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Abstract 

Background  Androgenetic alopecia (AGA), a chronic and progressive disease, significantly impacts the patients’ 
social, emotional, and mental well-being. Current treatment for AGA are mainly limited by drug side effects 
and the stratum corneum (SC) barrier of scalp.

Results  To address these issues, we developed a microneedle (MN) system loaded with black phosphorus 
nanosheets (BP) encapsulating baicalin (BA), a natural ingredient, for effective treatment of AGA. We first fabricated 
BP-BA based on the BP properties of high drug loading capacity and excellent photothermal conversion efficiency. 
Upon 635 nm laser irradiation, BP-BA demonstrated efficient photothermal conversion to mild thermal of ~ 42 °C. This 
mild thermal effect controlled BA’s stimuli-responsive release, enhanced cellular uptake, and effectively modulated 
gene expression in dihydrotestosterone-treated human dermal papilla cells, downregulating negative regulators such 
as SRD5A2, AR, DKK1, and TGFB1, while upregulating positive regulators like CTNNBIP1 and VEGFA. Furthermore, we 
encapsulated BP-BA to MN fabricating BP-BA@MNs to overcome the SC barrier. Compared with BP-BA@MNs with-
out laser irradiation, BP-BA@MNs with laser irradiation significantly enhanced drug penetration into the subcutaneous 
area and accumulation at the follicular site. Importantly, BP-BA@MNs demonstrated synergistic efficacy against testos-
terone-induced AGA in vivo through combining BA chemotherapy, BP-mediated mild photothermal therapy, and MN 
delivery, as well as good biocompatibility and biosafety, and the underlying synergistic mechanism was elucidated 
in terms of follicular microenvironment reconstruction.

Conclusions  This combining BP mild photothermal and MN system is a promising approach for follicular targeted 
drug delivery, providing a multifunctional strategy for addressing the clinical needs of anti-AGA.

Keywords  Baicalin, Black phosphorus nanosheets, Mild thermal, Microneedles, Follicular targeted drug delivery, 
Androgenetic alopecia

Background
Androgenetic alopecia (AGA) is a chronic and progres-
sive hair loss, with a high incidence in clinical practice, 
globally affecting approximately 86.4 of men and 30.7% of 
women [1, 2]. The pathogenesis of AGA involves multiple 
factors, including androgen level, genetics, gender, and 
age, which significantly impair the quality of life and men-
tal health of affected individuals [3]. The primary patho-
physiological mechanisms underlying AGA include an 
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heightened androgenic milieu and vascular insufficiency 
in the scalp. Specifically, the overexpressed 5α-reductase, 
increased androgen receptors (ARs), and elevated dihy-
drotestosterone (DHT) production lead to the progres-
sive miniaturization of hair follicles (HFs). Concurrently, 
vascular insufficiency compromised nutrient delivery to 
HFs. These disruption collectively shorten the anagen 
phase of hair growth cycle, resulting in hair thinning and 
eventual hair loss. Currently, the available treatments 
approved by the Food and Drug Administration (FDA) 
for AGA are only topical minoxidil (MXD, a vasodilator 
medication), oral finasteride (FIN, a 5α-reductase inhibi-
tor), and low-level laser therapy (LLLT) [4, 5]. Alternative 
treatments, such as botulinum toxin injection, platelet-
rich plasma therapy, stem cell therapy, and hair trans-
plant etc. were developed for addressing the unmet needs 
for AGA therapy [6, 7]. However, these treatments are 
limited by systemic side effects, insufficient efficacy, poor 
patient compliance, and high cost [8]. Given the intricate 
pathophysiology of AGA and the limitations of current 
treatments, there is an urgent need for developing a safe 
and effective combination therapies. Among them, topi-
cal drug intervention is fundamental with good patient 
compliance.

Baicalin (BA), a flavone glycoside extracted from the 
Chinese herb Scutellaria baicalensis, is a well-known 
active ingredient against various inflammatory diseases 
and possesses good anti-AGA properties [9]. It has been 
reported to promote hair regrowth in mice by activating 
the Wnt/β-catenin signaling pathway and enhancing the 
activity of dermal papilla cells (DPCs) [10, 11]. Moreo-
ver, BA exhibits biological activities against androgen-
associated disorders, such as prostate cancer and acne. 
It inhibited the production of DHT and the activity of 
5α-reductase Type II (SRD5A2) in the testosterone-
induced animal model, and also suppressed the AR 
mRNA expression in DHT-treated prostate epithelial 
RWPE-1 cells and prostate stromal cell WPMY-1 [12]. 
Despite its therapeutic potential, BA’s application is hin-
dered by its poor water solubility (~ 67 μg/mL) and inad-
equate permeability (Papp = 0.037 × 10–6  cm/s) [13]. To 
improve its bioavailability, different nanoformulations 
have been developed, including BA-loaded phospholipid 
vesicles and micelles, aimed at overcoming these limita-
tions and promoting hair regeneration [14, 15]. However, 
these nanoformulations face challenges such as low drug-
loading capacity and poor entrapment efficiency.

Black phosphorus (BP), as a rising star in two-dimen-
sional (2D) materials, has garnered significant attention 
in drug delivery due to its high drug loading capac-
ity, excellent photothermal conversion efficiency, and 
favorable biocompatibility and biodegradation [16]. 
The high drug loading capacity attributes to BP’s large 

surface area. BP degrades into biocompatible phosphorus 
oxides, ensuring negligible toxicity within living organ-
isms [17]. To date, BP-based drug delivery systems (DDS) 
were emerging especially for cancer therapy due to their 
excellent properties with photothermal/photodynamic 
therapy (PTT/PDT) capabilities and stimuli-responsive 
controlled drug release [18]. For skin diseases, BP-based 
DDS have been reported for skin tumors and wound 
healing [19, 20]. However, its potential in treating hair-
related diseases remains unexplored. BP has the advan-
tage of possessing a wider layer-tunable energy bandgap 
that allows it to efficiently absorb light across a wide 
range, from ultraviolet to infrared spectrums [21]. This 
property makes BP suitable for utilizing its photothermal 
conversion efficacy, especially with 635 nm laser irradia-
tion, which produces a mild photothermal effect (approx-
imately 42  ℃). Interestingly, non-invasive LLLT using 
wavelengths between 630 and 660 nm has been approved 
by the FDA for an adjunctive anti-AGA therapy since 
2007 [22, 23]. Inspired by this, we hypothesize that the 
similar wavelength of 635 nm irradiation on BP presents 
a beneficial effect on promoting hair regeneration. Fur-
thermore, BP-mediated mild photothermal conversion 
can enhance cell proliferation, improve subcutaneous 
blood flow, stimulate HF circulation, and enhance drug 
penetration. Therefore, we anticipate that BP may effi-
ciently load BA to fabricate BP-BA nanoparticles, which 
may exhibit a combination therapy for AGA through BA 
chemotherapy and the mild thermal effect of 635  nm 
laser irradiation. However, for effective AGA treatment, 
a promising drug delivery system must enhance drug 
retention in the HFs. Thus, BP-BA must overcome the 
stratum corneum (SC) barrier to be delivered to the fol-
licular site.

In recent year, many strategies have been explored to 
overcome the SC barrier and enhance local intercuta-
neous penetration [24, 25]. Microneedles (MNs), as an 
effective drug delivery system between patches and sub-
cutaneous injections, primarily create multiple transient 
microchannels by reversibly puncturing the SC barrier, 
thereby delivering more drugs into the dermis [26]. The 
emerging application of MNs is attributed to its vari-
ous excellent properties, including minimal invasive-
ness, convenience, high efficiency, and safety [27]. MNs 
have been reported to deliver drugs for treating various 
skin diseases, such as melanoma [28], scar [29, 30], pso-
riasis [31], as well as AGA or alopecia areata [32–36]. 
Previously, we reported the use of MN to deliver FIN-
loaded lipid  nanocarriers (FIN-NLC) to the deep skin 
layer, where FIN-NLC further specifically delivered FIN 
to HFs to promote hair growth in AGA [37]. Therefore, 
we further fabricated an MN patch encapsulating BP-BA 
(BP-BA@MNs). It is hypothesized that BP-BA@MNs 
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can efficiently deliver BP-BA to the HF site, BP-BA will 
release more BA retention in the HF with the assistance 
of mild PT, and eventually the system provides a multi-
functional strategy of combining BA, BP, and MNs to 
address the clinical needs of anti-AGA (Fig. 1).

