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1. Introduction

Androgenetic alopecia (AGA), the most common form of 
hair loss disorder that affects people of all genders and races 
in worldwide, lowers patients’ quality of life and affects their 

Androgenetic alopecia (AGA) is a transracial and cross-gender disease 
worldwide with a youth-oriented tendency, but it lacks effective treatment. 
The binding of androgen receptor (AR) and androgen plays an essential role 
in the occurrence and progression of AGA. Herein, novel proteolysis targeting 
chimera degrader of AR (AR-PROTAC) is synthesized and integrated with 
dissolving microneedles (PROTAC-MNs) to achieve AR destruction in hair 
follicles for AGA treatment. The PROTAC-MNs possess adequate mechanical 
capabilities for precise AR-PROTAC delivery into the hair follicle-residing 
regions for AR degradation. After applying only once topically, the PROTAC-
MNs achieve an accelerated onset of hair regeneration as compared to the 
daily application of the first-line topical drug minoxidil. Intriguingly, PROTAC-
MNs via single administration still realize superior hair regeneration in AGA 
recrudescence, which is the major drawback of minoxidil in clinical practice. 
With the degradation of AR, the PROTAC-MNs successfully regulate the 
signaling cascade related to hair growth and activate hair follicle stem cells. 
Furthermore, the PROTAC-MNs do not cause systemic toxicity or androgen 
deficiency-related chaos in vivo. Collectively, these AR-degrading dissolving 
microneedles with long-lasting efficacy, one-step administration, and high 
biocompatibility provide a great therapeutic potential for AGA treatment.

Research Article

R. Wang, Q. Bian, X. Ma, Y. Xu, Y. Gu, A. Yuan, W. Hu, J. Gao
Institute of Pharmaceutics, College of Pharmaceutical Sciences
Zhejiang University
Hangzhou 310058, China
E-mail: gaojianqing@zju.edu.cn
T. Zhong, S. Zhang, C. Qin
Key Laboratory of Marine Drugs
Chinese Ministry of Education
School of Medicine and Pharmacy
Ocean University of China
Qingdao 266003, China

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/smtd.202201293.

T. Zhong, S. Zhang, C. Qin
Marine Biomedical Research Institute of Qingdao
Qingdao 266071, China
E-mail: qc@ouc.edu.cn
Q. Bian
College of Pharmacy
Inner Mongolia Medical University
Hohhot 010000, China
L. Li
Rehabilitation Sciences and Engineering
University of Health and Rehabilitation Sciences
Qingdao 266071, China
J. Gao
Jiangsu Engineering Research Center for New-type External  
and Transdermal Preparations
Changzhou 213149, China

self-esteem.[1–3] The etiology of AGA is 
complex, in which the androgen depend-
ence is assumed to play an essential role 
in the occurrence and development of 
AGA.[4–6] It has been reported that signifi-
cantly higher androgen receptors (ARs) 
were expressed in the dermal papilla 
cells (DPCs) of balding scalps of AGA 
patients, resulting in their sensitivity to 
androgens,[7–9] which can initiate the hair 
growth regulation, like the Wnt/β-catenin 
signaling pathway and growth factors 
through binding of the ARs and andro-
gens, thereby leading to the shortening 
of the anagen phase and the progressive 
miniaturization of thinning hair, eventu-
ally suppressing hair growth.[10–12]

To date, systemically used finasteride 
has been developed to reduce androgen 
activity in humans, demonstrating the 
potential of antiandrogen mechanism-
based therapy in AGA treatment.[13,14] 
However, there are some risks associated 
with a systemic sexual function that lead 
to adverse effects.[15] For AGA therapy, 

topical application is still considered to be a superior mode of 
administration because of its maximized efficacy and improved 
compliance.[16–18] In the last 20 years, proteolysis targeting 
chimera (PROTAC), which can selectively degrade proteins 
of interest by harnessing the ubiquitin-proteasome system, 
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has been developed as a novel therapy to manage disease-
causing proteins.[19,20] Recent studies have discovered several 
potent PROTAC degraders of AR (AR-PROTAC) for the treat-
ment of prostate cancer.[21,22] This technology has made tre-
mendous progress in AR-related diseases with the entry of 
two heterobifunctional degraders into human trials, namely, 
ARV-110 (NCT03888612) and GT20029 (CTR20211363), for 
prostate cancer and baldness, respectively.[23,24] Theoretically, 
AR-PROTAC can modulate the hair cycle for AGA treatment 
by degrading the ARs dominantly distributed in DPCs. None-
theless, the limitations of AR-PROTAC including unfavorable 
druggability, weak solubility, and relatively high molecular 
weight, restrict its transdermal penetration efficiency.[25,26]

To this end, the microneedles (MNs) patch, a powerful trans-
dermal drug delivery system by physically overcoming the 
stratum corneum in a minimally invasive manner, achieves 
encapsulated drug delivery to the epidermal and dermal layers 
directly, where most of the hair follicles (HFs) are distrib-
uted.[27–29] The MNs have efficiently accomplished hair regen-
eration by transdermally delivering finasteride,[30,31] valproic 
acid,[32] vasodilator drug,[33] ceria nanozyme,[34] and exosomes,[35] 
demonstrating the feasibility of MNs in AGA treatment. How-
ever, the multiple dosing frequency and unstable efficacy limit 
further application.

