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Androgenetic alopecia (AGA) is the most common type of hair loss in clinical practice. Currently, the
approved clinically used regimens for the treatment of alopecia include topical administration of minox-
idil and oral finasteride. However, the two treatment approaches always demonstrate adverse effects and
safety concerns. In the study, an aqueous transdermal delivery system (AqEDs) of Cacumen Platycladi es-
sential oil (EO) was developed for the treatment of AGA, using deep eutectic solvent (DES) to solubilize
the complex components of EOs. The AQEDs can stabilize EOs and allows transdermal delivery through
lipid extraction with keratin conformational changes. AqEDs induced more significant hair regrowth ef-
fects in AGA model mice at a lower dosing frequency compared to minoxidil. This study potentially pro-
vides a safer and more effective strategy for the treatment of AGA.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Androgenetic alopecia (AGA), also referred to as seborrheic
alopecia, is a progressive condition marked by the gradual reduc-
tion of hair density and follicular miniaturization, predominantly
in the frontal and vertex scalp regions [1-3]. As the most prevalent
form of alopecia [4], AGA significantly impairs patients’ psychoso-
cial well-being and quality of life, despite lacking direct physical
health risks [5,6]. The etiology of AGA involves multifactorial
mechanisms, with excessive androgen sensitivity and dysregu-
lated androgen metabolism implicated in over 90% of cases [7].
Emerging evidence suggests that modulating the follicular mi-
croenvironment or enhancing perifollicular angiogenesis may offer
promising therapeutic avenues for AGA intervention [2,8,9]. The
U.S. Food and Drug Administration (FDA) has approved minoxidil
(MXD) and finasteride (FIN) for AGA treatment [10]. However,
their clinical utility is limited by adverse effects such as contact
dermatitis, hypertrichosis, and sexual dysfunction [11]. Conse-
quently, natural compounds, including Polygonum multiflorum
extract, Panax ginseng oil, and quercetin, have garnered attention
as alternative therapies due to their favorable safety profiles and
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demonstrated hair-regrowth potential [12]. Nevertheless, their
application face challenges, including poor follicular targeting,
systemic side effects, and suboptimal efficacy [13]. As a result,
developing a new strategy to improve their efficacy is designed.
The essential oil (EO) derived from Cacumen Platycladi (CP) is
a volatile secondary metabolite composed of numerous bioactive
compounds [14], exhibiting multi-target pharmacological proper-
ties, including anti-inflammatory, antioxidant, antimicrobial, and
hair-regenerative effects [15]. These activities enable it to be a
promising candidate for the prevention and management of AGA
via synergistic mechanisms. For instance, CP EO has demonstrated
5a-reductase type 2 (SRD5A2) inhibitory activity [16], while topical
application of the EO (0.2 g/kg) significantly extended the anagen
phase in C57BL/6 mice, outperforming 2 % minoxidil in promoting
hair regrowth [17]. Cedrol, a major constituent of the EO, enhances
perifollicular vascularization, thereby improving oxygen and nutri-
ent supply to hair follicles [18]. Despite its therapeutic potential,
like other EOs, the use of CP EO face challenges due to their inher-
ent volatility, poor aqueous solubility, photothermal instability, and
strong odor [19-21]. Moreover, as concentrated plant extracts, the
EOs contain active ingredients at approximately 100-fold higher
concentrations than their raw botanical sources [22]. Always, the
EOs are dissolved in carrier oils or organic solvents for topical use,
leading to cutaneous irritation, allergic reactions, and poor patient
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compliance [23]. Drug-carrier encapsulation technologies, such
as, liposomes, emulsion systems (nanoemulsions, microemulsions)
and nanocapsules could improve the EO stability [24-26]; however,
the scale-up preparation is challenging and demonstrate high cost.
Consequently, new approaches are still required to address the lim-
itations, such as stability, bioavailability, and tolerability.

