alopecia areata, a

condition in which the rate of hair loss exceeds the rate of hair growth and the number

of hairs declines with an upward shift in the hairline [1-3]. There is a promising

market for hair regrowth because of the rise in the number of people experiencing hair

loss and the necessity of hair renewal [4-6]. Although there are two therapy options of

follicular transplantation and medication, there is still a notable absence of convenient

delivery system and an efficient treatment approach [7-10]. The US Food and Drug

Administration (FDA) has only approved finasteride (FIN) and minoxidil (MXD) as

medications for treating hair loss [11-14]. Although MXD, has shown positive results

in treating hair loss, individuals who use MXD topically may be more prone to

experiencing skin side effects and developing hypertrichosis [15-20]. Therefore, it is

worth investigating alternative therapies with fewer or no side effects [21-23].

Valproic acid (VPA), an FDA-approved anticonvulsant, has been demonstrated to

induce hair follicle (HF) regeneration by upregulating Wnt/b-catenin [24]. It has been

reported that Wnt/β-catenin signaling is critical for the development and inductive

potential of dermal papilla cells (DPC) for HF regeneration and hair shaft growth

[25]. As a therapeutic agent, precise dosing of MXD and VPA is crucial to prevent

adverse reactions [24,26,27].

The preferential deposition of drugs in hair follicles is determined by the

physicochemical properties of the drug itself and the type of drug delivery method

[28,29]. Many drug delivery systems, including polymeric carriers, lipid nanoparticles,
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and microneedles (MNs), have been broadly investigated to enhance the specific

delivery of active pharmaceutical ingredients to hair follicles [30]. MNs are a painless

administration method that offers several advantages, including convenient usage,

minimally invasive procedure, and relatively low cost. They effectively overcome the

stratum corneum barrier, enabling pharmaceuticals to penetrate both epidermal and

dermal layers [31]. However, the application of the MNs is limited due to the need for

multiple dosing frequencies and unstable efficacy [32-35]. Wang et al [36] showed a

rapid onset of therapeutic action in a xylene-induced acute inflammation model in

mice by building a supramolecular dissolving microneedle patch. In contrast to

supramolecular MNs [36] and polymer MNs [37-38], roller-MNs are more suitable

for creating the channels in the hair-covered area. Therefore, we hypothesize that

nanocarrier-integrated MNs can not only alleviate the adverse effect associated with

therapeutic agents but also promote drug delivery. This synergistic approach has the

potential to significantly improve the efficiency of AGA treatment [39-41].

Ferulic acid (FA) can self-assemble into lignin nanoparticles and can be applied

to encapsulate drugs. Lignin nanoparticles have good biocompatibility and antioxidant

characteristics [42-45]. Zhao et al [45] effectively built a lignin-derived nanoparticle

loaded with cyclosporin for the treatment of inflammatory bowel disease and

demonstrated efficient drug loading as well as scavenging characteristics of the

nanoparticles of reactive oxygen species (ROS). Hydrophobic drugs can easily

penetrate the skin barrier due to the hydrophobic and lipophilic nature of the skin's

stratum corneum [46-48]. However, they usually require to be dissolved in organic
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solvents, which may harm the skin [49-53].

Herein, a composite paste system with the incorporation of MXD-loaded

FA-derived lignin nanoparticles (MXD@FAL NPs) and VPA was designed for the

treatment of AGA with the assistance of roller-microneedles (roller-MNs). The

hydrophobic MXD was encapsulated in the ferulic acid-derived nanocarriers, which

overcame the insolubility problem of the lipophilic drug in the composite paste

fabrication process. Using the inherent roller-MNs function that overcomes the skin

barrier properties, the encapsulated MXD@FAL NPs and VPA were physically

penetrated and implanted inside the skin [54-59]. CMC, HA and PVP were selected as

the matrix of composite paste due to their excellent biocompatible, biodegradation,

and rapid dissolution in the skin’s extracellular fluid, leading to improve the

permeation of the drugs [60-61]. In addition, the hair growth promotion effect of the

composite pastes incorporating MXD@FAL NPs and VPA (M/F/V) was evaluated on

the C57BL/6J mice (Fig. 1).
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Fig. 1 Schematic illumination of composite pastes incorporation of MXD-loaded nanoparticles

(MXD@FAL NPs) and valproic acid (VPA) composite paste for the treatment of androgenetic

alopecia.