Herein, we designed and synthesized a novel AR-PROTAC 
(TJA-107), and then integrated it with MNs patch (PROTAC-
MNs) composed of hyaluronic acid (HA)-based needle loaded 
with potent and efficient AR-PROTAC and a polyvinylpyrro-
lidone (PVP)-K90-based detachable backing layer (Figure 1a). 
Through micropunctures created by PROTAC-MNs, the encap-
sulated AR-PROTAC, which can degrade targeted ARs in the 
DPCs of HFs utilizing the ubiquitin-proteasome system, was 
efficiently delivered into the HFs-residing regions to improve 
hair regrowth (Figure  1b). Notably, in AGA treatment, in the 
case of only applying once, PROTAC-MNs treated skin exhib-
ited a speedier transition to anagen of HFs and a similar quality 
of hair compared with minoxidil treated, which is a typical per-
cutaneous first-line medication for AGA treatment. Surpris-
ingly, PROTAC-MNs achieved hair regeneration in the AGA 
recrudescence model, still with a single administration in the 
last hair cycle (Figure 1c). Therefore, it is expected to overcome 
the deficiency of high recurrence rates in minoxidil.[36,37] Owing 
to topical application, the PROTAC-MNs did not cause sig-
nificant systemic toxicity or androgen deficiency-related chaos 
in vivo, except for the minor reversible skin damage at the 
administration site. Collectively, the present study indicated the 
potential of AR-PROTAC-integrated MNs on the basis of the 
AR degradation effect in AGA treatment, thereby providing an 
emerging efficient and safe strategy for hair regrowth.

2. Results and Discussion

2.1. Fabrication and Characterization of the PROTAC-MNs

A highly efficient AR-PROTAC (TJA107, Figure 2a) was suc-
cessfully developed by linking an E3 ligase cereblon (CRBN) 
recruiter and an AR antagonist (Figure S1, Supporting Infor-
mation). The compound was characterized using 1H NMR 

and mass spectrometer (Figure S1 and Figure S2, Supporting 
Information). Our AR-PROTAC achieved DC50 (concentration 
required for 50% protein degradation) values of ≈150 × 10−9 m 
in the human dermal papilla cells (HDPCs), the cells that ARs 
were mainly located in human HFs (Figure 2b and Figure S3,  
Supporting Information). AR-PROTAC was also adequate 
to achieve a Dmax (maximal protein degradability) of >90% 
(Figure  2b and Figure S3, Supporting Information). In the 
identical study, AR antagonist portions of the AR-PROTAC 
had no obvious degradation potency (Figure S4a, Supporting 
Information). In addition, the mechanism investigation of 
AR-PROTAC indicated that the AR degradation potency of AR-
PROTAC can be blocked by the pretreatment with NEDD8-
activating E1 enzyme inhibitor (MLN4924) and proteasome 
inhibitor (MG132) in HDPCs (Figure S4b, Supporting Infor-
mation). These data revealed that our AR-PROTAC was a 
bona fide AR degrader. The cell cytotoxicity of AR-PROTAC 
(0 × 10−9 to 2000 × 10−9 m) on HDPCs, human skin fibroblast 
(HSF), and human immortalized keratinocytes (HaCaT) cells 
was evaluated. The results demonstrated the high biocom-
patibility of AR-PROTAC in vitro (Figure S5a–c, Supporting 
Information).

Considering that AR-PROTAC, with a molecular weight of 
791.33, was almost insoluble in water, we encapsulated it within 
MNs patch using a suspension of AR-PROTAC in an aqueous 
solution following the previous report.[38] HA, a natural gly-
cosaminoglycan that has been approved by the Food and Drug 
Administration (FDA) for use as a dermal filler having a signifi-
cant dissolution and biocompatibility,[39,40] was employed as the 
matrix of the dissolvable needles to provide mechanical strength 
as well as a stabilizing effect to prevent the sedimentation of AR-
PROTAC in the suspension. Due to its much lower dissolution 
than HA, PVP-K90 was selected as the substrate material of the 
backing layer to achieve the detachable property. Thereafter, the 
PROTAC-MNs were fabricated through a two-step centrifuga-
tion method (Figure S6, Supporting Information). The prepared 
PROTAC-MNs were arranged neatly in a 12 × 12 array (Figure 2c), 
containing 1.79 ± 0.04  mg of AR-PROTAC per PROTAC-MNs 
patch. Each needle was pyramid shaped, with a height of about 
500  µm, a base diameter of 200  µm, and a needle tip interval 
of 400 µm (Figure 2c,f and Movie S1, Supporting Information). 
Next, we evaluated the AR-PROTAC release from PROTAC-MNs 
in saline solution in vitro. The release profile showed that 80.22 ±  
0.09% of the loaded AR-PROTAC was rapidly released from 
the PROTAC-MNs in the first 30 s, and almost absolute release 
was accomplished until 300 s (Figure S7, Supporting Informa-
tion). In addition, the released AR-PROTAC still possessed an 
AR degradation ability, as indicated by the decreased AR protein 
expression level in HDPCs with the treatment of PROTAC-MNs 
soaking solution (Figure 2d).

