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Abstract

Background Alopecia areata (AA) affects approximately 2% of the global population and causes psychological
distress. All-trans retinoic acid (ATRA) has the potential to promote hair regeneration; however, its clinical use is
limited by skin irritation and low targeting specificity. To address these limitations, we designed an ATRA-loaded
nanostructured lipid carrier gel (ATRA-NLC-Gel) drug delivery system to enhance the therapeutic effects of ATRA in
AA.

Results ATRA-NLC showed a uniform nanoparticle size distribution and excellent biocompatibility. In vitro, they
enhanced the uptake ability of dermal papilla cells, increased cell viability, and promoted cell proliferation by
facilitating the cell cycle process. Compared to ATRA cream, ATRA-NLC-Gel significantly reduced skin irritation,
prolonged residence time on the skin, and achieved a sustained and slow release of ATRA. Treatment with ATRA-
NLC-Gel enhanced transdermal penetration and targeted enrichment in the hair follicle region, thereby significantly
promoting hair regrowth. ATRA-NLC-Gel improved AA symptoms by upregulating CD200 and Ki-67 expression,
activating the Wnt/f3-catenin pathway.
Conclusions ATRA-NLC-Gel enhanced the transdermal permeability and follicle-targeting efficacy of ATRA, alleviated
ATRA-induced skin dryness and irritation, and effectively improved the symptoms of AA in AA model mice. ATRA-NLC-
Gel offers a highly promising strategy for transdermal treatment of AA in clinical setting.
Highlights
ATRA-NLC-Gel effectively prevented skin irritation by a slow and controlled release behavior of ATRA.

ATRA-NLC-Gel exhibited more pronounced transdermal permeability and follicular targeting properties.
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and enhanced hair regrowth in AA model mice.
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Enhanced cell viability and proliferation

ATRA-NLC-Gel significantly restored the follicular immune homeostasis, promoted hair follicle cell proliferation,

Keywords Nanostructured lipid carrier, All-trans retinoic acid, Alopecia areata, Drug delivery system, Hair
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Introduction

Alopecia areata (AA), a common autoimmune disorder
in clinical practice, affects approximately 2% of the global
population, spanning young and middle-aged individuals
without sex or geographical boundaries [1]. Moreover,
patients with AA face a higher risk of developing other
autoimmune diseases compared to the general popula-
tion [2—4], which undoubtedly complicates disease and
imposes a heavy psychological burden on patients. It is
widely accepted that loss of hair follicle immune privi-
lege is a key factor in the pathogenesis of AA [5]. Fur-
thermore, genetic predisposition [6] and environmental
factors [7, 8] are also regarded as exerting certain influ-
ences on the initiation and advancement of this disease.
These factors interact and collectively contribute to the
occurrence and progression of AA, causing significant
psychological and physiological stress to patients. Clini-
cal studies have disclosed that apart from the charac-
teristic patchy hair loss as the main manifestation, there
is a remarkable high expression of IFN-y in the area of
the skin lesion [9, 10]. Meanwhile, the expression levels
of immune regulatory molecules CD200 [11] and TGE-
B1 [12] at the hair follicle site have been decreased sig-
nificantly. It is worth noting that both the proliferation
marker Ki-67 of hair follicles [13] and P-catenin [14],
which influences the activation of hair follicle stem cells,
show abnormally low expression as well. Current clinical
treatment strategies for AA include topical application
of glucocorticoids, minoxidil, and other medications [15,
16], oral JAK inhibitors [17], hair transplantation surgery

[18], and microneedle-mediated therapy [19]. However,
these treatment methods exhibit varying degrees of limi-
tations. Topical medications may induce allergic reac-
tions, while pain associated with microneedle therapy
reduces patient adherence to treatment. Oral medica-
tions and hair transplantation surgeries can be expensive
for some patients.

All-trans retinoic acid (ATRA), an active metabolite of
vitamin A in vivo, plays a pivotal role in regulating epi-
thelial cell differentiation, proliferation, and immune
responses [20—22]. Studies have revealed that the topical
application of ATRA at a concentration of 0.025% effec-
tively promotes hair growth [23]. Wen et al. have reported
that ATRA acts on hair follicle stem cells in androgenic
alopecia by upregulating CD200 protein expression and
activating the Wnt/fB-catenin signaling pathway, thereby
regulating hair growth [24]. Notably, studies have dem-
onstrated that ATRA is capable of modulating the lineage
plasticity of hair follicle stem cells to facilitate hair regen-
eration [25], and also inhibits the production of IFN-y
through the regulation of immune cell functions [26].
These reports collectively indicate that ATRA holds great
potential for the treatment of AA. Nevertheless, ATRA
has limited clinical application because of its inferior
stability, poor water solubility(<1 mg/mL) [27], and high
lipophilicity (log P=6.3) [28], and commercial ATRA
creams present poor skin permeability and skin irritation
[29]. Consequently, the development of novel ATRA for-
mulations for the treatment of AA emerges as a critical