2. Experimental section

2.1 Materials

Minoxidil (MXD, >98.0%), valproic acid (VPA, >98.0%), ferulic acid

(FA, >99.0%), carboxymethyl cellulose sodium (CMC, 1500-3100 mPa.s), hyaluronic

acid (HA, 95%), polyvinylpyrrolidone (PVP, K30), phosphate buffered saline (PBS),

TWEEN®80 and peroxidase from horseradish (active＞300 units/mg) were obtained

from Aladdin Chemical Reagent Co., Ltd. (Shanghai, China). Hydrochloric acid

(HCl), acetone, hydrogen peroxide (H2O2) and tetrahydrofuran (THF) were purchased

from Hangzhou Shuanglin Chemical Reagent Co., Ltd. (Hangzhou, China).

Dihydroethidium (DHE) and dihydrotestosterone (DHT) were purchased from

Beyotime Biotechnology (Shanghai, China). DMEM was purchased from Procell Life

Science&Technology Co., Ltd.

2.2 Preparation of FALNPs and MXD@FALNPs

Horseradish peroxidase (5 mg) was first dissolved in PBS (100 mL, pH = 8).

After adding the solution of FA [FA (1 g) in 25 mL of water and acetone (4:1, v/v)]

and H2O2 (25 mL, 1.8 wt%), the solution was further stirred for 48 h in the dark. Then,

the pH of the solution was adjusted to 3 with the addition of the HCl solution. The

FA-derived lignin (FAL) could be obtained after centrifuging and rinsing by deionized

water.

FAL (10 mg) was dissolved in THF (10 mL). Deionised water (180 mL) was



8

slowly added to the stirred FAL solution at a rate of 120 mL/h. After stirring for 1 h at

room temperature, the solution was centrifuged at 10,000 rpm for 6 min at 8 °C. Then,

the solid composition was dialyzed (MWCO = 8,000 Da) against deionised water for

48 h. The FAL NPs were obtained after freeze-drying. For the preparation of

MXD@FAL NPs, FAL (20 mg) and MXD (10 mg) were dissolved in THF (20 mL).

Deionised water (200 mL) was added with a rate of 180 mL/h. Then, the mixture was

stirred under room temperature for 1 h. The solvent and un-loaded drug were

eliminated by centrifugation. Finally, MXD@FAL NPs were obtained by a dialysis

and freeze-drying process.

2.3 Characterization

The particle size and zeta potential of samples were determined by a dynamic

light scattering instrument (DLS, Zetasizer Nano ZS90) at room temperature. The

morphologies of the as-obtained samples were characterized by a field emission

scanning electron microscope (FE-SEM, Vltra55, Zeiss) at an extra high tension of 5

kV and transmission electron microscopy (FE-TEM, JEM-1400Flash) operated at an

acceleration voltage of 120 kV. The composition of the resultant samples was

analysized by an Infrared spectrometer (FT-IR, TENSOR-27). The loading efficiency

and encapsulation percentage of samples were measured by an UV-Vis

spectrophotometer (U3900H, Japan).

2.4 Preparation of the composite paste (M/F/V)

CMC (0.96 g), HA (0.2 g) and PVP (0.5 g) were firstly dispersed in 13.34 mL

distilled water to prepare blank composite paste. Then, MXD@FAL NPs (0.1 g) and
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VPA (0.4 mL) were dispersed in the above blank pastes (19.5 g) to prepare the

low-dose drug composite paste (L-M/F/V). 0.4 g MXD@FAL NPs and 0.4 mL VPA

were dispersed in the 19.2 g blank pastes to prepare the high-dose drug composite

paste (H-M/F/V) (Table S1).

2.5 Drug release in vitro

The dialysis bag method (MWCO = 14,000 Da) was utilized to simulate in vitro

drug release of composite paste (H-M/F/V). 0.3 g paste (H-M/F/V) was submerged in

30 mL of PBS containing 2.5 % Tween 80 and placed in a 37 °C water bath for 24 h

(pH = 5-8). The total amount of released drug was determined by an UV-Vis

spectrophotometer.

Transdermal tests were performed on the Franze diffusion cell method. Rat skin

was sliced and glued to the diffusion pool with PBS that contained 30 % ethanol as

the receiving medium. The effective transdermal area was 2 cm2 and the receiving cell

volume was 15 mL. Firstly, roller-MNs were used to roll over the skin 3~5 times to

ensure sufficient microchannels formed on the skin surface (Table S2). And 0.3 g

composite paste (H-M/F/V) was subsequently spread on the rat skin. Then, 1.5 mL

samples were taken at intervals of time from receiving cell. These samples were

promptly replaced with an equal volume of the same receiving medium. The total

amount of released drug was determined by an UV-Vis spectrophotometer (Table S3).