Deep eutectic solvents (DESs) are a class of low eutectic mix-
tures formed by the combination of hydrogen bond acceptors
(HBAs) and hydrogen bond donors (HBDs) in specific stoichiomet-
ric ratios [27,28]. Their physicochemical properties, including solu-
bilization capacity and percutaneous permeability, can be precisely
tailored by varying the HBA/HBD composition [29,30]. Choline (Ch)
is a biocompatible quaternary ammonium compound widely found
in liver and cell membrane phospholipids [31]; geranic acid (Ge)
is a natural monoterpene carboxylic acid commonly found in es-
sential oils of cardamom, lemongrass, etc. [32]. Ch and Ge are
both Generally Recognized as Safe (GRAS) ingredients [33]. The
unique structure and molecular flexibility of Ch-Ge DES allows su-
perior encapsulation of hydrophilic and lipophilic active agents,
controlled release, and targeted delivery [34]. Moreover, the Ch-Ge
DES system represents the first DES-based delivery platform to ad-
vance into clinical trials, currently under investigation for rosacea
therapy [35]. Additionally, Ch-Ge DES exhibits superior biocompati-
bility and biodegradability and is attractive options for transdermal
delivery [30].

In this study, we developed an aqueous EO-DES delivery system
(AqEDs) of CP EO using DES as the transdermal carrier. AQEDs
could efficiently encapsulate EO, promote its transdermal pen-
etration through the unique solubilization property of DES, and
significantly enhance its activity in promoting hair regeneration.
Compared with the clinically used medicine (minoxidil), AqQEDs is
administered less frequently, with faster hair regrowth and better
quality of regrown hair.

To prepare and characterize AqEDs, we first performed a com-
positional analysis of the EO. The total ion flow chromatogram ob-
tained showed that about 55 compounds were isolated (Fig. S1 in
Supporting information). Combined with the NIST 20.L spectral li-
brary search, a total of 31 compounds were identified (Table S1 in
Supporting information). The results showed that the compounds
with relatively high content in CP EO included «-pinene, sabinene,
B-myrcene, 3-carene, D-limonene and y-terpinene, etc., while the
main constituents were monoterpenes and sesquiterpenoids. As a
result, the CP EO demonstrate the properties, including low sol-
ubility, high volatility, photothermal instability, irritation, release,
etc. [36].

Next, we prepared DES by heating method [37] using Ch and Ge
in a 1:2 molar ratio [36]. DES was a yellow transparent viscous lig-
uid at indoor temperature with moderate fluidity and characteristic
odor, and the density of DES was 0.97 £+0.01 g/mL, the viscosity
was 646 +45 mPa-s, and the conductivity was 11.56 4+ 0.65 ms/m,
consistent with the previous report [32]. To characterize the DES
synthesis, we performed the structural analysis was performed
using proton nuclear magnetic resonance spectroscopy ('H-NMR)
and nuclear overhauser effect spectroscopy (NOESY). The struc-
tures of Ge and Ch are shown in Fig. 1A, with the corresponding
protons labeled on the spectra. The two terminal methyl groups of
Ge (labeled 9 and 10) appear first at 1.56 and 1.63 ppm, followed
by the internal methyl group and the CH, group (labeled 5, 6,
and 11) at 2.02 ppm. Methyl groups (5, 6, and 7) attached to the
Ch nitrogen atom appear at 3.19 ppm, and protons (3 and 2) on
the Ch hydroxyl chain are located at 3.46 and 3.86 ppm, respec-
tively. The protons (7 and 3) attached to the sp? carbon on Ge
appear at 5.08 and 5.61 ppm. In addition, strong hydrogen bonding
interactions were formed between the carboxyl group of Ge and
the hydroxyl group of Ch, which promoted rapid proton exchange
and led to the neutralization of the acidic protons in Ge [38]. The
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Fig. 1. Characterization of DES. (A) "HNMR spectroscopy of DES. Inset shows the
structure of Ge and Ch components. The numbering of the peaks reflects the assig-
nation of the protons of each molecule to the measured signal. (B) NOESY spec-
trogram of DES, showing the through space interactions circled for DES. The red
circles indicate cross peaks The red and green arrows mark the NOE correlation sig-
nals between different hydrogen protons, indicating the spatial proximity between
the corresponding protons; the black arrows indicate the proton exchange kinetic
processes in the system.

results confirmed the synthesis of the DES system. Then, NOESY
was employed to further analyze the intra-ion interactions. The
isophase crossing peaks are bracketed by circles, indicating two
groups of protons within 5A of each other. As shown in Fig. 1B, a
total of eight cross peaks were observed, indicating the existence
of two sets of proton pairs with spatial distances <5 A, with strong
spatial proximity effects. Collectively, Ch and Ge in the DES system
could bind together through multiple noncovalent interactions,
forming a stable three-dimensional supramolecular structure.