Herein, we firstly fabricated BP-BA to improve 
the solubility of BA (~ 12-fold) and increase its drug 

loading (74.49%), and then integrated BP-BA into 
MNs. BP-BA exhibited PT effect upon 635  nm laser 
irradiation. The in vitro anti-AGA efficacy in DHT-
treated hDPCs of BP-BA with 635  nm laser irradia-
tion was evaluated through downregulating SRD5A2, 
AR, DKK1, and TGFB1 and upregulating CTNNBIP1 
and VEGFA. BP-BA@MNs with 635  nm irradiation 

Fig. 1  Schematic illustration of BP-BA@MNs with 635 nm irradiation for anti-AGA. A Fabrication of BP-BA and BP-BA@MNs. The BP-BA was fabricated 
through the electrostatic interaction between BP-PEG and BA, and BP-BA@MNs were further fabricated using a micromold method. B BP-BA@MNs 
enhanced the delivery of BP-BA to the HF site and the release of BA combining PT and MN. C The effects of BP-BA@MNs on the treatment of AGA 
through promoting cell proliferation of hDPCs, regulating HF-related mRNA expression, and promoting angiogenesis. AGA, androgenic alopecia; AR: 
androgen receptor; BA: baicalin; BP: black phosphorus nanosheets; BP-BA: baicalin-loaded black phosphorus nanosheets; DHT: dihydrotestosterone; 
hDPCs: human dermal papilla cells; HF: hair follicle; MN: microneedle; BP-BA@MNs: baicalin-loaded black phosphorus nanosheets encapsulated 
microneedles; PT: photothermal; T: testosterone
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significantly delivered more drug to HFs in comparison 
with BP-BA with 635 nm irradiation and BP-BA@MNs 
without 635 nm irradiation, they exhibited penetration 
enhancement combining PT and MN. More impor-
tantly, in a testosterone-induced AGA animal model, 
BP-BA@MNs with 635 nm irradiation exhibited a syn-
ergistic effect of the combination of BA, BP, and MN, 
and promoted hair regeneration by normalizing the HF 
microenviroment damaged by androgen and activating 
perifollicular angiogenesis.

Methods and materials
Materials
Bulk BP was obtained from Smart-Elements (Austria). 
N-methyl-2-pyrrolidone (NMP) (99.5%, anhydrous) 
was purchased from Aladdin Reagents (Shanghai, 
China). Baicalin (BA), and NH2-PEG were purchased 
from Macklin (Shanghai, China). HA (55 kDa and 200–
400  kDa) was obtained from Freda (Shandong, China). 
Dextran (40  kDa) was obtained from Aladdin (Shang-
hai, China). Coumarin 6 (C6) was bought from Sigma-
Aldrich (St Louis, MO, USA). hDPCs was obtained 
from Shanghai Sixin Biotechnology Co., Ltd. (Shanghai, 
China). MitoTracker™ Red was obtained from Invitrogen 
(OR, USA). 4′,6-diamidino-2-phenylindole (DAPI) was 
obtained from Sevier (Wuhan, China). Dulbecco’s modi-
fied Eagle’s medium (DMEM) and fetal bovine serum 
(FBS) were purchased from Gibico (Gaithersburg, MD, 
USA). 3-(4,5)-dimethylthiahiazo (-z-y1)-3,5-di- pheny-
tetrazoliumromide (MTT) was obtained from Solarbio 
(Beijing, China). 5% (w/v) minoxidil tincture (MXD) 
was purchased from Wansheng Pharmaceutical Co., Ltd. 
(Zhejiang, China). Testosterone and DHT was obtained 
from Energy Chemical (Shanghai, China). The antibod-
ies of anti-β-catenin, anti-Ki67, and anti-CD31 were pur-
chased from Servicebio (Guangzhou, China). All other 
reagents were analytical grade or better.

Synthesis of BP nanosheets
BP was prepared by liquid phase exfoliation [38]. Briefly, 
0.1  g of bulk BP in a volume of 10  mL was thoroughly 
ground in an agate mortar to obtain a uniformly suspen-
sion. The mixture was then processed in an ultrasonic 
cleaner (power: 300 W) for 48 h at a constant tempera-
ture of 10  °C maintained by  a  circulating  water  con-
denser. Afterwards, the mixture was centrifuged at 
9000  rpm for 5  min. Following this, a further 5  min of 
centrifugation at 12,000  rpm was performed on the 
supernatant. The pelleted material was resuspended in 
NMP to obtain a suspension of BP nanosheets, hereafter 
referred to simply as BP.

Synthesis of BP‑BA
To prepare BP-BA, 10 mg PEG-NH2 was initially added 
to 2 mL of aqueous BP at a concentration of 50 μg/mL 
and stirred at 300  rpm for 6  h. The product with the 
amino end of BP (BP-PEG) was obtained by centrifuged 
at 13,000 rpm for 20 min. Afterwards, the BP-PEG was 
then dispersed in 1  mL of DMSO solution, and fur-
ther 1 mL of BA at a concentration of 400 μg/mL was 
added to the BP-PEG under a magnetic stirrer, and the 
electrostatic interaction was carried out at room tem-
perature for 3 h. The obtained BP-BA was centrifuged 
at 13,000 rpm for 20 min and washed three times with 
ultrapure water and stored at 4 ℃.

Characterization of BP preparations
BP preparations were characterized with transmission 
electron microscopy (TEM), atomic force microscopy 
(AFM), X-ray diffraction (XRD), and Raman spectrum 
analysis. An electron microscope (HT7700, Hitachi) 
was used to collect TEM images at an accelerating volt-
age of 80.0 kV and an emission current of 10.0 μA. An 
XRD measure was obtained by a micro XRD device (D8 
Discover, Bruker) operated at 45 kV and 100 mA (Cu-
Kα radiation). BP-PEG preparations were characterized 
via TEM, HRTEM, and energy-dispersive X-ray spec-
troscopy (EDS) element mapping. EDS element map-
ping was conducted using the scanning TEM (STEM) 
mode of a TEM (JEM-F200, JEOL). BP-BA prepara-
tions were characterized with Fourier transform infra-
red spectroscopy (FTIR), hydrogen nuclear magnetic 
resonance (1H NMR) spectra, and dynamic light scat-
tering (DLS). The FTIR was conducted using a Perkin 
Elmer (L16000300 Spectrum TWO LITA, Llantrisant, 
UK) from 1400 to 600 cm−1 via the potassium bromide 
(KBr) pellet method. 1H NMR was performed using 
a NMR (NMR, 400 MHz, Avance III; Bruker Optik 
GmbH, Ettlingen, German). Dynamic light scattering 
(DLS) was performed on a  Malvern  Zetasizer Nano S 
(Malvern Instruments Ltd., UK) to determine the zeta 
potential and hydrodynamic size of BP-BA.

PT performance assessment
BP suspension of 10 mL was centrifuged at 18,000 rpm 
for 30 min. After removing the supernatant, the precip-
itate was dried under vacuum at 80 °C or 2 h. Weighing 
the dried sample determined the BP concentration. A 
series of aqueous BP solutions with concentrations of 
0, 5, 10, 20, 50  μg/mL were prepared. The PT perfor-
mance was immediately measured, followed by an anal-
ysis of the temperature curves. BP-BA was performed 
using the same methods.
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The temperature of different preparations was meas-
ured using a thermocouple after irradiation with a 
635  nm laser (power density: 0.5  W/cm2). To regulate 
the temperature distribution in the laser area, a colli-
mator was used to add the compound of interest to a 
quartz cell with high red light transmittance. Time-[-
Ln(θ)] scatter was linearly fitted and the resultant slope 
and other parameters were incorporated into the fol-
lowing formula (1) as a means of calculating photother-
mal conversion efficiency (PCE):

where η is PCE, h is the heat transfer coefficient of the 
dispersed PT, A is the container surface area, ΔTmax is the 
maximum temperature elevation under light irradiation, 
I is the irradiated light power, Aλ is the absorbance of the 
PT agent upon 635 nm irradiation, Q is the heat absorbed 
by the pure dispersion liquid (I × 5.4 mW for deionized 
water).