PROTAC-MNs are supposed to have sufficient strength for 
skin penetration and therapeutics percutaneous delivery. The 
smooth and consecutive force–displacement curves indicated 
that within the deformation range, no needle failure happened 
(Figure  2e).[41] When the displacement reached 400  µm, the 
compression forces of the needle of Blank-MNs and PROTAC-
MNs were 0.19 ± 0.01 and 0.24 ± 0.03 N, respectively, which were 
both adequate to puncture the human skin.[42] Furthermore, we 
investigated the PROTAC-MNs’ capacity to penetrate the excised 
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porcine skin in vitro. After the skin insertion for 5 min, nearly 
90% of needle tips dissolved, and the 12 × 12 sequence of yellow 
dots on the skin corresponded to PROTAC-MNs, demonstrating 
the proper insertion of PROTAC-MNs into the skin (Figure S8, 
Supporting Information). To facilitate the observation of the 
insertion depth, PROTAC-MNs were co-loaded with Rhoda-
mine B (RhB-PROTAC-MNs). In comparison to the untreated 
porcine skin, RhB-PROTAC-MNs can overcome the stratum 
corneum barrier and effectively transport the encapsulated car-
goes to 200–300 µm deep in the skin, where most telogen HFs 
reside,[43] as confirmed by the red-tapered microchannels after 
the insertion of RhB-PROTAC-MNs (Figure  2f). Most of the 

needles successfully penetrated into the skin, and completely 
disappeared after 5 min (Figure 2g). Moreover, the transdermal 
delivery efficiency of AR-PROTAC was evaluated in vitro. There 
was no obvious difference in skin retention of AR-PROTAC in 
both control and AR-PROTAC solution groups, indicating an 
extremely poor transdermal ability of AR-PROTAC. However, 
the skin retention was sharply increased in the PROTAC-MNs 
group, which also indicated that MNs could markedly promote 
the retention of AR-PROTAC by breaking through the stratum 
corneum directly (Figure 2h).

In brief, well-designed PROTAC-MNs were successfully 
fabricated, having a uniform morphological structure and an 

Figure 1.  Schematic illustration of AGA and AGA recrudescence therapy through PROTAC-MNs. a) Fabrication of PROTAC-MNs. The synthesized 
AR-PROTAC was encapsulated in the HA-based microneedles, while the backing layer of the patch is made of PVP-K90. b) 5 min after PROTAC-
MNs were pressed into skin with vertical force of thumb, the backing could be detachable and removed, while the needles could penetrate the skin 
and dissolve after contact with tissue fluid. Thereby the loaded AR-PROTAC was successfully delivered into the HFs-residing regions and achieved 
targeted AR degradation in DPCs of HFs utilizing the ubiquitin (Ub)-proteasome system. Even if only applied once, PROTAC-MNs promoted hair 
regeneration in AGA treatment. c) Moreover, PROTAC-MNs exhibited an anti-AGA recrudescence effect with a single administration in the last 
hair cycle.
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adequate mechanical property to insert the skin and deliver the 
encapsulated AR-PROTAC to the HFs-residing regions.

2.2. Hair Regeneration Efficiency in the AGA Model

Furthermore, the hair-regenerating effects of the PROTAC-MNs 
were explored in the AGA mouse model. For this, 0.5% testos-
terone solution was topically applied to C57BL/6 mice for a con-
tinuous 28 days to build the AGA model. It was followed by 
different therapeutic strategies as follows: 5% minoxidil solu-
tion was topical applied daily until day 11 post-depilation (first 
skin pigmented day in the Minoxidil group), while Blank-MNs 
and PROTAC-MNs were applied only once on day 1 post-depila-
tion (Figure 3a). Representative photographs of mice during the 
treatments showed that there was no obvious regenerated hair 
in the Model group until day 28 (Figure 3b and Figure S9, Sup-
porting Information), revealing the prosperous establishment 
of the AGA model. First, the topical application of the same 
dosage of AR-PROTAC suspension in the depilated region 
achieved negligible regrowth of hair in the AGA mice (Figure S10a,  
Supporting Information), while the AGA mice with subcu-
taneous injection of AR-PROTAC exhibited hair regrowth 
(Figure S10b, Supporting Information), which proved the hair 
regeneration effect of AR-PROTAC in AGA treatment but 

was restricted by the weak transdermal penetration capacity. 
The PROTAC-MNs generated a comparable therapeutic effect 
to that of minoxidil, specifically, in terms of hair coverage 
(Figure S11a, Supporting Information), hair diameter (Figure S11b,  
Supporting Information), and hair density (Figure S11d,e, Sup-
porting Information) on day 28. The SEM micrographs revealed 
that the regrown hair was thick, with overlapping of complete 
cuticles in the PROTAC-MNs, similar to the hair treated with 
minoxidil. In sharp contrast, the regrown hair in the Model 
and Blank-MNs groups was thin and had unhealthy cuticles 
(Figure 3c).

Following the HFs transit into the anagen phase, the skin 
goes through pigmentation on account of the related follicular 
melanogenic activity.[44,45] Therefore, skin pigmentation is a 
visual index of the start of telogen-to-anagen transition. The 
PROTAC-MNs allowed HFs to enter into the anagen phase 
within as few as 10 days, which was earlier than the Model, 
Blank-MNs, and Minoxidil groups (Figure 3b,d and Figure S9,  
Supporting Information). Hence, the PROTAC-MNs 
achieved faster regrown hair coverage of the depilated region 
(Figure S11c, Supporting Information). On the basis of the 
hematoxylin–eosin (H&E) staining of the treated skin on day 
10 (Figure 3e), an augmented amount of HFs in the PROTAC-
MNs group apparently entered the anagen phase (Figure S12a, 
Supporting Information), revealed by enlarged bulbs extending 