priority.
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Nanostructured lipid carriers (NLC) refer to a cat-
egory of delivery systems with a particle size ranging
from 10 to 1000 nm [30]. The minuscule particle size of
NLC allows them to be in close contact with the stratum
corneum and form an effective occlusive barrier on the
skin surface, which enhances skin hydration and conse-
quently expands the intercellular spaces within the stra-
tum corneum [31-34]. This creates pathways for drug
molecules to penetrate into deeper layers, thereby signifi-
cantly improving the transdermal permeation efficiency
of bioactive compounds [35, 36]. Moreover, encapsulat-
ing the active ingredient within NLC enables controlled
drug release and enhances stability. Particularly notable
is that related study has successfully observed nanoscale
lipid carriers of approximately 300 nm in the interfollicu-
lar regions of the skin [37]. Yin-Ku Lin et al. developed
diphencyprone-loaded NLC to enhance transdermal
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drug absorption and follicle-targeted treatment of AA
[38]. The NLC loaded with tofacitinib were formulated
to improve transdermal absorption and follicle-targeting
efficacy for the treatment of AA [39]. Additionally, a com-
plex of minoxidil and latanoprost was formulated into
NLC for targeted local treatment of hair loss [40]. Col-
lectively, these studies have demonstrated the substantial
potential of NLC in skin penetration and follicle-targeted
delivery. However, the high mobility of NLC may impede
the retention of drugs on the skin surface [41].

Here, we aimed to encapsulate ATRA into NLC (Fig. 1),
which can closely adhere to the skin, forming an effective
occlusive barrier that enhances skin hydration, thereby
facilitating the interaction between the drug and the stra-
tum corneum, promoting the transdermal permeation
of ATRA, and enabling its targeted enrichment in the
hair follicles. Moreover, ATRA-NLC are dispersed into

Fig. 1 A schematic illustration of ATRA-NLC-Gel preparation and its promoting effect on hair regeneration
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a gel matrix to construct the ATRA-NLC-Gel compos-
ite drug delivery system. This system not only protects
ATRA-NLC from external environmental influences but
also leverages the adhesive and sustained-release proper-
ties of the gel to form a local drug reservoir on the skin
surface, achieving continuous drug release, significantly
enhancing transdermal absorption efficiency and enrich-
ing ATRA in the hair follicles. Therefore, ATRA-NLC-
Gel prolongs the drug’s residence time in the skin and
reduces the frequency of administration, thereby enhanc-
ing the therapeutic efficacy in AA mouse models.

Results and discussion

Characterization of ATRA-NLC

As shown in Fig. 2A, the ATRA-NLC is milky-white
homogeneous opaque dispersion liquid. The image
of transmission electron microscopy (TEM) (Fig. 2B)

Page 4 of 19

revealed that ATRA-NLC had an approximately spherical
appearance, with uniform particle size and no adhesion.
Compared to ATRA-NLC, Blank-NLC showed no signifi-
cant difference in morphology (Fig. S1 A). The particle
size of ATRA-NLC was approximately 180.2+7.2 nm
(Fig. 2C). According to previous studies [42-45],
nanoparticles within this size range are more inclined
to target and deliver encapsulated drugs to hair follicles,
which is also the objective of this study. The particle size
of Blank-NLC was 176.4+8.3 nm (Fig. S1 B), showing
minimal change compared to ATRA-NLC. This suggests
that the interaction force between ATRA and the carrier
is weak, and its incorporation does not significantly alter
the particle size of the carrier. This stability may result
from the solid/liquid lipid mixed framework structure
of the nanostructured lipid carrier, which enables high
drug-loading capacity and stability. When encapsulated
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Fig. 2 Characterization of ATRA-NLC and ATRA-NLC-Gel. (A) Appearance of ATRA-NLC. (B) TEM images of ATRA-NLC. Scale bar: 200 nm and 500 nm. (C,
D) Particle size distribution and zeta potential of ATRA-NLC. (E) FT-IR spectra for Blank-NLC, ATRA-NLC, ATRA. (F) Differential scanning calorimetric (DSC)
thermogram. (G) Appearance of ATRA-NLC-Gel. (H) SEM image of the ATRA-NLC-Gel. The yellow arrow points to ATRA-NLC. Scale bar: 50 um and 10 pm.

(1) Release behavior of different formulations of ATRA
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within the carrier, drug molecules uniformly fill the
irregular lattice structure of the lipid framework. The
polydispersity index (PDI) values were employed to
characterize the size distribution of the nanoparticles.
The results demonstrated that the PDI of both ATRA-
NLC and Blank-NLC was less than 0.2, indicating a nar-
row size distribution and uniform particle size [46]. Zeta
potential, a crucial parameter for nanosolutions, reflects
the surface charge characteristics and stability of the
nanoparticles [47]. The zeta potential of ATRA-NLC was
-57.8+3.1 mV (Fig. 2D), indicating relatively high sys-
tem stability. The drug-loading efficiency of ATRA-NLC
was (7.4+0.9)%, and the encapsulation efficiency was
(95.7+1.6)%. The Fourier Transform Infrared Spectros-
copy (FT-IR) analysis provided a clear representation of
significant changes in the characteristic spectral peaks of
ATRA within the ATRA-NLC. Specifically, ATRA’s sig-
nature vibrational modes, including the C-H stretching
vibration peak of the CH; group at 2932 cm™, the C=0
carbonyl stretching vibration peak at 1680 cm™, and the
C=C and C-O stretching vibration bands at 1601 ¢cm™
and 1563 cm™, and the O-H stretching vibration bands at
1248 cm™ and 1123 cm™, underwent shifts or complete
disappearance (Fig. 2E). Further observations revealed
that the infrared spectra of Blank-NLC and ATRA-NLC
almost completely overlapped, with no new characteris-
tic peaks observed. This phenomenon not only robustly
demonstrates the absence of chemical interactions
between ATRA and pharmaceutical excipients, but also
unequivocally indicates successful and effective incor-
poration of ATRA into NLC [48]. The physical states of
ATRA-NLC, Blank-NLC, glyceryl monostearate (GMS),
and ATRA were investigated by differential scanning
calorimetry (DSC). The results indicated that no distinct
melting peaks were observed in the DSC thermograms of
both Blank-NLC and ATRA-NLC. Compared with GMS,
the melting peaks of GMS were not observed in both
Blank-NLC and ATRA-NLC. This might be attributed to
the addition of the liquid lipid isopropyl myristate, which