In vitro release study
BA release from BP-BA or BP-BA + 635  nm was per-
formed by the modified horizontal Franz-type diffusion cell 
method [39]. The donor and receptor compartment were 
separated by a dialysis membrane with a molecular weight 
cutoff of 2000 Dalton. The donor compartment was loaded 
with 1.0 ml of either BA suspension or BP-BA suspension 
(containing an equivalent BA dose of 380 μg). The receptor 
compartment contained 8 mL of dissolution medium com-
prising 30% (w/v) polyethylene glycol 400 in normal saline, 
which maintained the sink condition. The medium in the 
receptor compartment was continuously stirred at 250 rpm 
and 32 ± 0.5 ℃. At predetermined time intervals, 1 mL of 
sample was withdrawn from the receptor compartment 
and replaced immediately with an equal volume of blank 
medium to maintain a constant volume. For the BP-BA 
exposed to 635  nm laser irradiation, BP-BA was irradi-
ated with 635 nm laser for 3 min (0.5 W/cm2) prior to the 
beginning of the test process. All the withdrawn samples 
were filtered through 0.22 μm filter membranes and ana-
lyzed using the high-performance liquid chromatography 
(HPLC). A Cosmosil C18 reverse phase column (5  mm, 
4.6 mm inner diameter × 25 cm; Dikma Technologies, Inc., 
Beijing, China) was used. The mobile phase consisted of 
methanol:water:phosphoric acid (47:53:0.2, v/v) with a flow 
rate of 1 mL/min, and the detection wavelength was set at 
280 nm.

(1)η =

hA�Tmax − Q

I
(

1− 10−A�

)

Cellular experiments
MTT assay
We conducted an MTT assay to evaluate the cytotoxic-
ity of BA and BP-BA with or without 635 nm laser irra-
diation (0.5  W/cm2, 3  min) on hDPCs. Briefly, the cells 
were seeded in 96-well plates at a density of 10 × 103 cells 
per well. In addition to the control, the cells were then 
exposed to BA, BP-BA, BP-BA + 635 nm with various 
concentrations of BA (1, 5, 10, 20, 50, 100, 200 μM). The 
exposure time to the test substances was 24  h. At the 
end of the exposition time, the medium was removed 
and 100 µL of 1 mg/mL of MTT solution was added to 
each well and then incubated at 37 °C for 4 h. Finally, the 
supernatant was removed and the formazan crystals were 
dissolved in 150 µL of DMSO after 8-min incubation. The 
absorbance was measured at 490 nm using a microplate 
reader (FluoroMax-4, HORIBA).

Additionally, the effects of these preparations on a 
dihydrotestosterone (DHT)-induced AGA cell model 
were evaluated in  vitro. The hDPCs were seeded in 
96-well plates (10 × 103/per well) and left for 24  h to 
attach. The cells were then pretreated with BA, BP-BA, 
and BP-BA + 635 nm (containing BA of 1, 5, 10, 20, and 
50  μM) for 4  h. Subsequently, the cells were incubated 
with 1 μM DHT for an additional 24 h based on our pre-
vious work [40]. The cells without any treatment served 
as the control, and the cells incubated only with 1  μM 
DHT served as the model. The cytotoxicity of BA, BP-BA, 
and BP-BA + 635 nm was then investigated following the 
same MTT assay procedure as described above.

Polymerase chain reaction (PCR) assay
We digested hDPCs in the logarithmic growth phase with 
trypsin and fully suspended them in DMEM medium. 
After that, 10  μL of cell suspension were pumped into 
the blood counting chamber for counting. As a con-
trol, DMEM medium was seeded in 12-well plates with 
30 × 104  hDPCs per well. After 24  h, the medium was 
removed, and 1 μM of DHT solution was added to each 
well. Subsequently, BA, and BP-BA suspension with or 
without 635 nm laser irradiation containing an equivalent 
concentration of 20 μM BA were added to the respective 
wells. After an additional 24 h incubation, the cells were 
washed thoroughly three times with precooled phosphate 
buffered saline (PBS). Total RNA was extracted with the 
Trizol reagent (Invitrogen, Thermo Fisher Scientific, 
Inc., Waltham, MA, USA), and reverse transcription was 
performed using the PrimeScript RT-PCR kit (Takara, 
Dalian, China) according to the manufacturer’s protocol. 
RT-PCR was performed with the SYBR PrimeScript RT-
PCR kit (Takara), Power SYBR Green PCR Master Mix, 
and a real-time PCR Cycler (Roche LightCycle 480II, 
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BIOTECON Diagnostics). Table 1 lists the sequences of 
the specific primers (Sangon Biotech, Shanghai, China) 
used in RT-PCR. PCR was performed for 40 cycles, and 
the relative expression levels of SRD5A2, AR, DKK1, 
TGFB1, CTNNBIP1, and VEGFA mRNA were quanti-
tated using 2−ΔΔ Ct method.

Intracellular uptake and tracking
hDPCs were cultured in 10 mm2 confocal wells at a den-
sity of 10 × 104 cells/well in DMEM medium. After 24 h, 
the medium was removed, and the cells were washed 
with PBS and stained with Mito Tracker for 1  h. Fol-
lowing three additional washes with PBS, the cells were 
incubated with either free C6, or BP-C6 with or with-
out 635 nm laser irradiation (the concentration of C6 is 
the same with 100  ng/mL) for 4  h. Next, the cells were 
washed with PBS and fixed with paraffin for 15 min. The 
wells were again washed with precooled PBS three times, 
and then DAPI was used to stain the cell nuclei. Finally, 
all samples were imaged using a confocal laser scanning 
microscope (CLSM; Olympus FV300, Japan) to visualize 
the cellular internalization and localization of C6.

Mice vibrissa HF organ culture ex vivo
Five-week-old male C57BL/6 mice were euthanized, and 
their HFs were dissected from their whisker pads. Each 
isolated HF was placed to a separate well of a 48-well 
plate containing 500  μL DMEM culture medium. The 
basic culture medium described above was supplemented 
with five treatment conditions: (1) a non-treated control 
group, (2) 8  μM DHT, (3) 8  μM DHT + BA, (4) 8  μM 
DHT + BP-BA, and (5) 8  μM DHT + BP-BA + 635  nm 
irradiation. In groups 3, 4, 5, the concentration of BA 
remained constant at 20  μM. The HFs were cultured 
under each condition and kept free-floating in a humidi-
fied incubator at 37 °C, 5% CO2, and 95% air. The medium 
was changed and the inversion microscope images were 
taken every three days, and the lengths of vibrissae fol-
licles were measured using Image J software on day 12.

Preparation and characterization of BP‑BA@MNs
The BP-BA@MNs matrix solution was fabricated as fol-
lows. Briefly, HA (52 kDa) was dissolved in 1 mL of water 
to prepare a blank tip-layer matrix solution, and BP-BA 
was then added and mixed uniformly to produce tip-layer 
solution. To prepare the pedestal matrix solution, 0.10 g 
of HA (52  kDa) and 0.10  g of HA (200–400  kDa) were 
dissolved in 1 mL of a 10% (w/v) dextran 40 solution.

BP-BA@MNs were fabricated as previously [37].  The 
master mold consisted of 144 stainless pyramidal molds 
with a height of 800 μm, a base of 200 μm, and an inter-
spacing of 400  μm. Polydimethylsiloxane (PDMS) was 
cast over the master mold, degassed in a vacuum desic-
cator for 1 h, cured in a 95 ℃ oven for 30 min for solidi-
fication, and then peeled off to obtain the inverse mold. 
BP-BA@MNs were fabricated using this PDMS inverse 
mold through a two-step molding process. In the first 
step, 0.05 g of tip-layer solution was dipped into the mold 
and centrifuged at 3000  rpm for 4  min while rotating 
the mold 180° to ensure even filling. In the second step, 
0.12  g of pedestal solution was cast onto the surface of 
the tip layer and centrifuged at 3000  rpm for another 
4  min. After this, the pedestal was rotated 180° until it 
was evenly paved. After drying for 48 h at 4 ℃ in a vac-
uum desiccator, the PDMS mold was peeled off to obtain 
BP-BA@MNs.