Figure 2.  Fabrication and characterization of the PROTAC-MNs. a) The chemical structure and information of the AR-PROTAC. b) Immunoblots plots 
(Figure S3, Supporting Information) in HDPCs treated with AR-PROTAC at various concentrations. c) Scanning electron microscope (SEM) images of 
the PROTAC-MNs, scale bar = 500 µm. d) Immunoblots in HDPCs treated with 1000 × 10−9 m of DMSO (Control), AR-PROTAC, a soaking solution of 
PROTAC-MNs and Blank-MNs, with actin used as the loading control. e) Compression force versus displacement curves of PROTAC-MNs and Blank-
MNs (n = 3). f) Stereoscopic fluorescence micrographs of RhB-PROTAC-MNs (left) and a comparison of porcine skin with or without RhB-PROTAC-
MNs topical application (right), scale bar = 200 µm. g) Representative fluorescence images of the RhB-PROTAC-MNs before and after piercing into the 
porcine skin, scale bar = 200 µm. h) Quantification of skin-retained amounts of AR-PROTAC in vitro (n = 3). Data are calculated as mean ± standard 
deviation (SD); ***, p < 0.001 versus the PROTAC-MNs group. Statistical significance was calculated using the ordinary one-way analysis of variance 
(ANOVA).
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into the subcutaneous tissue with a higher density, which was in 
line with the higher hair cycle score calculations (Figure 3f).[45] 
Moreover, the thickening of PROTAC-MNs-treated skin due 
to the hair cycle-associated transformation indicated an ear-
lier conversion of the HFs phase (Figure S12b, Supporting 
Information). Furthermore, the PROTAC-MNs succeeded in 
inducing the anagen-related cell proliferation, characterized 
by the notably increased expression of Ki67 (a cell proliferation 
marker) in HFs (Figure  3g,h). Consequently, PROTAC-MNs 
were able to regenerate hair of comparable quality with minox-

idil, meanwhile, attained faster induction of hair regrowth in 
AGA treatment, even when applied only once.

2.3. In Vivo Assessment of AR Degradation on Hair 
Regeneration

In light of the proteolysis capacity of AR-PROTAC in vitro 
(Figure  2d), the AR destruction function of PROTAC-MNs 
was further analyzed on day 10, the average skin pigmented 

Figure 3.  Hair regeneration efficiency of the PROTAC-MNs system in an AGA mouse model. a) Schematic representation of the treatment protocol. An 
AGA model was established through the 0.5% testosterone solution topically applied for a consecutive 28 days. Blank-MNs and PROTAC-MNs were 
applied only once on day 1 post-depilation, while 5% minoxidil solution was topically applied once a day until day 11 post-depilation. b) Representa-
tive photographs of the depilated regions on days 1, 10, 14, 21, and 28 post-depilation in each treatment group. c) SEM images of the regenerated 
hair on day 28 post-depilation, scale bar = 10 µm. d) Pigmented day following depilation (n = 5). e) H&E staining of the treated skin on day 10 post-
depilation, scale bar = 100 µm. f) Hair cycle score on day 10 post-depilation (n = 3). g) Representative images of Ki67 of the alopecia region on day 10 
post-depilation (red: Ki67, blue: DAPI), scale bar = 20 µm. h) Evaluation of Ki67-positive cells evaluation on day 10 post-depilation (n = 5). Data are 
calculated as mean ± SD; ns, nonsignificant (p > 0.05), *, p < 0.05, ***, p < 0.001 versus the PROTAC-MNs group. Statistical significance was evalu-
ated by an ordinary one-way ANOVA.
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day in the PROTAC-MNs-treated group. The intracellular level 
of AR was diminished in the alopecia area of the PROTAC-
MNs group, as indicated by the decreased AR expression level 
(Figure 4b) and AR staining signal in HFs (Figure  4c). Fur-

thermore, relative AR mRNA, which was known to be upregu-
lated in AGA regions,[6,4] presented higher expression level in 
Model, Blank-MNs, and Minoxidil group (Figure  4d), thereby 
restoring the factors involved in the regulation of the hair  

Figure 4.  In vivo assessment of AR degradation on hair regeneration. a) Schematic diagram of AR degradation and following hair cycle regulation. 
b) Mouse AR content in the skin detected using enzyme-linked immunosorbent assay (ELISA) on day 10 post-depilation (n = 3). c) Representative 
images of AR immunofluorescence staining in treated-skin on day 10 post-depilation (red: AR, blue: DAPI, white arrow: AR immunofluorescence 
staining signal), scale bar = 200 µm. Quantitative data of the mRNA expression of d) AR, e) TGF-β1, and f) β-catenin genes in the skin on day 10 post-
depilation (n = 3). g) Representative immunofluorescence staining images of SOX9 and P-S6 in treated-skin on day 10 post-depilation (red: SOX9, 
green: P-S6, blue: DAPI), scale bar = 20 µm. Data are presented as mean ± SD; ns, nonsignificant (p > 0.05), *p < 0.05, **p < 0.01, ***p < 0.001 versus 
the PROTAC-MNs group. Statistical significance was evaluated utilizing an ordinary one-way ANOVA.
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follicle cycle. For example, the mRNA expression level of TGF-β1 
in the PROTAC-MNs group, a well-known catagen inducer pro-
moting apoptotic cell death of HFs, was obviously lower than in 
the Model group or the Blank-MNs group (Figure 4e). Likewise, 
the relative expression level of the β-catenin gene, which pro-
moted anagen induction and duration, was markedly upregu-
lated in the PROTAC-MNs group (Figure 4f). Furthermore, we 
investigated the condition of hair follicle stem cells (HFSCs), 
which are regulated by systemic factors.[46] The application of 
PROTAC-MNs has achieved precocious activation of HFSCs in 
the depilated area, as demonstrated by the dramatically stronger 
signal of P-S6 (an active marker in HFSCs only at the beginning 
of telogen-to-anagen transition) in HFSCs marked by SOX9 (a 
marker of HFSCs) than that of other groups (Figure 4g). These 
findings provide compelling evidence suggesting that the 
PROTAC-MNs can potently degrade AR, which is beneficial for 
activating signaling pathways like Wnt/β-catenin related to hair 
regeneration while simultaneously inhibiting the inhibitory fac-
tors like TGF-β1, thereby inducing the activation of HFSCs and 
consequent hair regeneration (Figure 4a).