Table 1 Fitting analysis of ATRA in different formulations

Formulations Model Regression equation R?
ATRA Zero-order Q=22t+19.28 0.7135
First-order Q=96.8367(1-e~ %), 0.9998
Higuchi Q=4988t"*+37 03727
ATRA cream Zero-order Q=29t+42.35 0.4023
First-order Q=87.8806(1-e %™ 09722
Higuchi Q=1832t"%4+23.10 0.7382
ATRA-NLC Zero-order Q=1.7t+3034 06102
First-order Q=88.9106(1-e %18 09737
Higuchi Q=14.15t"*+11.83 0.8854
ATRA-NLC-Gel Zero-order Q=19t+17.35 0.7450
First-order Q=91.9462(1-e7 %% 0.9899
Higuchi Q=14.86t"%-0.8163 0.9353
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disrupted the original lattice structure of the solid lipid
GMS, thereby promoting the formation of a more disor-
dered and imperfect crystalline structure, resulting in the
disappearance or alteration of the melting peaks. Nota-
bly, the DSC thermogram of ATRA-NLC did not exhibit
the characteristic melting peak of ATRA, strongly sug-
gesting that ATRA has been effectively encapsulated into
NLC [49] (Fig. 2F).

Characterization of ATRA-NLC-Gel

The ATRA-NLC-Gel exhibited a pale yellow semisolid
appearance. (Fig. 2G). Scanning electron microscopy
(SEM) revealed a uniform and highly ordered three-
dimensional porous structure within the gel, with ATRA-
NLC particles evenly distributed as spherical shapes
throughout the gel network (Fig. 2H). Numerous stud-
ies have revealed that this type of three-dimensional
grid configuration effectively enhances the dispersion
of nano-liquids, prevents the aggregation of nanopar-
ticles caused by interparticle interactions, and signifi-
cantly improves the overall stability of the composite gel
system [50-52]. Furthermore, our research revealed an
intriguing phenomenon compared to the Blank-Gel (Fig.
S2), ATRA-NLC-Gel exhibited a more compact gel void
structure. This finding can be ascribed to the remarkable
interactions that occurred between ATRA-NLC and the
internal crosslinking network of the gel during the drug-
loading process. These interactions enhanced the cross-
linking density, causing the gel wall structure to become
more continuous and denser, eventually leading to pore
shrinkage [53].

The preparation of the ATRA-NLC-Gel was intended
to optimize the sustained-release of ATRA from the
skin. As shown in Table 1, the drug release of ATRA,
ATRA cream, ATRA-NLC, and ATRA-NLC-Gel con-
formed to the characteristics of a first-order pharma-
cokinetic model. The release rate of free ATRA was the
fastest(Fig. 2I), and the cumulative release rate reached
approximately 85.8% within 2 h and was almost com-
pletely released within 4 h. This phenomenon may be
attributed to the fact that free ATRA is directly exposed
to the release medium, thereby facilitating its rapid dis-
solution and diffusion. Such rapid release may lead
to a swift increase in drug concentration at the site of
administration, which in turn could potentially induce
skin irritation [54]. The cumulative release rate of the
ATRA cream at 2 h was approximately 67.1%, but it was
nearly completely released within 24 h, with a cumula-
tive release rate of approximately 92.9%. In contrast, the
release rates of ATRA-NLC and ATRA-NLC-Gel were
significantly slower, demonstrating their excellent sus-
tained-release properties. At 24 h, the cumulative release
rate of ATRA-NLC was approximately 84.6%, and that
of ATRA-NLC-Gel was slightly lower at approximately



Zheng et al. Journal of Nanobiotechnology (2025) 23:351

76.9%. This slower release could be attributed to the
need for ATRA-NLC in the ATRA-NLC-Gel to first be
released from the three-dimensional reticular structure
of the gel, thereby delaying drug release. This charac-
teristic contributes to the formation of a reservoir effect
of the drug on the skin, enabling continuous and slow
release, prolonging the drug’s action time and reducing
both the frequency of administration and potential skin
irritation. By 48 h, the cumulative release rates of ATRA-
NLC and ATRA-NLC-Gel were 94.9% and 92% respec-
tively. Overall, by comparing the release characteristics of
different ATRA preparations, we discovered that ATRA

A
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could achieve a sustained and slow drug release behavior
when fabricated into ATRA-NLC and ATRA-NLC-Gel,
effectively regulating the release rate of ATRA and facili-
tating to enhance its therapeutic effects on AA.