The BP-BA@MNs were morphologically character-
ized using a digital optical microscope  (Nikon-Ts2R-FL; 
Japan). A confocal laser scanning microscope (CLSM) 
was used to observe the drug distribution in the MN by 
loading BP-C6 into the MNs following the same fabri-
cation protocol as for BP-BA@MNs. The  mechanical 
strength of the BP-BA@MNs was measured with the XT-
plus Texture Analyzer (Stable Micro System, Surrey, UK). 
To evaluate the insertion depth, ten layers of Parafilm M® 
sheets were stacked to simulate skin, and the insertion 
depth of BP-BA@MNs through the film was assessed. 
BP-BA@MNs loaded with 0.2%, (w/w) methylene blue 
were inserted into isolated rat skin, and the integrity and 
sealing of the microchannels formed in the skin were 
assessed after removing the MN array. Additionally, the 
depth of penetration of BP-BA@MNs in isolated rat skin 
tissues was assessed using optical coherence tomography 
(OCT; EX1301 OCT microscope, Michelson Diagnos-
tics, Kent, UK).

HF permeability
The SD rats were anesthetized with urethane (20%, 
w/v) and the abdomen hairs were removed using a 
depilatory cream (Veet, London, UK). The SC recov-
ered for 24  h. After that, the rats were randomized 
into  five  groups (n = 3/group): (1) Free C6, (2) BP-C6, 

Table 1  Primer sequences used for quantitative real time PCR in 
hDPCs

Gene Forward primer (5′-3′) Reverse primer (5′-3′)

GAPDH TGA​AGG​TCG​GAG​TCA​ACG​G TGG​AAG​ATG​GTG​ATG​GGA​T

SRD5A2 GCT​TCA​TAC​CCA​CTC​CCT​GT TGG​GTC​TTT​GTG​GCT​TCA​GA

AR GGG​ACC​ATG​TTT​TGC​CCA​TT GCA​GCT​TCC​ACA​TGT​GAG​AG

DKK1 TGA​TGA​GTA​CTG​CGC​TAG​TC CTC​CTA​TGC​TTG​GTA​CAC​AC

TGFB1 AGA​CTT​TTC​CCC​AGA​CCT​CG TGG​GTG​GTC​TTG​AAT​AGG​GG

CTNNBIP1 AAG​CAG​AGA​TGG​CCC​AGA​AT AGT​GGG​ATG​GTG​GGT​GTA​AG

VEGFA AGG​GCA​GAA​TCA​TCA​CGA​AGT​ AGG​GTC​TCG​ATT​GGA​TGG​CA
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(3) BP-C6 + 635 nm irradiation, (4) BP-C6@MNs, and (5) 
BP-C6@MNs + 635  nm  irradiation.  Animals were topi-
cally administered with the indicated treatments (Equiva-
lent to 200 ng of C6, 20 μg of BP). For the group 4 and 
group 5, MNs were inserted into the skin with a force of 
30 N for 5 min, and subsequently the group 3 and group 
5 underwent 635 nm irradiation (0.5 W/cm2; 3 min), and 
finally covered with a tape (Scotch Transparent Tape; 
3 M, St. Paul, USA). After 4 h of permeation, the tape was 
removed and the skin was cleaned and removed. The per-
meated skins were imaged using CLSM, and the C6 fluo-
rescence was measured using Image J software.

In vivo pharmacodynamical studies
Establishment and treatment of the testosterone‑induced 
AGA mice
Animal studies were conducted using 6–8 week-old male 
C57BL/6 mice  (24–26  g) those were housed in a stand-
ard environmentally controlled (25 ± 2 °C, 55 ± 5% relative 
humidity, 12  h light/dark cycle) facility with free access 
to food and water. The actions were taken in compliance 
with Sun Yat-sen University’s regulations on animal wel-
fare. All the animal experiment protocols were approved 
by the ethics committee at Sun Yat-sen University.

The hairs on the dorsal skin of C57BL/6 mice were 
depilated with an area of 2  cm by 3  cm, then the mice 
were randomized into the following groups (n = 6/
group): (1) control group, (2) testosterone group (used 
as the model for AGA), (3) MXD group (positive con-
trol, treated with commercial minoxidil tincture), (4) BA 
group (treated with BA), (5) BP-BA group (treated with 
BP-BA, without laser irradiation), (6) BP-BA + 635  nm 
group (treated with BP-BA and irradiated with 635 nm 
laser), (7) Blank MNs group (treated with blank MNs), (8) 
BP-BA@MNs group (treated with BP-BA@MNs, with-
out laser irradiation), and (9) BP-BA@MNs + 635  nm 
(treated with BP-BA@MNs and irradiated with 635 nm 
laser). Except for the control group, all animals were 
topically administered with 0.1 mL testosterone solution 
(0.2%, w/v) daily on the depilated skin for 28 consecutive 
days to establish the AGA model [41]. On day 28 post-
modeling, the dorsal skin was shaved again and recov-
ered for 24 h. The model group continued to receive the 
testosterone solution daily for an additional 15 days. Ani-
mals in group 3 were topically administered with 0.1 mL 
commercial minoxidil tincture daily (5%, w/v) for 15 days. 
Each animal in groups 4, 5, and 6 was topically admin-
istered with 0.1  mL of the corresponding preparations 
daily (containing an equivalent BA dose of 100  μmoL) 
for 15  days. In group 6, the animal was irradiated with 
635  nm laser at 0.5  W/cm2 for 3  min once every three 
days after the BP-BA was administered for 30 min. Each 
animal in groups 7, 8, and 9 was administered with one 

corresponding MN patch on day 0, 3, 6, 9, 12. In group 9, 
the animal was further irradiated with 635 nm laser at 0.5 
W/cm2 for 3 min after the MN patch was administered 
for 30 min. To evaluate the efficacy of the treatments for 
AGA, the animals were subjected to various tests dur-
ing therapy period. Hair growth was observed and pho-
tographed every two days, and the grayscale ratio of the 
area with new hair covering the treated skin and the hair 
length were measured on day 15 post-administration.

H&E staining, immunofluorescence, and biochemistry 
analysis
After the treatment for 15 days, the animals were anes-
thetized, weighted, and euthanized. Blood samples were 
collected and analyzed for hematological parameters and 
serum enzyme levels. The heart, liver, spleen, lung, and 
kidney were harvested, fixed in 4% paraformaldehyde, 
embedded in paraffin, sectioned, and stained with hema-
toxylin and eosin (H&E) for histological examination. 
Additionally, skin samples were obtained from the depil-
ated area. These skin sample were fixed with formalde-
hyde (4% w/v), embedded in paraffin, and sectioned into 
two different patterns. One set of skin tissue slices was 
cut into 3–4 μm thick sections and stained with H&E for 
histologicanl evaluation, including HF number, the ratio 
of terminal hair/vellus hair, and skin thickness. The sec-
ond set of paraffin sections was used for immunofluores-
cence evaluations. These sections were incubated with 
antibodies of anti-β-catenin, anti-Ki67, and anti-CD31. 
All prepared slides were then examined under a micro-
scope (Olympus FV300, Japan).

Analysis of relative mRNA levels using PCR
To investigate the underlying mechanisms of the indi-
cated formulations on AGA-induced mice, the mRNA 
expressions of Srd5a2, Ar, Dkk1, Tgfb1, Ctnnb1, and 
Vegfa in the skin were determined through RT-PCR. 0.1 g 
of skin sample was homogenized using an Ultra Turrax 
homogenizer (T18 Basic; IKA) in 1 mL of Trizol reagent. 
The homogenate was then centrifuged at 4 °C for 15 min 
at 12, 000 rpm to separate the supernatant containing the 
mRNA. The mRNA concentration was determined using 
a NanoDrop 2000 Spectrophotometer (Thermo Scien-
tific, USA). Next, the mRNA was reverse-transcribed into 
cDNA following the protocols provided by the manufac-
turer (Accurate Biotechnology Co., Ltd., Hunan, China). 
The resulting cDNA served as the template for PCR 
amplification, which was carried out using the Rotor-
Gene Q Real-Time PCR cycler (Roche Diagnostics Co., 
Ltd., Shanghai, China). The primers (Sangon Biotech, 
Shanghai, China) used for PCR were listed in Table 2.
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Statistical analysis
All data are means ± standard deviation (SD), and were 
analyzed via one- or two-way ANOVAs using SPSS v19 
(IBM, USA). P < 0.05 was the significance threshold.