2.4. Hair Regrowth Estimation in the AGA Recrudescence Model

Although AGA is highly prevalent in our society, existing treat-
ments are tough to handle their defects, such as their easy 
recurrence after drug withdrawal due to the progressive prop-
erty of AGA.[18,47] We therefore attempted to establish an AGA 
recrudescence model via the topical application of testosterone 
after the redepilation of the regrown hair in the AGA-treated 
mice, without any drug administration (Figure 5a). Visibly, the 
redepilated area of the Model and Blank-MNs groups remained 
pink nearly without regrown hair on day 56, which indicated 
the success of the AGA recrudescence model (Figure  5c and 
Figure S13, Supporting Information). Furthermore, there was 
also no obvious hair regrowth in the mice administrated with 
minoxidil, except in the region still in anagen phase when 
redepilation was performed, which was consistent with that 
in the clinic (Figure  5c and Figure S13, Supporting Informa-
tion). Interestingly, the AGA recrudescence model mice applied 
with the PROTAC-MNs exhibited hair regrowth (Figure 5c and 
Figure S13, Supporting Information), and further, it resulted 
in an enlarged area of hair regrowth (Figure  5b). In addi-
tion, the regrown hairs were of higher quality and had greater 
thickness (Figure  5f) and intact cuticles, as substantiated by 
the SEM images (Figure  5e). Moreover, mice treated with the 
PROTAC-MNs obtained a higher hair density (Figure  5g,h). 
The expression level of AR in the depilated skin was observ-
ably diminished on day 56 (Figure  5d) in the PROTAC-MNs 
group, which has revealed that the sustained AR degradation 
effect induced by the single administration in the last hair cycle 
might be the possible reason for PROTAC-MNs achieving hair 
regrowth in AGA recrudescence.

2.5. Biocompatibility Evaluation of PROTAC-MNs

To investigate the biocompatibility of PROTAC-MNs, the cell 
cytotoxicity of the soaking solution of MNs tips was evaluated in 

HDPCs, HSF cells, and HaCaT cells. The PROTAC-MNs were 
demonstrated to be biocompatible in vitro through the com-
parison of the cell viabilities with those of the Control group 
(Figure S14, Supporting Information). Additionally, the same 
MNs therapy regimens as in the AGA treatment experiment 
were applied to normal C57BL/6 mice to assess the biocompat-
ibility of the PROTAC-MNs systematically in vivo. The body 
weight and major organ indices (liver, kidney, spleen, lung, 
heart, and testicle) between PROTAC-MNs and the Normal 
group exhibited no significant difference (Figure S15a,b,  
Supporting Information). Moreover, the red blood cell, white 
blood cell, and platelet counts of the mice treated with PROTAC-
MNs were all in the normal range and demonstrated no obvious 
difference from those in the Normal group (Figure S15c–e,  
Supporting Information). The H&E staining of the main 
organs also showed no evident inflammation infiltration or 
other pathological alterations (Figure S16a, Supporting Infor-
mation), suggesting that PROTAC-MNs did not exhibit evident 
systemic toxicity effect. Then, we explored the topical safety of 
PROTAC-MNs. The transepidermal water loss (TEWL) values 
at the administration site were measured to indicate the skin 
barrier function. The results showed a considerable rise in 
TEWL values following the application of MNs but recovered 
within normal ranges on day 4 (Figure S16c, Supporting Infor-
mation). Besides, the H&E staining of the skin on day 28 dem-
onstrated no obvious difference with the indifferent epidermal 
thickness (Figures S16b,e and S17, Supporting Information), 
thereby implying that the PROTAC-MNs only induce transient 
and reversible skin trauma at the application site. Owing to 
the topical administration, AR-PROTAC was not detected in 
the blood plasma using the high-performance liquid chroma-
tography (HPLC) system (limit of detection: 2.5 µg mL−1). The 
AR degradation effect induced by PROTAC-MNs brought the 
decreased expression level of AR to normal status (Figure S16d, 
Supporting Information), which may minimize the impact 
of the physiological function of AR on the skin. Considering 
the AR degradation ability of PROTAC-MNs and adverse 
sexual effects following oral finasteride,[13,15] we evaluated the 
histological analyses and AR expression level of the testicle. 
The results suggested that the topical application of PROTAC-
MNs had no significant change in sexual organs (Figure S16f,g, 
Supporting Information). In summary, the PROTAC-MNs 
only caused minor reversible skin damage and simultaneously 
revealed high biocompatibility for systemic functions, espe-
cially for sexual functions.