Stability of ATRA-NLC-Gel

The stability experiments were carried out in accordance
with International Council for Harmonization (ICH)
Guideline Q1A(R2) (2003) [55]. Over five months, the
appearance of the ATRA-NLC-Gel showed no signifi-
cant changes and maintained a uniform texture (Fig. 3A).
The particle size and PDI values increased slightly over
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Fig. 3 Stability of ATRA-NLC-Gel over 5 months under storage conditions of 4 °C and 25 °C. (A) Changes in the appearance of ATRA-NLC-Gel. Particle size
(B) and PDI (C) variations of ATRA-NLC within ATRA-NLC-Gel. (D) Changes in ATRA content within ATRA-NLC-Geln =3, ns: no significant
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time, accompanied by a minor decrease in the drug con-
tent (Fig. 3B&C). Under both 4 °C and 25 °C conditions,
the particle size remained below 220 nm, the PDI stayed
under 0.3, and the drug content percentage exceeded
70% (Fig. 3D). Statistical analysis showed no significant
changes in particle size, PDI, and ATRA content over five
months. Taken together, these results suggest that ATRA-
NLC-Gel remained a good stability at 4 °C and 25 °C.

Safety evaluation of ATRA-NLC-Gel in vitro and in vivo
DPCs are crucial for hair follicle morphogenesis, growth
cycle regulation, and maintenance of hair growth and
development [56]. Therefore, DPCs were selected as
the in vitro cell model to assess the impact of ATRA-
NLC-Gel on cell viability and in vitro safety using the
CCK-8 assay. Within the drug concentration range of
0.2-1 pg/mL, DPCs were incubated with ATRA cream,
ATRA-NLC and ATRA-NLC-Gel for 24 h respectively.
The results showed that the cell viability in the ATRA
cream-treated group was approximately 90 — 100%, while
the ATRA-NLC and ATRA-NLC-Gel-treated groups
exceeded 100% (Fig. 4A). These findings indicate that,
compared with ATRA cream, ATRA-NLC and ATRA-
NLC-Gel exhibit no cytotoxicity and better biocom-
patibility, along with superior proliferative potential.
Particularly, at a drug concentration was 0.6 pug/mL, the
cell viability reached its peak, making this the optimal
concentration for subsequent cell experiments.
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The multiple skin irritation test is a methodology for
evaluating the potential skin irritation caused by pharma-
ceuticals. Healthy SD rats underwent multiple skin irrita-
tion tests on their dorsal skin. The experimental results
indicated that ATRA-NLC-Gel effectively reduced the
local irritation associated with ATRA administration.
Over the 14-day experimental period, neither the saline
group nor the ATRA-NLC-Gel group exhibited erythema
or edema at the administration site (Fig. 4B). This effect
may be ascribed to the moisturizing property of ATRA-
NLC-Gel, which help prevent epidermal water loss,
enhance skin moisture and hydration, and mitigate irrita-
tion induced by direct exposure to ATRA. This observa-
tion aligns with prior reports on the excellent biosafety
of flurbiprofen-loaded NLC-Gel, confirming their advan-
tages in reducing skin irritation and improving skin toler-
ance [57]. In the free ATRA group, distinct erythema and
mild edema appeared from Day 3 to Day 9 at the drug
application site. This irritation gradually subsided from
Day 12 to Day 14, likely due to the skin developing toler-
ance to retinoic acid [58]. On Day 9, the irritation score
reached a peak, specifically 2+0.8 (Fig. 4C), indicating
mild irritant skin damage associated with this route [59].
Similarly, a commercially available ATRA cream demon-
strated mild skin irritancy. This may be attributed to the
poor skin permeability of ATRA cream, which leads to
a rapid increase in the local concentration of ATRA on
the skin surface following topical administration, thereby
exerting a certain degree of irritancy on the skin [54].

Saline Solution ATRA-NLC-Gel

ATRA ATRA cream

9 Day 12 Day

14 Day

Fig.4 The safety evaluation of ATRA-NLC-Gel in vitro and in vivo. (A) Cytotoxicity of ATRA cream, ATRA-NLC and ATRA-NLC-Gel on DPCs, n=6. (B) Images
of SD rats'dorsal skin irritation after administration. (C) The skin irritation scores of each group, n=4
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Overall, these comprehensive in vivo and in vitro evalu-
ations demonstrated that the ATRA-NLC-Gel possesses
excellent biocompatibility, making it safe and non-irritat-
ing for topical application.