Results and discussion
Characterization of BP preparations
SEM analysis revealed prepared BP with clear edges 
and sizes ranging from 100–250  nm. And the samples 
displayed clear lattice fringes with the same d-spacing 
of 2.75 Å as the BP crystal (111) (Fig. 2A). As shown in 
Fig.  2B, BP samples had an average thickness of 5  nm 
when measured using AFM. These results indicated that 
we prepared BP with favorable crystallinity and size. 
Figure  2C shows the XRD patterns for these BP prepa-
rations, with diffraction peaks in accordance with stand-
ard BP crystal Bragg diffraction peaks (JCPDS Card No.: 
74-1878), confirming purity. The Raman spectrum of BP 
(Fig. 2D) also shows three expected characteristic peaks 
( A1

g , B2g and A2
g).

We modified the BP surface with PEG-NH2 and then 
loaded BA through electrostatic reactions. The successful 
preparation of BP-BA was then demonstrated by a series 
of characterizations. Firstly, the element distribution in 
BP-PEG was evaluated via STEM-based EDS mapping 

Table 2  Primer sequence used for quantitative real time PCR on 
AGA-induced mice

Gene Forward primer (5′-3′) Reverse primer (5′-3′)

Gapdh ATG​ACC​ACA​GTC​CAT​GCC​ATC​
ACT​

TGT​TGA​AGT​CGC​AGG​AGA​
CAA​CCT​

Srd5a2 TTG​GGA​AAC​CCG​CCA​GTT​AC CAT​CCC​TAC​CGA​CAC​CAC​AA

Ar TCC​AAG​ACC​TAT​CGA​GGA​GCG​ GTG​GGC​TTG​AGG​AGA​ACC​AT

Dkk1 CTC​ATC​AAT​TCC​AAC​GCG​ATCA​ GCC​CTC​ATA​GAG​AAC​TCC​CG

Tgfb1 CCA​CCT​GCA​AGA​CCA​TCG​AC CTG​GCG​AGC​CTT​AGT​TTG​GAC​

Ctnnb1 ATC​ACT​GAG​CCT​GCC​ATC​TG GTT​GCC​ACG​CCT​TCA​TTC​C

Vegfa TCT​TCA​AGC​CAT​CCT​GTG​TG GCG​AGT​CTG​TGT​TTT​TGC​AG

Fig. 2  A–D SEM image, AFM image, XRD spectrum and Raman spectrum of exfoliated BP, respectively. HRTEM images of BP are inset in (A). E STEM 
image of BP-PEG. F–H P, O and N element mapping from (E), respectively. I FTIR spectra of BP, BA, and BP-BA. J, K DLS and zeta potential curves of BP 
and BP-BA. L In vitro release profiles. Data are presented as means ± SD (n = 6). **p < 0.01 vs the BP-BA group
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to investigate the success of synthesis (Fig.  2E–H). The 
STEM bright-field images were surrounded by a darker 
area, confirming the successful preparation of BP-PEG, 
which had overlapping N elements. Then, the FTIR spec-
tra of BP, BP-PEG, BA, and BP-BA were shown in Fig. 2I 
and additional file  1. The BP-BA peak positions were 
consistent with those of BP (POx, 1103  cm−1), BA, con-
firming that the BP-BA was successfully prepared. We 
performed 1H NMR analysis for further validation (Addi-
tional file 2). 1H NMR analysis revealed that the interac-
tions in BP-BA were mainly through π-π stacking and 
electrostatic interactions between BA and BP-PEG. DLS 
analysis showed that BP had an average size of 211.5 nm 
with a PDI of 0.175. PEG modification reduced size and 
PDI to 190.3 nm and 0.119, respectively, while BA incor-
poration increased BP-BA size to 261.7  nm and PDI to 
0.176 (Fig. 2J, Additional file 3). The zeta potential value 
was BP at − 28.6 mV, BP-PEG at − 25.2 mV, and BP-BA 
at −  14.1 mV (Fig. 2K, Additional file 3). There is a sig-
nificant reduction in the absolute zeta value of the result-
ant material due to the addition of BA to BP. The larger 
particle size of BP-BA than pure BP observed by DLS was 
therefore attributed to the agglomeration of BP-BA par-
ticles with low absolute zeta values. In general, the fab-
ricated BP-BA was subsequently loaded in MNs within 
one day. we tested the storage stability of the BP-BA and 

measured the hydrated particle size and PDI in water 
on days 0, 3 and 5, respectively. As shown in Additional 
file  4, the particle size of BP-BA after 5  days increased 
only 14 nm and the PDI increased ~ 0.04 compared to day 
0, indicating that BP-BA has good short-term stability.

In vitro release assay demonstrated that 635  nm irra-
diation (+ 635  nm) significantly promoted BA release 
from BP-BA (Fig. 2L), with a 31.40 and 26.37% increase 
in release within 24 h compared to BA alone and BP-BA 
without 635  nm laser (BP-BA), respectively. This con-
firms that light irradiation enhance the drug release [42, 
43].

Characterization of photo‑thermal performance
We next examined the photo-thermal absorption prop-
erties of BP and BP-BA. BP exhibited decreasing absorb-
ance with increasing wavelength (Fig.  3A), and the 
addition of BA led to a reduction in absorbance (Fig. 3B). 
This reduction was due to the loss of BP during the prep-
aration of BP-BA and the lower dispersibility of BP-BA 
compared to pure BP.

To evaluate the repeatability of the thermal behavior 
induced by 635 nm laser irradiation, BP and BP-BA for-
mulations underwent five consecutive on/off cycles of 
5 min laser exposure followed by 5 min of natural cool-
ing (Fig. 3C, D). Both formulations showed an increase in 

Fig. 3  A, B Absorbance before and after PT activation for BP and BP-BA, respectively. C, D PT On/Off cycles for BP and BP-BA, respectively. E, F 
Time-[-Ln(θ)] curves for BP and BP-BA, respectively
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temperature with time during irradiation, the tempera-
ture of BP (Fig. 3C) and BP-BA (Fig. 3D) increased from 
27.92 °C and 27.88 °C to 30.57 °C and 30.03 °C after the 
first irradiation cycle, respectively. Based on the cooling 
curve yielded after the first PT cycle, the PT conversion 
efficiency values were calculated to be 23.1 and 21.7% for 
BP (Fig. 3E) and BP-BA (Fig. 3F), respectively, indicating 
that the addition of BA slightly reduced the PT conver-
sion efficiency of pure BP.

We further verified whether these preparations pos-
sessed heat shielding properties by monitoring the 
temperature at different locations with 1  mL of large 
volume of different concentrations of BP or BP-BA 
subjected to light irradiation  (0.5  W/cm2, 635  nm) 
for 3  min. As shown in additional file  5, the tempera-
ture of high concentration (50 μg/mL) of BP or BP-BA 
reached a maximum temperature of 32 ℃ during this 
time period, and the temperature became lower as the 

detection moved towards the bottom, indicating that 
the preparations do not produce heat damage to deep 
skin tissues and have excellent heat shielding proper-
ties. Additionally, there was no overheating reaction 
to the scalp even with large volumes of the preparation 
solution administered with light irradiation.

In vitro PT performance of BP was also evaluated by 
irradiating samples of PBS, BP, and BP-BA with a laser 
irradiation  (0.5  W/cm2, 635  nm) for 3  min. Tempera-
ture changes were monitored every 30  s usining an IR 
camera. The results revealed significant PT perfor-
mance in a time- and concentration-dependent manner 
(Additional file  6), with both BP and BP-BA showing 
a rapid and marked temperature increase to approxi-
mately 41 °C after just 3 min of 635 nm irradiation. In 
contrast, the temperature of PBS sample increased only 
2 °C after irradiation.