DESs have self-assembling behavior in water and form colloidal
systems, such as micelles or emulsions, due to the hydrophilic
of Ch and hydrophobic tails of Ge [39,40]. The micellar structure
can increase skin permeability through diffusion and fusion during
transdermal drug delivery [30]. The hydrogen bonding allowed the
DES to dissolve EOs; then, the predominant interaction forces, such
as w-m stacking and hydrogen bonding, motivated the EO-DES to
assemble into nanosized structures in aqueous conditions [36]. The
inherent three-dimensional hydrogen-bonded network structure of
DES effectively adsorbs complex components within EO, thereby
enhancing the stability of the EO-DES system against water dilu-
tion or physical disruption. Moreover, water dilution reduces the
EO-DES preparation’s viscosity, greasiness, and irritation of EOs,
improving the topical delivery [41]. Here, we prepared AqEDs by
adding the EO to DES, vortexing and water dilution. The optimal
prescriptions of homogeneous and stable AqEDs were screened us-
ing polydispersity index (PDI) as the key evaluation index (Table
S2 in Supporting information). The PDI of 0.5%, 1% and 2% AqEDs
were all <0.3, indicating a narrow size distribution (Fig. 2A). As
shown in Fig. 2B and Table S3 (Supporting information), the three
formulations demonstrated the separation percentage (SP) values
of 0 and <0.3 PDI values after centrifugation. The results indicated
that the AqEDs had promising centrifugal stability. Moreover, the
content of «-pinene, a main constituent in EO, in the formulations
displayed little alteration after the influence factor test (Figs. 2C
and D) and accelerated- (Fig. 2E) and long-term studies (Fig. 2F).
The data indicated that AqQEDs had promising storage stability.

To study the transdermal permeability of formulations, we pre-
pared fluorescein isothiocyanate (FITC)-labeled AqEDs and per-
formed in vitro and in vivo transdermal experiments. The perme-
ation within 0.5-12h conformed to the zero-level kinetic model
(Fig. 2G, Fig. S3 and Table S4 in Supporting information). The FITC
permeability from AqEDs was significantly improved compared to
the phosphate-buffered saline (PBS) and was concentration de-
pendent. Furthermore, the dye retention in the AqEDs group was
higher than that in the control group (Fig. 2H and Fig. S3). More-
over, AqQEDs demonstrated significantly stronger fluorescence in the
dermis compared to PBS (Figs. 21 and ]). As a result, AQEDs could
effectively penetrate the SC and transport drugs to the dermis.
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Fig. 2. Preparation and characterization of AqEDs. (A) Homogeneity experiment. (B) Centrifugal stability. (C) High temperature test. At the high temperature of 60°C, the
AqQEDs were stored for 0, 5 and 10 days and analyzed for the content of a-pinene in the EO. (D) Srong light exposure test. Under the illumination conditions of 25 °C and
45004500 LX, the AqEDs were stored for 0, 5 and 10 days and analyzed for the content of «-pinene. (E) Accelerated test At 40+2°C, 75% + 5% accelerated test conditions,
the AqEDs were stored for 0, 1 and 3 months and analyzed for the content of «-pinene. (F) Long-term test. At a constant temperature and humidity of 25+2°C and 60% +
5%, the AqEDs were stored for 0, 1 and 3 months and analyzed for the content of a-pinene. (G) In vitro transdermal absorption (n=3). (H) Distribution of FITC retention at
different sites (n=3). SC: stratum corneum; ED: epidermis and dermis. (I) In vitro transdermal fluorescence observation. Scale bar: 200, 100 um. (J) emiquantitative analysis
of fluorescence intensity (n=3). Data are presented as mean =+ standard deviation (SD). ****P <0.0001. (K) Attenuated total reflection FTIR (ATR-FTIR) scanning spectra of
stratum corneum before and after treatment with the preparation. (L) ATR-FTIR spectra of key molecular vibrational features of the transdermal mechanism of the AqEDs.