Cellular uptake

Coumarin 6 (COUR 6) is a hydrophobic fluorescent dye.
Owing to its outstanding fluorescence characteristics and
low toxicity, it is frequently employed to label nanoparti-
cles for simulating the active ingredients in drug delivery
systems, facilitating the visualization analysis of cellular
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uptake and drug distribution [60, 61]. Hence, the effects
of different formulations on DPCs uptake were com-
pared using COUR 6 as the fluorescent probe. Based on
the results of confocal laser scanning microscopy (CLSM;
Nikon, Japan) (Fig. 5A), the fluorescence intensities in the
COUR 6-NLC group were significantly higher than those
in the free COUR 6 and COUR 6-Cream groups at all
time points, suggesting that the COUR 6-NLC formula-
tion was more effective in promoting the cellular absorp-
tion of COUR 6. Consistent with the CLSM observations,
flow cytometry-based fluorescence quantification also
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Fig.5 Cellular uptake of COUR 6-labeled preparations. (A) Cellular uptake assayed by CLSM. Scale bar: 50 um. (B) Cellular uptake quantitatively assayed
by flow cytometer (FCM). n=3, p<0.05, "p <0.01, vs. COUR 6; *p <0.05, **p < 0.01, vs. COUR 6-Cream
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confirmed that COUR 6-NLC significantly enhanced
uptake by DPCs (p<0.01) in a time-dependent man-
ner (Fig. 5B). This phenomenon may be related to the
nanoscale size effect and excellent biocompatibility of the
NLC. The small size of the carrier facilitates easier access
to and penetration through the cell membrane, whereas
auxiliary ingredients such as lecithin possess excellent
biocompatibility, thereby enhancing cellular uptake [62].

In vivo skin permeation and distribution

Upon local dermal application, various COUR 6-labeled
formulations exhibited skin penetration and retention
tendencies similar to the cell uptake outcomes. At 0.5 h
after local application, all formulations uniformly cov-
ered the skin surface as evidenced by the fluorescence
intensity observed across the skin (Fig. 6A). This indi-
cated effective and even distribution of the formulations
immediately after application. However, by 4 h later,
significant differences emerged. The high fluidity of the

05h
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free COUR 6 in the formulation might have resulted in
its short residence time on the skin. As a result, its fluo-
rescence nearly vanished after 4 h. The COUR 6-Cream
group maintained significant fluorescence intensity in
the epidermal layer of the skin after 4 h (Fig. 6A&B). This
implied that a considerable amount of COUR 6 had not
yet penetrated the deeper layers and remained in the epi-
dermis. This retention may be related to the skin barrier
function of the stratum corneum. Although the cream
matrix components enable rapid drug release, they fail
to enhance deep skin penetration [63]. In contrast, the
COUR 6-NLC-Gel exhibited remarkable penetration
capabilities. It effectively reached the dermis and subcu-
taneous tissue (Fig. 6A&C), demonstrating significantly
high fluorescence intensity (p<0.01) and a deeper pene-
tration performance (p <0.01). This result aligns with the
findings of Pereira et al. [43] and Khater et al. [64]. They
observed that nanoscale lipid particles were in close con-
tact and interacted with the stratum corneum, improving
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drug penetration through the skin barrier for significant
transdermal delivery. Furthermore, the ultra-small par-
ticle size of NLC and their hydration effect on the skin
may facilitate transdermal drug absorption augmenting
the transdermal penetration rate [65, 66]. Moreover, the
fluorescence of COUR 6-NLC-Gel at the hair follicle sites
was significantly more pronounced after local applica-
tion. This observation probably resulted from the interac-
tion between the surfactant lecithin in COUR 6-NLC-Gel
and sebum, which promotes drug entry into the skin and
facilitates accumulation at the hair follicle sites, thereby
forming a drug reservoir [43, 67]. This finding aligns with
previous research on the treatment of alopecia with min-
oxidil nanostructured lipid carriers [40]. Taken together,
these results reveal that the NLC-Gel can facilitate the
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percutaneous absorption of drugs, enhance targeting effi-
cacy, improve bioavailability, and mitigate systemic toxic
side effects.

In vitro effects of ATRA-NLC on IFN-y-treated DPCs

To assess whether ATRA-NLC has a positive effect on
the IFN-y-induced in vitro model of AA, primary DPCs
were used as experimental subjects. First, the effects
of the ATRA-NLC on cell viability and proliferation
were investigated. In contrast to ATRA cream-treated
DPCs, ATRA-NLC-treated DPCs showed significantly
increased cell viability (Fig. 7A). Flow cytometry was
used to investigate the specific effects of ATRA-NLC on
the DPC cell cycle (Fig. 7B). The results demonstrated
that the cells in the model group were arrested in the
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GO/G1 phase, with a significant increase in the propor-
tion of cells in the GO/G1 phase, suggesting that the
cells might be entering a resting phase. Conversely, in
the ATRA-NLC treatment group, the cell counts in the
GO/G1 phase significantly decreased, while that in the
S phase significantly increased, suggesting that ATRA-
NLC facilitated the transition of cells from the G1 phase
to the S phase and promoted the G1/S transition of the
cell cycle (Fig. 7C&D). Additionally, the results of the cell
viability experiment (Fig. 7A) confirmed that ATRA-NLC
can promote cell proliferation, which is consistent with
their regulatory effect on the cell cycle, further providing
robust evidence for the proliferative effect of ATRA-NLC
on cells. Cell cycle progression is a necessary condition
for cell proliferation [68]. Therefore, ATRA-NLC pro-
motes cell proliferation by regulating the cell cycle of
DPCs, particularly by facilitating the G1/S transition.