The demand to discover novel therapies is urgent given the 
insufficient efficacy and systemic side effects of minoxidil and 
finasteride, the only two drugs recognized by the FDA for AGA 
treatment.[3,15] Since androgen dependence is a main contributor 
to AGA,[4,5] AR destruction is a reasonable approach for driving 
the telogen-to-anagen conversion of HFs in AGA treatment. In 
recent years, AR-PROTAC has raised a huge interest in the reg-
ulation of AR-causing diseases because of its accurate targeted 
protein degradation ability.[23,24] However, the weak solubility 
of AR-PROTAC hinders its transdermal delivery into DPCs,[25] 
where ARs are mainly distributed in HFs. Consequently, MNs 
were applied to deliver AR-PROTAC to the HFs-residing regions 
in a minimally invasive and painless approach. By evaluating the 
expression level of AR and factors involved in the hair cycle in 
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the baldness area, we found that the PROTAC-MNs achieved effi-
cient AR degradation in DPCs, which potentially provided a ben-
eficial environment for hair cycle regulation. Hence, even with 
only one application of PROTAC-MNs, accelerated hair regrowth 
occurrence and superior regenerated hair were observed during 
AGA treatment. Meanwhile, skin still regenerated superior 
hair after PROTAC-MNs withdrawal in AGA recrudescence 

treatment, which is probably because of the sustained AR deg-
radation effect induced by the PROTAC-MNs application during 
the last hair cycle. The underlying mechanism of PROTAC-MNs 
on AGA recrudescence still needs further investigation. The 
safety evaluation results revealed that, except for transient and 
reversible skin traumatism at the application site, the PROTAC-
MNs did not cause androgen deficiency-related chaos in vivo.

Figure 5.  Hair regeneration capacity of the PROTAC-MNs system in an AGA mouse recrudescence model. a) Schematic representation of the treatment 
protocol. The AGA recrudescence model was established through the testosterone solution topically applied for another consecutive 28 days after the 
redepilation of the regrown hair in AGA-treated mice, without any treatment in all groups. b) Regenerated hair coverage on day 56 post-first-depilation 
(n = 5). c) Representative photographs of the depilated regions on days 28, 29, 35, 42, 49, and 56 post-first-depilation in each group. d) Quantification 
of AR in the treated-skin on day 56 post-first-depilation (n = 3). e) SEM images of regenerated hair on day 56 post-first-depilation, scale bar = 10 µm.  
f) Diameter of the regenerated hair on day 56 post-first-depilation (n = 20). g) Representative trichoscope images of regenerated hair, scale bar = 200 µm. 
h) Regenerated hair density quantification on day 56 post-first-depilation (n = 10). Data are calculated as mean ± SD; *p < 0.05, **p < 0.01, ***p < 
0.001 versus the PROTAC-MNs group. Statistical significance was calculated using the ordinary one-way ANOVA.
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3. Conclusion

To conclude, we fabricated a novel AR-PROTAC-integrated MNs 
to regulate signaling cascade related to hair growth and activate 
HFSCs by constant AR degradation for efficient treatment of 
AGA. Compared with daily used minoxidil, the first-line percu-
taneous medication for AGA treatment, PROTAC-MNs exhib-
ited accelerated onset of hair regeneration and comparable hair 
quality even via single topical administration, without signifi-
cant systemic toxicity, irreversible damage to skin, or androgen 
deficiency-related chaos. Surprisingly, PROTAC-MNs achieved 
superior hair regrowth in AGA recrudescence model, which is 
expected to overcome the deficiency of high recurrence rates of 
minoxidil. This AR-degrading dissolving MNs patch with long-
lasting efficacy and one-step administration presents great ther-
apeutic potential for AGA treatment.

4. Experimental Section
Materials: N,N-diisopropylethylamine, 1,4-dioxane, triethylamine, 

thionyl chloride, and sodium hydride were purchased from Energy 
Chemical Co. (China). Petroleum ether, ethyl acetate, dichloromethane, 
trifluoroacetic acid, sodium bicarbonate, sodium triacetoxyborohydride, 
ethyl acetate, and sodium chloride were obtained from Sinopharm 
Chemical Reagent Co., Ltd. (China). HATU was obtained from Leyan 
Co. (China). N,N′-dimethylformamide, methyl tert-butyl ether, formic 
acid, and acetonitrile were obtained from Sigma-Aldrich Co. (USA). HA 
(Mw < 10 kDa) was obtained from Freda Biochem Co., Ltd. (China). PVP-
K90 was obtained from BASF (Germany). Radioimmunoprecipitation 
assay (RIPA) buffer (high), phenylmethylsulfonyl fluoride (PMSF), 
testosterone, rhodamine B, and paraformaldehyde (4%) were obtained 
from Solarbio (China). Minoxidil was obtained from Wansheng 
Pharmaceutical Co., Ltd. (China). Cell Counting Kit-8 (CCK-8) and BCA 
Protein Assay Kit were obtained from Boster Biological Technology Co., 
Ltd. (China).

Cell Culture: The HSFs and HaCaT were purchased from the Cell 
Institute of Chinese Academy of Sciences (China). The HDPCs were 
purchased from Fanyue Biotechnology Co., Ltd. (China). HDPCs, HSF, 
HaCaT were cultured in Dulbecco’s modified Eagle medium containing 
10% fetal bovine serum, streptomycin (100  µg mL−1), and penicillin 
(100 units mL−1).

Chemistry Methods of AR-PROTAC: The synthesis of AR-PROTAC was 
according to the route of TJA-107 (Figure S1, Supporting Information), 
details about chemistry of AR-PROTAC are shown in the Supporting 
Information.