Next, we studied the transdermal mechanism according to the
previously reported method [32,42]. FITC, a classical fluorescent
marker for transdermal drug delivery studies, has molecular prop-
erties similar to those of the active ingredients in EOs and has
excellent fluorescent stability [43]. As shown in Fig. S2 (Supporting
information), the SC slices were intact and had tightly arranged
keratinocytes in a scale-like pattern. Compared with the PBS-
treated SC slices, after treatment with the AqEDs, the peak areas
at 2850 and 2920 cm~! decreased, and the mobility of the lipid
structure of SC increased (Fig. 2L). Ge, which is more predominant
in DES, is highly hydrophobic and is capable of extracting lipids
from SC and allowing DES to penetrate into the lipid extraction
region [44]. The lipid arrangement of SC was altered, allowing
the drug penetration into the skin. In addition, the treated SC
demonstrated the peak split at 1645.2 cm~! (amide I band) and
a double peak (Fig. 2K), implying that the change of the keratin
conformation and the increased disordered structure [45,46]. The
results suggest that lipid extraction and keratin conformation
change are the key mechanisms for AqEDs to improve transdermal
delivery.

Finally, we studied the hair regeneration-promoting effect of
the preparations using an AGA mouse model [8,47], using commer-
cialized minoxidil as a positive control. The indicators included the
quality of newborn hair, the rate of follicular cycle transition, and
perifollicular vascular neovascularization. All experimental proce-
dures were performed according to the protocols approved by
China Pharmaceutical University Institutional Animal Care and Use
Committee (No. 202407082).

The establishment of the AGA mouse model was mapped out in
Fig. S4 (Supporting information). The treatment using 0.2% (w/v)
testosterone partially inhibited the conversion of hair follicles from
the resting to the growing phase compared to the control (non-
treatment). The hair follicle regeneration was significantly inhib-
ited in the 0.5% testosterone model group. Here, the AGA mouse
model was constructed by topically dosing 0.5% (w/v) testosterone
solution.

The 21-day treatment using preparations demonstrated pro-
found hair regeneration compared to the model group (Figs. 3A
and B). While the time of skin darkening in the 2% AqED group
was significantly earlier than other groups (Fig. 3C), promoting
resting phase of hair follicles into the anagen phase.

The hair follicles on day 14 in the 0.5%, 1% AqED and minoxi-
dil groups were activated from the resting phase and entered the
anagen I-Illa stage; in the 2% AqED group, the clear hair shaft
structure could be observed, which indicated that the hair follicles
had entered the anagen Illb-Ilic stage (Fig. 3D). Moreover, the per-
centage of anagen follicles in the 2% AqED group was significantly
higher than other groups (Fig. 3E). In addition, the treatment using
2% AQED demonstrated highest promotion (Fig. 3F). The results in-
dicated that 2% AQED significantly accelerated the conversion pro-
cess of hair follicles from resting phase to anagen phase and was
comparable to the clinically used drug (minoxidil).

Then, cell proliferation during the follicular cycle transition was
examined. The treatment effect of AQEDs at day 14 post adminis-
tration on the density of Ki67-positive cells in the hair bulb of hair
follicles was concentration dependent (Figs. 3G and H). Again, 2%
AgED group indicated the most significant cell proliferation. The
data suggested that AqQED promoted the transition of hair follicles
from resting to growing phase by activating the proliferation of
hair follicle stem cells.

Lastly, we studied perifollicular neovascularization via deter-
mining the CD31 a specific marker for vascular endothelial cells
that reflects the distribution of microvessels in tissues [48]. As
shown in Fig. 3I, the strongest fluorescence intensity and pro-
found activation of vascular endothelial cells was demonstrated
in the 2% AqED group. The CD31 expression in the 1% AqED
group was similar to the minoxidil group. The results indicated
that AqEDs elevated CD31-positive vascular neovascularization in
a concentration-dependent manner. Moreover, the 2% AqED group
demonstrated many mature blood vessels gathering below the hair
follicles and mostly arranging in concentric circles and indicated
greater lumen dilatation than the minoxidil group (Fig. 3]). As dis-
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Fig. 3. In vivo treatment efficacy against AGA. (A) Dosing regimen and grouping for AGA mouse modeling. C57BL/6 mice (7 weeks old) were randomly divided into 6 groups
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of jojoba oil), 0.5%, 1%, and 2% AqQED preparations, respectively, every other day, on top of the model group’s administration for 13 days. (B) Representative pictures of hair

regeneration in each group of mice. (C) Time of skin pigmentation after hair removal (n=