Alkaline phosphatase (ALP), a pivotal marker of DPC
viability, is constitutively expressed in DPCs throughout
the hair growth cycle [69, 70]. Hence, the influence of
different treatment groups on ALP activity in DPCs was
investigated. Compared to the model group, an obvious
restoration of ALP activity was observed in DPCs cul-
tured with ATRA-NLC (Fig. 7E). This finding indicates
that ATRA-NLC plays a positive role in promoting the
restoration of important phenotypic characteristics of
DPCs.

At present, it is widely accepted that the main patho-
genic mechanism of AA resides in the breakdown of
immune privilege in hair follicles [1]. CD200, an immu-
nosuppressive factor, plays a pivotal role in hair follicles.
When its expression level is abnormally low, it may pre-
cipitate the onset of androgenetic alopecia and AA [5,
71, 72]. Therefore, we performed western blotting to
detect the expression of CD200. The results showed
that (Fig. 7F&G) ATRA-NLC significantly restored the
expression of CD200 in an in vitro AA model. Ki-67, an
established marker of proliferation and morphogenesis
in hair follicles, exhibits an increased expression level
directly correlated with accelerated cellular proliferation
within follicular cells, indicating an elevated hair growth
rate [73]. Similarly, the Wnt/B-catenin signaling path-
way is crucial for initiating and advancing the regen-
erative process of hair growth. Specifically, high levels of
[-catenin in hair follicle cells can effectively accelerate the
cell cycle progression, facilitating rapid hair growth [74,
75]. Based on these reports, we examined the expression
profiles of these proteins. The results showed that com-
pared to the model group, both the ATRA cream group
and the ATRA-NLC group elevated the expression level
of Ki-67 and B-catenin, among which the enhancement
effect of the ATRA-NLC group was more pronounced
(p<0.01) (Fig.7 F&H&I). In summary, these results dem-
onstrate that ATRA-NLC exhibit significant advantages
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over ATRA cream in pharmacodynamic testing using the
AA model in vitro.

The effects of ATRA-NLC-Gel on hair regeneration in AA
model mice

To verify the effect of ATRA-NLC-Gel on hair regenera-
tion, an Imiquimod cream (IMQ)-induced AA model was
employed. Mice in the model group exhibited no signifi-
cant hair regeneration by Day 12, indicating the success-
ful establishment of the AA mouse model (Fig. 8A&B).
Further observations revealed that both ATRA cream
and ATRA -NLC groups began showing skin pigmenta-
tion on Day 8 of treatment with visible hair regeneration
on Day 12. Notably, the ATRA-NLC-Gel group demon-
strated skin pigmentation as early as Day 4 of treatment,
indicating the transition of hair from the telogen phase
to the growth phase. As treatment continued, this group
showed significant hair growth by Day 8 achieving nearly
complete and dense hair coverage by Day 14, compara-
ble to that of the control group. This indicated that the
ATRA-NLC-Gel group exhibited faster and more sig-
nificant effects (p<0.01) in promoting hair regeneration
(Fig. 8C). This finding is similar to previous studies show-
ing that tofacitinib-loaded nanostructured lipid carriers
enhanced efficacy in treating alopecia areata [39]. Similar
to that in the model group, no significant hair regenera-
tion was observed in the NLC-Gel group. These results
unequivocally demonstrate that the observed hair regen-
eration is not attributed to the carrier, but rather to the
efficient delivery of ATRA via the nanostructured lipid
carrier gel drug delivery system.

Hair follicle density serves as the most direct indica-
tor reflecting the growth stages of hair. A higher hair fol-
licle density indicates that there are more hair follicles in
the anagen phase than in the telogen phase [76]. Conse-
quently, we performed H&E staining of the skin at the
application site to observe the status of the hair follicles
within the skin. The hair follicles in the ATRA-NLC-Gel
group penetrated deeper into the dermis, with a signifi-
cant difference in density and number compared to the
model group (p<0.01) (Fig. 8D&E). This result corre-
sponds to the macroscopic phenomenon of hair regen-
eration observed in the AA model mice after treatment
(Fig. 8A). The thickness of the dermis and the length of
hair follicles are closely associated with the hair growth
cycle [76]. As hair follicles transition from the telogen
phase to the anagen phase, both dermal thickness and
hair follicles length increase, whereas they decrease rel-
atively during the telogen phase. The dermal thickness
of the ATRA-NLC-Gel group was significantly different
from that of the model group (p <0.01) (Fig. 8F). Regard-
ing the length of hair follicles, the ATRA-NLC-Gel group
exhibited a length of 273.6+17.6 pm, while the ATRA-
NLC group showed a length of 119.6 8.3 um. Although
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both groups exhibited statistically significant differences
compared with the model group, the difference was more
pronounced in the ATRA-NLC-Gel group (Fig. 8G). This
was also reflected in the significant improvement of pso-
riasis-like symptoms in mice by luteolin-loaded NLC-Gel
[77]. This may be attributed to the longer skin residence
time of the ATRA-NLC-Gel formulation compared to
that of ATRA-NLC [78], enabling sustained and slow
percutaneous release (Fig. 2I), and thereby enhancing
therapeutic efficacy. In summary, these results indicated
that the ATRA-NLC-Gel exhibited the most effective
promotion of hair regeneration in AA model mice.