Fig. 4  In vitro biocompatibility analysis and effects on cellular levels in DHT-induced hDPCs. A The viability of hDPCs treated with BA, BP-BA, 
and BP-BA + 635 nm. B The indicated treatments were evaluated for their ability to prevent DHT-induced cytotoxicity. C Fluorescence co-localization 
images in mitochondria of different C6-labeled groups, as imaged by CLSM. Scale bar: 5 μm. D–I The indicated groups regulated mRNA expression 
levels of DHT-induced hDPCs. They inhibited the mRNA expression of negative genes of SRD5A2 (D), AR (E), DKK1 (F) and TGFB1 (G), and activated 
the mRNA expression of positive genes of CTNNBIP1 (H), and VEGFA (I) in DHT-induced hDPCs. Data are means ± SD (n = 6). **p < 0.01 vs the Control 
group. ##p < 0.01 vs the DHT group. &p < 0.05 and &&p < 0.01 vs the BP-BA group



Page 11 of 20Xiong et al. Journal of Nanobiotechnology          (2025) 23:147 	

Assessment of in vitro anti‑AGA efficacy
The preparations of BA, BP, BP + 635  nm (without 
BA), BP-BA (without 635  nm laser irradiation), or 
BP-BA + 635  nm did not show significant cytotoxicity 
in vitro, and BA or 635 nm irradiation even promoted 
the proliferation of hDPCs (Fig.  4A and additional 
file  7). Subsequently, we observed the ability of these 
preparations to protect hDPs against the DHT induc-
tion in vitro [44]. Compared to the control group (the 
untreated cells), the treatment with 1  μM of DHT 
reduced the cell viability of hDPCs to approximately 
72% (Fig.  4B). When co-incubated with varying con-
centrations of BA, BP-BA, or BP-BA + 635  nm (con-
taining BA of 1, 5, 10, 20 or 50 μM) for 24 h, there was 
a dose-dependent increase in cell viability, indicating 
a protective effect against DHT-induced cell damage. 
We additionally employed CLSM to visualize the cel-
lular uptake and localization of C6-labeled prepara-
tions in hDPCs. Compared to the free C6 group, the 
fluorescence intensity in cells treated with C6-BP with-
out 635  nm irradiation and C6-BP with 635  nm irra-
diation (C6-BP + 635 nm) was 2.6 and 4.6 times higher, 
respectively (Additional file  7). This indicated that BP 
enhanced C6 cellular uptake and 635  nm irradiation 
further boosted the uptake. C6 was localized in the 
mitochondria of the cells (Fig. 4C).

To elucidate the molecular mechanisms of these 
preparations for anti-AGA, we conducted RT-PCR 
tests to measure the expression of mRNA levels of 
various genes in an in  vitro DHT-induced AGA cell 
model. According to Fig.  4D–I, after treatment with 
DHT, hDPCs exhibited increased mRNA expression 
of negative regulators such as SRD5A2, AR, DKK1, 
and TGFB1, and decreased expression of positive fac-
tors CTNNBIP1 and VEGFA compared to the control 
group (Fig.  4D–G, and H–I). This suggests that DHT 
induction has an impact on gene expression, leading 
to a dysregulation of factors that play a crucial role 
in hair growth [45]. As expected, treatment with the 
various preparations significantly reduced the mRNA 
expression levels of SRD5A2, AR, DKK1, and TGFB1, 
while enhancing those of CTNNBIP1 and VEGFA com-
pared to the DHT-treated group. The abnormal mRNA 
expressions relative with AGA were normalized by BA 
formulations, and the amelioration effects was in turn 
of BP-BA + 635 nm > BP-BA > BA. Interestingly, VEGFA 
expression significantly increased following 635  nm 
irradiation (BP-BA + 635  nm), to 2.5 times that of the 
model group. This result highlights that 635 nm irradia-
tion had a significant promoting effect on angiogenesis 
[46].The mild thermal effects of BP upon 635 nm irra-
diation presented the promotion effects in the cellular 
level.

Anti‑AGA efficacy in isolated HF organ culture
Mice hair growth ex  vivo correlates with hair growth 
in vivo, although HFs typically begin to regress and cease 
growth after a few days ex  vivo without treatment. We 
evaluated the effects of various formulations on HF activ-
ity in terms of the elongation and maintenance of the 
growth phase of isolated HFs. Additional file  8 shows 
the mice vibrissa HF organ culture with different formu-
lations. After a 12  day treatment period, 8  μM of DHT 
reduced the hair shaft length of vibrissae by about 33% 
compared to the control treatment. However, subsequent 
treatments with BA, BP-BA, and BP-BA + 635  nm sig-
nificantly increased hair shaft length by approximatel 14, 
19 and 24%, compared to the DHT group. These results 
confirm that BA or the mild thermal effect from 635 nm 
irradiation enhance the HF growth ex vivo, with the com-
bined treatment showing enhanced efficacy in tissue 
level.

Characterization of BP‑BA@MNs
Show Fig. 5A shows the fabrication process of BP-BA@
MNs. Brifely, the HA solution containing BP-BA was 
filled into the MN mold followed by centrifugation to 
form the MN tips. Subsequently, pure HA solution 
was added as the backing material, and the fully dried 
BP-BA@MNs were removed from the mold. BP-BA@
MNs were visualized with digital optical microscopy 
and CLSM. The MNs were arranged in an 12 × 12 array 
with a length of 800 μm from pedestal to tip on a 10 × 10 
mm2 patch (Fig.  5B). The MN tips displayed a uniform 
distribution of BP-C6 (C6 mimicked BA for visualiza-
tion), indicating that BA was evenly distributed in the 
tip (Fig.  5C). As determined by the texture analyzer, 
the BP-BA@MNs patch had a mechanical strength of 
98.06 ± 0.68 N/patch (Fig.  5D), sufficient to penetrate 
skin without breaking [47]. Subsequently, to measure 
the insertion depth of the MNs, we used Parafilm M® as 
a skin mimic The higher puncture pore ratio allowed the 
BP-BA@MNs to penetrate Parafilm M® up to the fourth 
layer (Fig.  5E), indicating an insertion depth of about 
400 μm. OCT confirmed that the MNs reached a maxi-
mum depth of about 300 µm in isolated rat skin, with no 
breakage observed during insertion (Fig. 5F). The pene-
tration depth of the BP-BA@MNs was less than 400 μm, 
this was mainly because of the elasticity of the skin which 
served as a barrier to the BP-BA@MNs. Methylene blue 
staining pre- and post-insertion the skin illustrated the 
MNs’ effective porogenic integrity and insertion efficacy, 
highlighting their potential for transdermal drug delivery 
(Fig. 5G).

The drug loading of BA in BP-BA@MNs determined 
with HPLC was 11.68 ± 1.93 μg per patch. The cumulative 
release rate within 24 h of BA from MNs with or without 
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635 nm irradiation was 100.31 ± 3.33% and 76.18 ± 8.77%, 
respectively (Fig.  5H), demonstrating that 635  nm laser 
irradiation significantly enhances the release rate by 
24.05%, consistent with our previous in vitro release find-
ings of BP-BA + 635 nm.

The storage stability of BP-BA@MNs was evaluated in 
terms of the mechanical strength, insertion depth, and 
BA content of BP-BA@MNs at 0, 7, and 14 days, respec-
tively (additional file  9). The results showed that com-
pared with day 0, the mechanical strength of BP-BA@
MNs remained above 90 N after 14 days, and there was 

no significant changes in the insertion depth and the 
content of BA in BP-BA@MNs. Therefore, BP-BA@MNs 
have good storage stability. However, the long-storage 
test of BP-BA@MN is being investigated.

Measurement of HF permeability in vivo
The skin is primarily composed of three layers: epider-
mis, dermis, and subcutaneous tissue. The epidermal 
layer is further divided into the stratum corneum (SC) 
and the viable epidermis. The thickness of the SC, viable 
epidermis, and dermis is 10–20  μm, 100–150  μm, and 

Fig. 5  Fabrication and characterization of BP-BA@MNs. A schematic fabrication process of BP-BA@MNs. Photographs of BP-BA@MNs array 
and needle taken with (B) digital microscopy and (C) confocal laser scanning microscopy. BP-BA@MNs were characterized by (D) mechanical 
strength and (E) insert depth. F Images of the optical coherence tomography (OCT) of isolated rat skin before and after BP-BA@MNs application. 
G Photographs of SD rat skin before and after insertion of methylene blue (MB)-BP-BA@MNs. H In vitro release profiles. Data are presented 
as means ± SD (n = 6). **p < 0.01 vs the BP-BA@MNs group. I CLSM images of C6 permeation through the rat skin after 4 h treatment with different 
formulations. Scale bar: 200 μm. J Quantitative analysis of intercutaneous C6 fluorescence intensity. Data are means ± SD (n = 3). **p < 0.01 vs the Free 
C6 group. ##p < 0.01 vs the BP-BA@MNs + 635 nm group
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3–5 mm, respectively [48]. HFs, as skin appendages, are 
anchored in the skin of dermis, targeted HF delivery sys-
tem is anticipated to deliver drugs to dermis.