3). (D) H&E staining graph of skin tissue on day 14 for studying the neovasculariza-

tion around hair follicles. (E) Percentage of anagen follicles in total hair follicles (n=3). (F) Day 14 follicular cycle score (n=3). (G) Day 14 Ki67 immunofluorescence staining
images. Red: Ki67 (proliferation marker). Scale bar: 50 pum. (H) Results of semi-quantitative analysis of Ki67 fluorescence intensity (n=3). (I) Inmunofluorescence staining
map of CD31 in skin tissues for labeling vascular endothelial cells. Scale bar: 50 um. (J) H&E staining image of skin tissue. Black arrows indicate skin vascular structures. Scale
bar: 50 um. (K) Representative scanning electron microscope (SEM) images of neonatal hairs of each group of mice. Scale bar: 20um. (L) Neonatal hairs diameters (n=9).
Data are presented as mean + SD. ns, not statistically significant. *P <0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

played in Fig. 3K, the neonatal hairs in the groups treated with 1%,
2% or minoxidil were thicker with a complete hair-scale structure.
2% AQED had a greater diameter of newborn hairs than the minox-
idil group (Fig. 3L).

Collectively, the results indicated that AqED treatments signif-
icantly increased the weight and diameter of newborn hairs. At
lower dosing frequencies, the AQEDs demonstrated therapeutic ef-
ficacy against AGA comparable to the clinically used minoxidil.

Additionally, we studied the safety of preparations. As shown
in Fig. S5 (Supporting information), DESs indicate little cytotoxicity
on HaCaT cells in the concentration range of 0-16 mg/mL. Then,
we determined the topical skin thickness at 24 and 28 days after
treatment. The treatment using 0.5% and 2% AqED demonstrated
higher skin thickness than minoxidil group at day 14 and, while,
indicated no significant difference compared with the model group
at day 28 (Fig. S6 in Supporting information). This result confirmed
the favorable in vivo safety of topical application of AQEDs.

To assess the skin irritation of the preparations, we stained the
tissue sections by hematoxylin and eosin (H&E) staining. As shown
in Fig. 4, the rat epidermis in the DES- and 2% AqED-treated
groups showed several alterations, such as the stratum corneum
cell detachment, the thickening of the stratum corneum, and squa-
mous epithelial hyperplasia. The atrophy of the dermal cells and
inflammatory cell infiltration were observed in the dermis after

Control 1% EO DES 1% AqED 2% AGED
T \%M,,N\V‘
Snmoneme... BAam.s o W,"\/\_/ L
< = e Vv 20 o ‘,. 7‘3’”

s
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X

Fig. 4. H&E-stained sections of skin tissues in the administered area. The animals
were topically administered continuously for 5 days. Control: saline. SC: stratum
corneum, SL: stratum lucidum, SG: stratum granulosum, SS: stratum spinosum, SB:
stratum basale, Dermis: dermis, HF: hair follicle. Green arrows: cuticle cell detach-
ment; Yellow arrow: the thickening of the stratum corneum; Red arrows: squamous
epithelial hyperplasia of the skin. Green box: dermal cell atrophy occurs in the der-
mis; Yellow box: inflammatory cell infiltration; Red box: subcutaneous tissue cell
morphology changes from spindle to ellipsoid shape.

treatment. In addition, the cell morphology of the subcutaneous
tissue in the DES group changed from a shuttle shape to an el-
lipsoid shape. The results are consistent with the previous report
that the skin returns to the normal structure after discontinuing
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use [33]. Currently, the Ch/Ge-based DES has advanced to the lo-
cal application clinical research stage [33]. A Human Repeat Insult
Patch Test (HRIPT) showed that this DES did not elicit a sensitiza-
tion response and had minimal or acceptable skin irritation. As a
result, AQEDs have a promising dermal safety profile under short-
term, interval dosing conditions, providing an important safety ra-
tionale for their translational clinical use.

In this study, we developed the AqEDs for topical administra-
tion of CP EO using DES as the transdermal carrier and followed
by aqueous dilution. The preparation could improve the topically
transdermal delivery of the complex components in the EO, acti-
vate hair follicle stem cell proliferation and promote angiogenesis,
improve the microenvironment of hair follicles, promote hair
follicle regeneration, and ultimately achieve a promising effect
against hair loss. More convincingly, compared with the clinical
drug minoxidil, AQEDs is administered less frequently, with faster
hair regrowth and better quality of regrown hair. This study
provides rational evidence for the clinical application of AQEDs
and a promising strategy for the treatment of AGA.
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