The transdermal test of composite paste (2% MXD) was tested at the same conditions

according to the above method.

2.6 Cytotoxicity tests and androgenetic alopecia management in vivo
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The cytotoxicity of the composite pastes was tested by culturing L929 cells using

the tetrazolium-based colorimetric assay (MTT) analysis. The hair regeneration

capabilities of composite pastes were evaluated in male C57BL/6 mice (6 weeks old,

Zhejiang Ying Yang Pharmaceutical R&D Co., Ltd., Hangzhou, China) that followed

a previous report with slight modification [23]. All the animal procedures were

approved by the Animal Ethics Committee of Zhejiang Sci-Tech University (No:

202303012) and Zhejiang Yingyang Pharmaceutical R&D Co., Ltd. (No:

ZJEY-20221128-04). A 4 cm2 area (2 cm × 2 cm) of the hair from the dorsal portion

of the 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 7 groups (Table S4): the blank group (G1: healthy after hair removal), the control

groups (G2: AGA mice treated by roller-MNs; G3: treated by blank composite paste),

the minoxidil group (G4: treated by 2 % MXD composite paste), the valproic acid

group (G5: treated by 2 % VPA composite paste), the L-M/F/V group (G6: treated by

0.5 % MXD@FAL NPs and 2 %VPA composite paste), and the H-M/F/V group (G7:

treated by 2 % MXD@FAL NPs and 2 %VPA composite paste). A roller-MNs was

applied on shaved skin to create microchannels before spreading of the composite

paste (~0.15 g/cm2). Digital pictures of skin and hair were taken at interval time. The

diameter and density of regrown hair were measured with the assistance of Firefly

tri-scope DE337T (Belmont, USA) at day 12 post depilation.

2.7 Histology and immunohistochemistry analysis

The hair regrowth of AGA C57BL/6J mice was assessed by hematoxylin and
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eosin staining (H&E). Inflammation at the hair regrowth area was evaluated by

interleukin 6 (IL-6). The level of reactive oxygen species (ROS) at the hair regrowth

area was determined by fluorescence DHE.

2.8 Statistical analysis

The statistical analysis was performed using the statistical software GraphPad

Prism 7. Student’s t test and one-way analysis of variance were used for statistical

comparison. A p-value < 0.05 was considered statistically significant. (∗P < 0.05, ∗∗P

< 0.01, ∗∗∗P < 0.001, ∗∗∗∗P < 0.0001)

3. Results and discussion

3.1 Synthesis and Characterization of FALNPs and MXD@FALNPs

The morphology of FAL NPs is confirmed by SEM and TEM tests. As shown in

Fig. 2a, the spherical structure of FAL NPs can be observed from the SEM image. The

intra/intermolecular π-π stacking interactions of aromatic rings govern the formation

of the spherical structure of FAL NPs [62]. In addition, the FAL NPs tend to aggregate

due to the hydrogen bonding or van der Waals interaction, as shown in Fig. 2b. Fig. 2c

shows the particle size distribution of FAL NPs, ranging from 200 to 400 nm. Because

of the abundant aliphatic hydroxyl group of FAL, the hydrophobic minoxidil (MXD)

can be incorporated into the FAL NPs through a hydrophobic interaction. As shown in

Fig. 2d, spherical morphology still can be maintained after loading of MXD. And

core-shell structure of MXD@FAL NPs can be observed from the TEM image (Fig.

2e). The size of MXD@FAL NPs is 300-600 nm and confirmed by the DLS test (Fig.

2f). Due to the excellent physicochemical properties including antibacterial and
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antioxidant, lignin-based composites is a suitable candidate for drug delivery

applications [63].

Fig. 2 The morphology and composition of FAL NPs, MXD@FAL NPs and composite paste.
SEM (a), TEM (b) images and particle size distribution (c) of FAL NPs, SEM (d), TEM (e) images
and particle size distribution (f) of MXD@FAL NPs, SEM (g and h) images of MXD@FAL NPs
in PBS with pH = 6.5 for 2 and 6h, and FTIR spectra (i) of FAL NPs, MXD@FAL NPs and
composite paste (H-M/F/V).