To assess the efficiency of the preparations in target-
ing HFs and transdermal penetration in  vivo, we topi-
cally applied C6, BP-C6, BP-C6 + 635  nm, BP-C6@MNs 
or BP-C6@MNs + 635  nm on mice. CLSM was used to 
analyze cryosections of dorsal skin following these appli-
cations. As shown in Fig. 5I and J, after 4 h of treatments, 
C6 from the C6 suspension predominantly accumulated 
in the SC, specifically within the depth of 10–20  μm. 
While C6 from BP-C6 predominantly concentrated in 
the SC and slightly permeated into the viable epider-
mis, reaching the depth of ~ 40  μm. This indicated that 
C6 was difficult to effectively penetrate the skin when a 
single loading system was utilized [49]. After irradiated 
with 635 nm laser, the C6 permeated into deeper viable 
epidermis at the depth of ~ 100 μm. The irradiation with 
635 nm laser enhanced the drug penetration due to the 
PT effect. The BP-C6@MNs delivered C6 at the depth 
of ~ 180  μm. Furthermore, BP-C6@MNs under 635  nm 
irradiation (BP-C6@MNs + 635 nm) resulted in a signifi-
cant enhancement in permeation depth of C6, reaching 
approximately 350  μm in the dermis, and the C6 fluo-
rescence was observed along the HF. This suggested that 
MNs are highly effective in targeted drug delivery to fol-
licular structures. Besides, it has been reported that HA 
as the MN materials exhibits a better affinity for HF-
related structures [50]. Quantitative fluorescence analy-
sis revealed that BP-C6@MNs + 635  nm was 4.04-fold 
and 2.84-fold to BP-C6 + 635  nm and to BP-C6@MNs, 
respectively (Fig.  5J). These results provide an evidence 
that the combination of PT and MNs is a highly effective 
method for delivering drugs to the skin [51]. PT-assisted 
drug delivery could be a promising approach for treating 
a wide range of skin conditions, offering an effective way 
to deliver drugs to the skin and accumulate in the HF site.

Hair growth efficiency in the AGA model
The PT efficacy of BP-BA or BP-BA@MNs was evalu-
ated in vivo. Using a thermal camera, we monitored the 
temperature changes (ΔT) of animal skin under 635 nm 
laser irradiation at a power density of 0.5 W/cm2 for 
3 min (Additional file 10). The animals treated with PBS 

showed a minimal ΔT of 1.7 °C. In contrast, those treated 
with BP-BA or BP-BA@MNs exhibited a much higher 
change in temperature, up to 14.4 °C and 14.3 °C, respec-
tively. Consequently, mice subjected to these treatments 
attained final dorsal temperatures of 41.3 °C and 41.9 °C, 
aligning with with the requirements for in vivo mild pho-
tothermal therapy [52]. The PT efficacy was consistent 
with the results of in vitro experiments.

To further investigate the effects of these preparations 
on hair growth, an AGA model was induced by testos-
terone. Additional file  11 shows a schematic diagram 
of the AGA modeling and treatment. Throughout the 
15  days’ treatment, formulations containing MNs were 
applied every three days, whereas other treatments were 
applied daily. Figure 6A and Additional file 12 show the 
representative and all (n = 6) dorsal skin photographs 
of the hair re-growth process from day 0 to day 15 after 
treatment. Hair growth was visually documented and 
quantitatively scored throughout this period. Notably, 
the BP-BA@MNs + 635  nm treatment had significantly 
higher hair growth scores compared to the other groups, 
although slightly lower than the control and MXD group 
(Fig.  6B). After 15  days’ treatment, hair coverage area 
demonstrated that BP-BA@MNs + 635  nm treatment 
was the most effective in promoting hair growth, achiev-
ing 93.63% hair regrowth (Fig.  6C). In comparison, the 
BP-BA + 635  nm group and BP-BA@MNs group only 
resulted in 56.98 and 57.77% of hair regeneration, respec-
tively. The average hair length of the mice in the BP-BA@
MNs + 635  nm group was longer than that the other 
group (Fig.  6D). Together, the enhanced efficacy of the 
BP-BA@MNs + 635  nm highlights the synergistic effect 
of MNs and PT in promoting hair regeneration in an 
AGA model, even with reduced frequency of application.

H&E staining for hair regrowth evaluation
Histological analysis using H&E staining of dorsal skin 
after 15  days of treatment confirmed the promotion of 
hair regrowth (Fig.  6E–I). AGA is characterized with 
thinned skin, smaller dermal papillae, and fewer HF due 
to inadequate blood supply. This pathology often leads 
to the upward migration and gradual miniaturization 
of HFs, resulting in the replacement of terminal hairs 
with vellus hairs [53]. As shown in Fig.  6E, the model 

Fig. 6  Evaluation of the pharmacodynamics in vivo. A Representative photographs of hair growth on the dorsal skin on day 0, 3, 6, 9, 12, and 15. B 
Quantitative distributions of hair growth score of the dorsal skin of mouse treated with different formulations during days 0–15. The corresponding 
skin color grayscale ratio (C) and hair length (D) on day 15 post-treatment. Data are means ± SD (n = 6). H&E staining of hair follicle regeneration 
on the longitudinal (E) and transverse (G) mouse dorsal skin. F Quantitative analysis of skin thickness on day 15 post-treatment. Quantitative analysis 
of (H) the number of hair follicle and (I) the ratio of terminal hair/vellus hair. Data are means ± SD (n = 3). **p < 0.01 vs the Control group. ##p < 0.01 vs 
the Model group. &&p < 0.01 vs the BP-BA@MNs group

(See figure on next page.)
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Fig. 6  (See legend on previous page.)
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group exhibited significant skin thinning, minimal der-
mal papillae, and miniaturized HFs. In contrast, mice 
treated with different formulations displayed increased 
skin thickness and enlarged hair bulbs, characteris-
tics associated with the mid-late anagen phase of hair 
growth, clearly delineating the differences in hair density 
and morphology between treated groups and the model 
group (Fig. 6E). Notably, the testosterone-induced model 
group showed a 34.43% reduction in skin thickness com-
pared to the control group (Fig.  6F). At the same time, 
the mice treated with blank MNs, BP-BA@MNs, and 
BP-BA@MNs + 635 nm showed no irreversible skin dam-
age on the 15th day post-treatment, indicating that trans-
dermal administration of MNs is safe.

HFs pass through three distinct stages during their life 
cycle: rest (telogen), growth (anagen) and regression (cat-
agen) [54]. During the anagen phase, the number and size 
of HF increase. Normally, the scalp produces more termi-
nal hairs than vellus hairs. However, in our AGA model 
induced by testosterone, both the volume and number of 
HF decreased, altering the ratio of terminal to vellus hairs 
with an increase in vellus hairs. Concurrently, the hair 
shaft underwent a reduction in both the number and the 
diameter (Fig. 6G). Treatment with various formulations 
significantly increased the number of HFs and improved 
the ratio of terminal to vellus hairs, demonstrating the 
effectiveness of the treatments in reversing testosterone-
induced changes (Fig.  6H and I). The ratio of terminal 
to vellus hairs for the different groups was as follows: 
MXD group (49.10 ± 15.78%), BP-BA + 635  nm group 
(46.22 ± 5.82%), BP-BA@MNs group (43.68 ± 11.38%), 
and BP-BA@MNs + 635 nm group (51.46 ± 8.27%).