HPLC Method of AR-PROTAC: AR-PROTAC was analyzed using an 
HPLC system (1290, Agilent, Singapore) at a wavelength of 254 nm on 
an ODS column (150 × 4.6  mm, 5  µm) using water containing 0.1% 
formic acid and acetonitrile as the solvents A and B, respectively, flowing 
at a rate of 0.5  mL min−1. The gradient program was used as follows: 
10% B (0–10 min) and 10% to 100% B (10–15 min).

Fabrication and Morphological Analyses of the PROTAC-MNs: The 
PROTAC-MNs were established by a two-step centrifugation method 
with polydimethylsiloxane micromold (Micropoint Technologies Pte 
Ltd., Singapore), containing pyramidal cavities (a 12 × 12 array with a 
base diameter of 200 µm and a depth of 600 µm). First, the micromold 
was placed on the HA solution (0.7  g mL−1) with AR-PROTAC mixture 
(1  g mL−1) and centrifuged (4000  rpm, 5  min) to collect the matrix 
solution into the mold cavity. Then, the excess matrix in the micromold 
was removed, and the micromold was kept dry in a silica gel desiccator 
for about 2  h. Subsequently, PVP-K90 solution (40%, w/v) was added 
and centrifuged (4000  rpm, 3  min) to form a patch backing, which 
was further kept dried in a silica gel desiccator overnight. Finally, 
PROTAC-MNs were obtained after demolding them carefully. For 

Blank-MNs, no AR-PROTAC was added to the HA suspension, whereas, 
for RhB-PROTAC-MNs, rhodamine B (RhB, 0.1%, w/v) was added into 
the mixture of AR-PROTAC and HA suspension. The other steps were 
the same as for the fabrication of the PROTAC-MNs. The morphological 
analysis of the MNs was performed using SEM (Nova Nano 450, 
Thermo FEI, Czech Republic), stereomicroscope (SMZ18, Nikon, Japan), 
micro-CT (SKYSCAN1272, Bruker, Germany), and confocal laser scanning 
microscopy (CLSM, LSM 880 with fast AiryScan, Zeiss, Germany).

Mechanical Property and Skin Penetration Ability of the PROTAC-MNs: 
The mechanical characteristics of the MNs were investigated with the 
force measurement system (Zwick/Roell Z020, Germany). The needle 
tips of each tested MNs patch were facing upward and fastened to a flat 
plate. The displacement was measured up to 400  µm at a fixed speed 
of 0.5  mm min−1. In order to assess the skin penetration capability, 
PROTAC-MNs were pressed into the skin, thus ensuring the dissolution 
of needles and the release of packed AR-PROTAC. The skin was 
examined using a stereomicroscope (SMZ18, Nikon, Japan) to capture 
the microscopic holes after the removal of the backing layer. Moreover, 
RhB-PROTAC-MNs were rubbed into the skin of the porcine corpse in 
order to determine the depth of MNs insertion. Following the removal 
of the backing layer and rinsing of the skin using saline solution, ethanol 
and saline were each embedded into the OCT compound, cut into  
15 µm thick consecutive pieces. The skin was examined using a CLSM 
(LSM 880 with fast AiryScan, Zeiss, Germany) to analyze the channels 
induced by PROTAC-MNs.

In Vitro AR Degradation of AR-PROTAC and PROTAC-MNs: HDPCs 
were seeded in a 6-well plate with a density of 1.2 × 106 cells for 
each well. The soaking solutions for microneedles were obtained by 
immersing needles in dimethyl sulfoxide (DMSO) solution. After being 
incubated with AR-PROTAC solution, soaking solution of Blank-MNs 
and PROTAC-MNs for 24  h, the cells were rinsed with phosphate-
buffered saline (PBS) after the culture medium was removed. Then, cells 
were lysed using the RIPA buffer (containing 1 × 10−3 m PMSF, Solarbio, 
China), followed by centrifugation. The protein was measured using the 
bicinchoninic acid (BCA, Boster, China) prior to blotting. The Simple Wes 
System (ProteinSimple, CA, USA) was programmed using the Compass 
software (version 4.0.0, ProteinSimple) for Western immunoblotting 
using anti-AR antibodies (ab105225, Abcam, USA).

In Vitro Biocompatibility of AR-PROTAC and PROTAC-MNs: HDPCs, 
HSF, and HaCaT were seeded in a 96-well plate with a density of 4 × 103 
cells per well. After being incubated with AR-PROTAC solution in different 
concentrations, soaking solutions of Blank-MNs and PROTAC-MNs for 
24 h, the viability of cells was tested using a CCK-8 kit (Boster, China).

In Vitro Release Kinetics of PROTAC-MNs: The PROTAC-MNs were 
immersed in saline for 10, 30, 60, 120, and 300 s, respectively. Then, 
the AR-PROTAC in saline solution was mixed with methanol solution 
(1:1,v/v) and determined using the HPLC system.

In Vitro Skin Retention and Transdermal Permeation of PROTAC-MNs: 
The diffusion of PROTAC suspension and PROTAC-MNs through skin 
was assessed with the automatic transdermal system (System 913, Logan, 
USA). The temperature was fixed at 32 ± 0.5 °C, and the magnetic stirring 
was carried out at 300  rpm. In the PROTAC-MNs group, PROTAC-MNs 
were pressed on the skin with manual extent and then the backing layer 
was removed after the PROTAC-MNs were left in the skin for 5  min. In 
the AR-PROTAC suspension and control group, 0.5  mL of AR-PROTAC 
suspension (equivalent amount of a PROTAC-MNs patch) or saline was 
topically administrated on the skin, respectively. After 6 h, receptor solution 
was withdrawn, and the AR-PROTAC was analyzed using the HPLC system. 
The skin was washed with saline solution and then soaked in the methanol, 
and the AR-PROTAC content was detected using the HPLC system.