Herein, the stability of MXD@FAL NPs in PBS solution is also evaluated after

incubation for 2 h. As shown in Fig. 2g, the structural integrity of MXD@FAL NPs

has been destroyed. Further increasing incubation time to 6 h, the spherical structure

of MXD@FAL NPs is disappeared (Fig. 2h). It indicates that lignin-based carriers can

be degraded which is beneficial for drug release in a scalp environment (pH = 5.5-8).

Fig. 2i shows the FTIR spectra of FAL and MXD@FAL NPs. Three characteristic

peaks at 3450, 2900 and 2850 cm-1 from amino stretching can be observed in
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MXD@FAL NPs in comparison with FAL NPs, indicating the successful loading

MXD. The characteristic peaks at 1750 and 1719 cm−1 can be contributed to the

stretching vibrations of O-H and C-H alkane from VPA. These results are consistent

with the characteristic peaks in composite paste (H-M/F/V), indicating no chemical

interaction between the drugs and excipients (Fig. 2i).

3.2 Drug release and cytotoxicity in vitro

Loading efficiency and encapsulation percentage of MXD@FAL NPs are 24 ± 0.5 %

and 82 ± 1 %, respectively. It implies that the composite paste L-M/F/V and H-M/F/V

contain 0.024 g MXD and 0.096 g MXD, respectively. The results of the particle size

distribution (Fig. 3a) show no obvious change after storage as solid at room

temperature for 4 weeks, indicating good stability of MXD@FAL NPs. The spherical

morphology of MXD@FAL NPs still can be maintained and no obvious change can

be observed compared the initial structure of MXD@FAL NPs, implying the good

stability of nanoparticles in the composite paste (Fig. 3b). The cumulative drug

release behaviours in vitro are evaluated in PBS solution with pH = 5-7. As shown in

Fig. 3c, a rapid drug release behaviour can be observed in the first 6 h culture for all

samples. In a weak alkaline media, about 50% encapsulated drug can be released in 6

h, while cumulative drug release can be significantly improved due to the destruction

of FAL NPs in a slightly acidic environment. More than 72% of the encapsulated drug

can be released in the media with pH = 5. After 25 h culture, the cumulative drug

release is close to 100%. It implies that the encapsulated MXD in MXD@FAL NPs

can be released in the intra-scalp environment (pH = 5.5-8.0).
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Fig. 3 The stability, drug release and cytotoxicity of MXD@FAL NPs. Particle size distribution (a)

of MXD@FAL NPs from 0 to 4 weeks of storage at room temperature, storage stability of

composite paste (H-M/F/V) (b), the release profile of MXD@FAL NPs in PBS with pH = 5-8 (c),

the release profiles of H-M/F/V, 2 % MXD and H-M/F/V composite pastes without roller-MNs on

artificial skin by a transdermal route in vitro (d), digital images of blank composite pastes (e) and

H-M/F/V composite paste (f), and cell viability plots for blank and H-M/F/V composite pastes

against L929 cells (g).

To simulate the drug delivery in vivo, a modified Franz diffusion cell is used to

measure drug delivery efficiency by a transdermal delivery route. As shown in Fig. 3d,

the composite paste containing 2 % MXD and the composite paste containing

MXD@FAL NPs are spread on the roller-MNs pre-treated rat skin, respectively. The
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cumulative drug of composite paste (2 % MXD) reaches ~ 91 % after culture for 24 h

compared with ~ 78 % for composite paste loaded with MXD@FAL NPs, indicating

the release of encapsulated drug can be can retarded due the barrier effect of drug

carrier. In comparison with the drug release profile without roller-MNs on artificial

skin, only less than ~10% cumulative drug release can be obtained after 24 h (Fig. S1).

Therefore, the roller-MNs can create microchannels in the skin to accelerate drug

delivery rate and enhance drug transdermal efficiency as well. In addition, the final

formulation (2% MXD@FAL NPs with VA) still can maintain a good stability. The

physical appearance and drug content in composite pastes have no signature changes

after storage at 25±2 and 5±2 oC for 3 months (Table S5). Fig. 3e shows the images

of blank composite paste from vertical to inclined 45o states and it takes only 1 min to

achieve the maximum deformation as well as the restoration. However, in the case of

composite paste (H-M/F/V), it needs 3 min for deformation and restoration (Fig. 3f).

The flexibility and poor mobility of the composite paste can afford better adhesion of

the composite paste to the skin at various angles. It ensures adequate contact and

administration on the scalp.