Immunofluorescence staining for hair regrowth evaluation
The Wnt/β-catenin signaling pathway plays a significant 
role in the hair cycle, acting as the key driving force in 
the transition from telogen to anagen [55]. Abnormal 
regulation of this pathway can lead to hair growth disor-
ders, which affects the size and shape of HF. The expres-
sion of β-catenin was analyzed via immunofluorescence 
staining. In the testosterone-induced model group, 
β-catenin expression significantly decreased and was 
primarily localized in the upper region of the HFs. Con-
versely, treatment with BP-BA@MNs + 635  nm mark-
edly increased β-catenin expression, concentrating it in 
the lower part of the HF, within the outer and inner root 
sheath (Fig. 7A and B). This suggests that the treatment 
with BP-BA@MNs + 635  nm facilitates the transition 
of HF growth cycle. Additionally, areas treated with the 
preparations showed higher levels of Ki67, a marker of 
cell proliferation, consistent with anagen phase induction 
Fig. 7C and D). The expression levels of Ki67 in the MXD 
group, BP-BA + 635 nm group, BP-BA@MNs group, and 

BP-BA@MNs + 635 nm group were 3.20, 2.70, 2.59, and 
3.48-fold to that of the model group, respectively.

Additionally, the angiogenesis of capillaries and perifol-
licular vessels were also examined. Immunofluorescence 
staining of CD31 in mice dorsal skin revealed increased 
blood vessel formation in alopecia areas treated with the 
indicated preparations compared to the model group 
(Fig. 7C). This increase could be attributed to: 1) BA has 
been reported to have a beneficial effect on promoting 
angiogenesis [56]; 2) 635 nm irradiation promotes angi-
ogenesis by increasing the permeability of the perivas-
cular space, thereby increasing blood flow [57]; 3) MNs 
stimulate angiogenesis through mechanical stimula-
tion [35]. Remarkably, CD31 expression in BP-BA@
MNs + 635 nm group was four times higher than that of 
the model group, comparable to that daily topical appli-
cation of commercial MXD group, despite the fact that 
the BP-BA@MNs + 635 nm was administered every three 
days during the treatment period for only five applica-
tions (Fig.  7E). Thus, the molecular mechanisms under-
lying these observed effects will be elucidated in the 
further experiments.

Determination of HF‑related mRNA expression in AGA​
Hair regrowth is highly regulated by various factors 
involved in the HF cycle, whose inhibition or activation 
affects hair growth. Based on in  vitro cellular experi-
ments, we have confirmed  that both BA and 635  nm 
irradiation effectively regulate hair growth-related fac-
tors. To elucidate the molecule mechanisms by which 
the indicated preparation groups restored or promoted 
hair growth, we analyzed the changes in the same sign-
aling molecules as the in vivo experiments (Fig. 8). AGA 
is closely associated with the expression of Srd5a2, an 
enzyme critical for converting testosterone into DHT, a 
potent androgen with a very high affinity tor Ar [58, 59]. 
Elevated levels of Srd5a2 and Ar are known primary driv-
ers of AGA. In our study, the model group significantly 
increased Srd5a2 and Ar mRNA expressions by 2.02-fold 
and 2.46-fold, respectively. In comparison to the model 
group, the MXD group, the BP-BA + 635 nm group, the 
BP-BA@MNs group, and the BP-BA@MNs + 635  nm 
group markedly reduced mRNA expressions of Ar by 
10.16, 39.15, 40.61, and 47.69%, respectively and Srd5a2 
by 42.25, 33.16, 33.62, and 38.21%, respectively (Fig. 8A 
and B). More importantly, the BP-BA@MNs + 635  nm 
treatment reduced Ar mRNA expression more than 
1.71-fold compared to the MXD group. Molecular 
docking simulation supported this finding by display-
ing BA’s strong binding affinity to Ar and Srd5a2, pro-
viding a theoretical basis for its efficacy in targeting 
the two  major  pathological  factors of AGA (Additional 
file 13).
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As mentioned previously, β-catenin promotes the 
induction and duration of the HF anagen phase, while 
Dkk1, a potent antagonist of the Wnt/β-catenin signal-
ing pathway, drives the catagen phase and apoptotic cell 
death in HFs [60, 61]. Similarly, Tgfb1 is a recognized 
promoter of the catagen phase [62]. In this context, our 

results showed that testosterone induction significantly 
decreased Ctnnb1 expression while increasing Dkk1 
and Tgfb1 expressions (Fig. 8C–E). The treatment with 
BP-BA@MNs + 635  nm significantly reversed these 
effects, elevating Ctnnb1 expression by 78.52% and 
reducing Dkk1 and Tgfb1 expressions by 71.47% and 
65.49%, respectively, outcomes that not only improved 

Fig. 7  A Representative images of β-catenin immunofluorescence staining on depilated skin on day 15 post-treatment. Scale bar: 100 μm. 
Images represent at the HF site. B Quantification of the relative expression of β-catenin on the mice dorsal skin treated with different groups. Data 
are means ± SD (n = 3). C Representative images of immunofluorescence staining of Ki67 and CD31 on depilated skin on day 15 to investigate 
the expression of proliferation markers and perifollicular angiogenesis. Scale bar: 50 μm. Images represent at the HF site. Quantification 
of the relative expression of (D) ki67 and (E) CD31 on the mice dorsal skin treated with different formulations. Data are means ± SD (n = 3).**p < 0.01 
vs the Control group. ##p < 0.01 vs the Model group. &&p < 0.01 vs the BP-BA + 635 nm group or the BP-BA@MNs group
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upon other treatment groups but were also comparable 
to the MXD group.

VEGF, a biomarker of angiogenesis and a key growth 
factor for hair growth, was shown to have a good pro-
angiogenic effect from the immunofluorescence results 
in the indicated preparation groups. Here we fur-
ther evaluated the effect of different formulations on 
the expression of Vegfa mRNA at the molecular level 
(Fig. 8F). The results showed that Vegfa mRNA was sig-
nificantly more expressed in the alopecia areas treated 
with the above indicated preparation groups compared 
to the model group, consistent with CD31 staining 
results. Remarkably, even a single mode of therapy in 
the preparation groups promoted a high level of Vegfa 
mRNA expression, thus supporting our interpretation 
of high CD31 expression.

In summary, testosterone induction disrupts normal 
HF growth by altering the expression of crucial genes. 
Our BP-BA@MNs + 635 nm treatment effectively coun-
teracted these changes, offering a targeted therapeu-
tic approach to AGA by normalizing gene expression 
related to HF cycling and growth.

In vivo biocompatibility evaluation
After a 15-day treatment, we collected blood samples 
from the animals and analyzed them for hematological 
parameters and serum enzyme levels. The results were 
documented in Additional file 14. There were no signifi-
cant differences across the various groups, indicating that 
the treatments did not cause significant hepatic and renal 
toxicity. Further analysis of major organs using H&E 
staining revealed no significant tissue damage, and there 
was also no observed weight loss in the treated mice. 
These findings affirm that the treatments possess good 
histocompatibility, suggesting their safety for prolonged 
use.

Conclusions
In summary, we developed a novel transdermal drug 
delivery strategy that combines MNs with BP-based mild 
photothermal effects for the treatment of AGA. Utilizing 
the mild photothermal effects of BP to enhance the trans-
dermal drug delivery via MNs, this system significantly 
improved the intracutaneous transport of BA, achieving a 
synergistic efficacy in the treatment of AGA. The BP-BA 

Fig. 8  The mRNA expression levels in the dorsal skin of the AGA mice treated with different formulations. They inhibited the mRNA expression 
of negative genes of Srd5a2 (A), Ar (B), Dkk1 (C) and Tgfb1 (D), and activated the mRNA expression of positive genes of Ctnnb1 (E), and Vegfa (F). 
Data are means ± SD (n = 6). **p < 0.01 vs the Control group. ##p < 0.01 vs the Model group. &&p < 0.01 vs the BP-BA + 635 nm group or the BP-BA@MNs 
group
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effectively promoted the proliferation of hDPCs in vitro, 
and regulated the multiple abnormal gene expressions 
related to HF-growth. In a testosterone-induced AGA 
animal model, the combination of MNs with the photo-
thermal effects of BP-BA led to a considerably faster hair 
regrowth, at a lower dosing frequency than traditional 
treatments. This innovative approach not only normal-
ized the HF environment affected by androgen damage 
but also stimulated perifollicular angiogenesis without 
causing irreversible damage to the skin. Importantly, 
no obvious side effects or toxicity were observed in the 
major organs or blood post-treatment. BP-BA@MNs is a 
promising multifunctional strategy for treating AGA.
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