Mechanism of ATRA-NLC-Gel in treating hair loss in AA
model mice

To further explore the mechanism of action of the
ATRA-NLC-Gel in treating the AA mouse model,
immunofluorescence staining was employed to exam-
ine the expression location and alterations of key pro-
teins in hair follicles and dorsal skin tissues. The results
showed that the levels of Ki-67, -catenin, and CD200
proteins in the ATRA-NLC group, and ATRA-NLC-Gel
group were significantly increased (p<0.05, p<0.01).
Notably, Ki-67 protein exhibited intense expression at
the base of the hair follicle bulb in the ATRA-NLC-Gel
group, whereas its expression in the other groups was
relatively low (Fig. 9A). This phenomenon indicated that
the ATRA-NLC-Gel promoted rapid hair regeneration
in AA model mice, which aligns with the hair regen-
eration observed in the model mice depicted in Fig. 8A.
Additionally, f-catenin and CD200 proteins were both
expressed in the trunk of the hair follicle. Compared
with the model group, the ATRA-NLC-Gel and ATRA-
NLC groups showed significantly enhanced expression
of these two proteins (Fig. 9B&C). The results of western
blot experiments further confirmed that ATRA-NLC-Gel
significantly upregulated the expression levels of Ki-67,
[-catenin, and CD200, thereby effectively ameliorating
the AA-like symptoms in mouse models (Fig. 9D-G).
IFN-y is one of the most critical factors contributing to
the collapse of hair follicle immune privilege [10, 79].
TGF-B1, as an immunosuppressive molecule, is highly
expressed in healthy scalps and serves as a guard-
ian of hair follicle immune privilege [12]. Therefore, we
examined the expression levels of IFN-y and TGF-B1 in
the skin. As shown in Fig. 9H&I, both ATRA-NLC and
ATRA-NLC-Gel significantly downregulated the expres-
sion of IFN-y while upregulating the expression of TGE-
B1. Notably, the effects were more pronounced in the
ATRA-NLC-Gel-treated group.

These results showed that, compared to the existing
ATRA cream, ATRA-NLC-Gel has higher skin lipophilic-
ity and can more effectively target hair follicles, thereby
achieving stronger therapeutic effects [67]. Moreover, the
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significant increase in the expression levels of CD200,
Ki-67, TGF-Bland p-catenin indicates that ATRA-NLC-
Gel not only promotes the proliferation of hair follicle
cells but also regulates the immune homeostasis of the
skin [80], jointly facilitating the hair regeneration in the
AA model mice.

Conclusion

In this study, we successfully developed a nanoscale
ATRA-NLC-Gel that significantly mitigated the irritative
response of ATRA during transdermal delivery, markedly
enhanced ATRA’s skin penetration capacity and targeting
efficiency to hair follicles. Furthermore, the pharmaco-
logical effects of ATRA-NLC-Gel were comprehensively
evaluated using both in vitro and in vivo AA models.
Pharmacological results indicated that ATRA-NLC
enhanced the uptake capacity and cell cycle progression
of DPCs, thereby restoring cellular activity and promot-
ing proliferation and differentiation. When applied to
the skin, ATRA-NLC-Gel can reside on the skin surface
for an extended period, forming a drug reservoir that
releases ATRA slowly. This allows for transdermal per-
meation into deeper tissues, with ATRA targeting and
enriching in the hair follicles. The formulation modu-
lated the expression of relevant cytokines and proteins,
thereby promoting hair follicle growth and development
to a certain extent, restoring the immune privilege of hair
follicles, and significantly promoting hair regrowth in the
AA mouse model. These findings suggest that ATRA-
NLC-Gel provides a novel scientific basis and practical
reference for the clinical treatment of AA.

Materials and methods

The materials, animals, and cells are described in S1
Materials and S2 Cells and Animals in Supplementary
Material 1.

Preparation and characterization of ATRA-NLC

The ATRA-NLC was prepared by the ultrasonic emul-
sification [81]. Briefly, 80 mg of GMS and 320 pL of IM
containing 12.5 mg of ATRA were melted and mixed
uniformly at 85 °C to form the lipid phase. This solution
was then combined with 10 mL of an aqueous phase con-
taining 2.5% lecithin also maintained at 85 °C. The mix-
ture was emulsified by stirring at 2500 rpm for 10 min
to form the primary emulsion. Following an additional
8 min of ultrasonic treatment, centrifugal separation was
performed to remove the free ATRA, ultimately yield-
ing ATRA-NLC. Using the steps outlined above, blank
nanoparticles without ATRA were also prepared as a
control. To prepare the COUR 6-loaded nanoparticles,
COUR 6 was used in replacement of ATRA at the same
concentration. And the experimental approach for the
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preparation of COUR 6-Cream has been incorporated in
Supplementary Material S3.

The morphology of the nanoparticles was observed
using TEM, and a Zetasizer Nano ZSE system was
employed to measure the zeta potential, particle size and
PDI (the methods are detailed in Supplementary Material
4&5). The FT-IR spectra of Blank-NLC, ATRA-NLC, and

ATRA were recorded using a Nicolet iS50 FT-IR spec-
trometer (Thermo Scientific, MA, USA) within the wave-
number range of 4000-500 cm™'. And the method for
DSC analysis is detailed in Supplementary Material Sé6.
The amount of ATRA was measured using high-perfor-
mance liquid chromatography (HPLC; Shimadzu, Japan).
The specific measurement conditions and methods are
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detailed in Supplementary Material S7. The drug-loading
(DL) and encapsulation efficiency (EE) were determined
using Eqgs. 1 and 2, respectively.