The cell viability against blank composite pastes is assessed by MTT. Fig. 3g

shows the cell viability of L929 cells after co-culture for 24 h for the different

concentrations of the blank composite paste leachate (20 μL/hole) that were obtained

by soaking the blank composite paste in the DMEM for 24 h. The livability is more

than 80 % even the leachate concentration increased to 100 μg/mL, indicating the

excellent cytocompatibility of blank composite paste and biocompatibility of CMC
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and HA. The cell survival of MXD@FAL NPs-loaded pastes (H-M/F/V) also has been

assessed by MTT analysis. The livability is more than 80 % for the concentration

ranging from 0 to 100 μg/mL, implying negligible effects after loading MXD@FAL

NPs into composite pastes.

3.3 Hair regeneration evaluation

To estimate the efficacy of hair regeneration, androgenetic alopecia (AGA)

models are first established. The skin on the back of the model mice exhibits pink and

no hair regrowth showing that AGA models are effectively created after the

10-day-injection of dihydrotestosterone (DHT) [64]. Different administration

strategies are performed on days 1, 5 and 9. Almost no hair is developed within 4 days

in G1 (the blank group) due to the hair follicle (HF) cells in the resting period

inhibited by DHT. The HF cells begin the anagen phase after 4 days and hair

accelerates growth until to cover the naked sites. The effect of MXD and VPA on hair

regrowth is evaluated by quantifying hair covered area (cm2) over the dorsal skin area.

On 4 days after administration, the hair growth in G2-G7 can be observed, covering

approximately 15 % of the visible area. However, hair grows faster and denser in

G4-G7 (Fig. 4b). It indicates the drugs (MXD and VPA) are in favour of hair

regeneration. On 8 days after administration, G4-G7 groups show a higher hair

coverage than G2 and G3 due to the promoting HF cells transformation from dormant

to anagen phase by MXD and VPA. On 12 days after administration, all groups show

hair regrowth in the alopecia area. However, the hair coverage in G2 and G3 groups is

relatively lower compared with G4-G7 groups, further indicating that drugs are able
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to promote hair regeneration. In addition, the naked edge areas in G4 and G5 groups

still can be observed in comparison with the full coverage of regenerated hair in G6

and G7 groups. These results indicate MXD and VPA have a synergistic effect on hair

regeneration.

Fig. 4c and 4d show the hair coverage for different groups during the

administration period. G6 and G7 groups exhibit a higher hair coverage compared

with other groups. In addition, with a higher concentration of MXD@FAL NPs in

composite pastes, a relatively higher hair coverage can be observed compared with

the lower-dose G6 group. Fig. 4e shows the hair density against different strategies

after 12 days of administration. There are ~4,000 shafts/cm2 for the healthy group

after 12 days of natural growth. And only ~2,000 shafts/cm2 for the roller-MNs and

blank composite paste groups due to the inhibition of DHT. However, by loading

MXD or VPA into composite pastes with the assistance of roller-MNs, the hair density

can be increased to ~3,000 numbers/cm2. It indicates that microchannels created by

roller-MNs are favorable to transdermal delivery of MXD or VPA into the skin tissue.

The adding VPA can compensate for the therapeutic effect caused by reducing MXD

dosage. In addition, a significant synergistic effect on hair regeneration also can be

observed after the incorporation of MXD@FAL NPs and VPA into composite pastes.

The accelerated transition observed in G6 and G7 mice is due to increase expression

of Wnt/β-catenin pathway. The hair density for G6 and G7 groups is ~4,000

numbers/cm2 which is close to the healthy group, showing no significant difference

between them.
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Fig. 4 Hair regeneration evaluation in vivo. Schematic representation of the establishment and the

therapeutic strategies of the AGA mice (a), representative photographs (b), curves of changes in

hair-covered areas on the back in G1-G7 (c), comparison of the area of dorsal hair coverage in

G2/G3/G4/G5/G6/G7 on after 12 days administration (d), and hair follicle density (e) of mice hair

regrowth status in G1-G7.