In Vivo Studies of the PROTAC-MNs for AGA and Recrudescence 
Treatment: The male C57BL/6 mice (6 weeks old) for AGA and 
recrudescence treatment were obtained from Shanghai SLAC Laboratory 
Animal Co., Ltd. (China). All actions taken were complied with Zhejiang 
University’s regulations on the welfare of experimental animals. 
Zhejiang University’s animal ethics committee gave the study their 
approval. To establish the AGA mouse model, a 1 cm2 (1  cm × 1  cm) 
area on the dorsal skin of C57BL/6 mice (7 weeks old) in the telogen 
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phase was depilated and then the mice were randomized into four 
groups (n  = 5 per group), namely, the Model group, the Blank-MNs 
group, the PROTAC-MNs group, and the Minoxidil group. The AGA 
model was established via the topical application of 0.1  mL cm−2 
testosterone solution (0.5%, w/v) in ethanol solution (50%, v/v) for 
consecutive 28 days, following the method reported by Yuan et  al.[34] 
with slight modification. Simultaneously, Blank-MNs and PROTAC-MNs 
were applied only once on day 1 post-depilation. The MNs were pressed 
to the skin with manual extent for 1  min, and then the backing layer 
was removed at 5  min post-insertion into the skin. In addition, 5% 
minoxidil solution (0.1 mL cm−2) was topically applied once a day as a 
positive control until the first mouse skin pigmentation was observed 
in the group. Digital pictures of the depilated region were captured. 
The diameter and density of the regenerated hair were analyzed using 
a trichoscope (Firefly DE337T, Belmont, USA) on day 28 post-depilation. 
The regenerated hair coverage was quantified using the ImageJ software.

To explore the effect of the PROTAC-MNs for AGA recrudescence 
treatment, the regenerated hair was depilated again on day 28 post-
depilation, and only testosterone solution was topically applied for 
another consecutive 28 days. Digital pictures of the depilated region 
were captured. The diameter, density, and coverage of the regenerated 
hair were evaluated on day 56 post-first depilation.

Histological and Immunofluorescence Staining of Skin: Animals were 
sacrificed on day 10 post-depilation. After that, the skins of depilated 
regions were harvested from different groups. Then, the skins were 
fixed with formaldehyde (4%, w/v) and embedded in paraffin. After 
the skin tissue was sliced into 3–4 µm thickness sections, the paraffin 
sections were stained with hematoxylin (H&E staining), following 
deparaffination and rehydration. The paraffin sections were further 
incubated with anti-Ki67 (ab16667, Abcam, USA), anti-AR (ab133273, 
Abcam, USA), anti-SOX9 (CY5400, Abways, USA), and anti-PS6 (14485-1-
AP, Proteintech, China) antibodies for immunofluorescence evaluations. 
Nuclei were stained by 4′,6-diamidino-2-phenylindole (DAPI, C0060, 
Solarbio, China). All slides were photographed using a microscope 
(Nikon Eclipse TI-SR, Japan).

Detection of AR: Animals were sacrificed, and then the skins of 
the depilated regions were harvested from different groups at a 
predetermined time point. The homogenate was attained after grinding 
the skin using steel balls in PBS solution, and then, it was centrifuged 
at 15 000 rpm for 20 min. The supernatant of the mixture was obtained 
to detect the AR concentration (AR ELISA kits, Shanghai Mlbio, China).

Relative mRNA Measurement using Polymerase Chain Reaction (PCR): 
The relative amouts of mouse AR, TGF-β1, and β-catenin mRNA were 
measured using PCR analysis. The primers applied in the present study were 
5′-TGTGGTATCCTGGTGGAGTTGTGTTCTCCATCCAAGGTCCCATT-3′ (AR), 
5′-CTCCCGTGGCTTCTAGTGCTGGGCTTCGATGCGCTTCCGTTTCA-3′ 
(TGF-β1), and 5′-GCTGGGACCCTTCACAACCTTGCTGGGATGCCACCAGA
CTTA-3′ (β-catenin). The relative mouse AR, TGF-β1, and β-catenin mRNA 
were quantified by 2−(∆∆Ct) using real-time PCR (CFX384, Bio-Rad, USA).

In Vivo Safety Evaluation: Normal C57BL/6 mice (7 weeks old) were 
randomized into two groups (n  = 5 for each group). A 1 cm2 (1  cm × 
1  cm) area on the dorsal skin of mice was depilated. After that, mice 
in the PROTAC-MNs group were given PROTAC-MNs on day 1 post-
depilation. The body weights of mice and the TEWL of the depilated 
region were recorded until day 28 post-depilation. Blood samples and 
main visceral organs were collected on day 28 post-depilation. Then, 
the H&E staining of main organs and blood biochemical tests were 
analyzed. The AR content in testicles was detected to investigate the 
chaos of androgens.

Statistical Analysis: All statistical analyses were conducted using Prism 
software version 8.0 (GraphPad Software). All results were calculated 
using the means ± standard deviation (SD). The statistical significance 
of measurements was performed using Student’s t-test for the purpose 
of analyzing differences between the two groups. A one-way ANOVA 
test was used to determine the statistical significance of measurements 
within multiple groups. The statistical significance was presented as 
the following symbols: *, p values < 0.05; **, p values < 0.01; and ***,  
p values < 0.001.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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