The effect of MXD and VPA on hair regrowth quality is evaluated by quantifying

the length (mm) and diameters (μm) over the dorsal skin area. Interestingly, the AGA

model mice only treated with roller-MNs also induced the growth of new hair, which

may be induced by the mechanical stimulation of roller-MNs. Fig. 5a shows the

average hair length after 12 days of administration. The average hair length of the G2

group is only ~1.01 mm, the shortest one in all groups. However, in the case of the G7

group, the average hair length of G7 is 2.24 mm, the longest in all tested groups. It
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indicates that MXD and VPA work together to produce the most effective hair

regeneration. The average hair diameter of the G2 group is 14.77 μm, the smallest in

all groups in comparison with 23.12 μm of the G7 group (Fig. 5b). These results

indicate that MXD and VPA not only promote the growth of hair but also improve the

quality of regenerated hairs. The incorporation of MXD@FAL NPs into composite

pastes can enhance the regrowth of HF cells by accelerating the telogen-to-anagen

transition with a lower drug dose. In addition, the epidermal thicknesses in G1-G7

groups also have been tested after 12 days (Fig. S2). Among them, the G6, G7 and

blanket group exhibit no significant differences in epidermal thickness. It indicated

that the composite paste can promote hair regeneration without irreversible damage to

skin.

Fig. 5 Evaluation of hair regrowth quality and inflammatory factor in vivo. Comparison of hair
length (a) hair diameter (b) and in G1-G7 after 12 days administration, quantitative analysis of
IL-6 staining (c), and IL-6 staining images in G1-G7 groups (d).

The high expression of the inflammatory factor interleukin-6 (IL-6) inhibits the

growth and proliferation of dermal papilla cells (DPC) [33], which inhibits hair
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growth. Fig. 5c show that the highest secretion levels of IL-6 can be observed in G2

groups while a slight decrease of IL-6 in G3 groups after 12 days of administration. It

may be contributed to emergency response to inflammation caused by mechanical

insertion roller-MNs besides the induction of DHT [65-67]. However, a significant

decrease in IL-6 expression can be obtained by the incorporation of FAL NPs, MXD

and VPA into composite pastes, indicating that they can suppress the secretion of IL-6

and reduce the risk of inflammation as well. Fig. 5d shows the IL-6 staining images of

hair-regenerated skin tissue after 12 days of administration. The G2 group exhibits the

strongest IL-6 staining signals which is consistent with the analysis of IL-6 secretion

levels.

Skin pigmentation will be occurred because of the formation of melanin by HFs

cells during the transition of them from resting to anagen state [34,46,48,49]. Fig. 6a

shows H&E staining images of hair-regenerated skin tissue after 12 days of

administration. Only a small amount of HF cells can be observed in G2 and G3

groups. However, the large amount of HF cells can be founded after the incorporation

of FAL NPs and VPA into composite pastes. Especially, in the case of G7 group, the

most active HF cells can be obtained, indicating an earlier transition into anagen

phase in all groups due to the synergistic effect of FAL NPs and VPA.

The ROS will be produced when the body is stimulated by oxidative stress

which will inhibit hair growth due to the more vulnerable of HF cells to excessive

ROS [59]. Fig. 6b shows ROS staining images of hair-regenerated skin tissue after 12

days of administration. The highest level of ROS can be observed in G2 group (Fig.
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6c). It may be contributed to the inflammation stimulus-response caused by

mechanical insertion roller-MNs. However, only low levels of ROS can be observed

after the incorporation of FAL NPs, MXD and VPA into composite pastes. Especially,

the ROS signal in G7 group is considerably lower than in other groups, showing the

synergistic effect of FAL NPs and VPA to alleviate ROS secretion in the alopecia area.

Based on the above results, CMC/HA/PVP composite pastes containing

minoxidil-loaded nanoparticles and VPA exhibit excellent anti-inflammatory activity

and hair growth promotion capacity, which have a potential application in the

treatment of androgenetic alopecia.

Fig. 6 Histological evaluation and ROS level expression. H&E staining (a) and ROS staining

images (b) of hair regenerated skin tissue after 12 days administration, and quantitative analysis of

ROS staining (c) in G1-G7 groups.

4. Conclusion

In this study, we designed CMC/HA/PVP composite pastes by incorporating

minoxidil-loaded nanoparticles and VPA for the treatment of androgenetic alopecia.

The lignin nanoparticles made from FA were effective for loading MXD, which can
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scavenge ROS and decrease inflammation effectively. The excellent biocompatibility

composite paste systems and the roller-MNs could create microchannels in the skin to

enhance drug transdermal efficiency. In addition, the synergistic effect of FAL NPs,

MXD and VPA could boost perifollicular vascularization, activate hair follicle stem

cells, and reduce the dosage of minoxidil, showing a potential application in the

treatment of androgenetic alopecia.
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