(Total ATRA — free ATRA)
Total ATRA — NLC

DL (%) = x 100% (1)

(Total ATRA — free ATRA)
Total ATRA

EE (%) = x 100% (2)

Preparation and characterization of ATRA-NLC-Gel

The blank gel was prepared by dissolving carbomer 940
(0.6%, w/v), glycerin (10%, v/v), sodium bisulfite (0.1%,
w/v), and L-menthol (0.1%, w/v) in distilled water. The
pH of the system was adjusted to 6.5 by adding an appro-
priate amount of triethanolamine. Subsequently, the pre-
pared blank gel was combined with ATRA-NLC at a ratio
of 4:1(w/v) to form an ATRA-NLC-Gel containing ATRA
at a concentration of 0.025%. Similarly, Blank-NLC was
incorporated into the blank gel to yield NLC-Gel. The
internal structure and morphology of the ATRA-NLC-
Gel were investigated using a Cryogenic Scanning Elec-
tron Microscope (Hitachi Regulus 8100, Japan), the
methods are detailed in Supplementary Material S8.

In vitro release of ATRA-NLC and ATRA-NLC-Gel

The in vitro drug release behavior of different ATRA for-
mulations was analyzed using the dialysis method [59,
82]. Briefly, a fixed amount of free ATRA, ATRA cream,
ATRA-NLC, and ATRA-NLC-Gel was placed in dialysis
bags (MWCO 10 KDa), which were subsequently sub-
merged in the release medium (ethanol: PBS, v/v, 3:7).
At 37 °C, the medium was stirred at a constant speed of
120 rpm. At predetermined intervals (0.5, 2, 4, 8, 12, 24,
and 48 h), 200 pL samples of the release solution were
taken and immediately replenished with an equal vol-
ume of fresh medium. The ATRA concentration in the
released solution was analyzed using HPLC. The cumula-
tive release rate of ATRA from various formulations was
computed as follows:

Q. =VoCu+ V) G 3)
Cumulative release rate (%) = Q. x 100% (4)
total

Where Q, represents the cumulative amount of ATRA
released from the formulation at the n'™ sampling point.
Qqora denotes the total content of ATRA in the formu-
lation, where C, indicates the concentration of ATRA
in the release medium at the n sampling point. ¥Ci
denotes the summation of the concentrations of the drug
in the release medium at all sampling instants from the
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first sampling time point to the i-th sampling time point.
V refers to the volume of the released liquid extracted
each time, V) is the overall volume of the release medium.

Evaluation of stability

In accordance with ICH Guideline Q1A(R2) (2003), the
stability study of ATRA-NLC-Gel was conducted at 4 °C
and 25 °C [55, 83]. This research involved five months of
continuous observation, assessing the stability by visually
inspecting the changes in the appearance and morphol-
ogy of the samples, as well as by monitoring the particle
size and PDI of ATRA-NLC in ATRA-NLC-Gel, and the
content variation of ATRA was calculated with Eq. 5.

ATRA Content (%)
Total loss of ATRA

=(1- Total mass of ATRA
in ATRA — NLC — Gel

) x 100% (5)

In vitro and in vivo biosafety assessment

The in vitro biological safety was evaluated by detecting
the cytotoxicity of ATRA cream, ATRA-NLC and ATRA-
NLC-Gel using the CCK-8 assay kit [84]. DPCs were
seeded at a density of 1x10* cells per well in a 96-well
plate and cultured under standard cell culture conditions
for 24 h. Subsequently, ATRA cream, ATRA-NLC and
ATRA-NLC-Gel were introduced at concentrations rang-
ing from 0.2 to 1 pg/mL, and the cells were incubated
for an additional 24 h. Following this, 100 puL of CCK-8
solution (be diluted tenfold) was added to each well, and
the cells were incubated for 1 h. Finally, absorbance was
measured at 450 nm using a Microplate Reader (Thermo
Fisher Scientific, USA).

Multiple skin irritation experiments were carried out
in reference to OECD Test Guideline 404 to assess the in
vivo toxicity of ATRA-NLC-Gel [85]. The dorsal skin of
male SD rats was divided into four regions. Physiologi-
cal saline and ATRA alcohol solution (20 pL/cm?), as well
as ATRA-NLC-Gel and ATRA ointment (20 mg/cm?), all
with an ATRA concentration of 0.025%, were applied to
the rat’s dorsal skin once daily for 14 days. Skin reactions
such as erythema, eschar, and edema were scored accord-
ing to a scoring system [59], as shown in Table S1. Skin
irritation results were used to assess in vivo biosafety. The
study protocol received approval from the Institutional
Animal Care and Use Committee and was carried out in
compliance with the guidelines for animal experimenta-
tion established by the Air Force Medical University.

Cellular uptake

DPCs were inoculated at a density of 3 x 10° cells per well
and cultured for 24 h. Free COUR 6, COUR 6-Cream,
and COUR 6-NLC were prepared at a concentration of
1 pM for 0.5, 1.5, and 3 h. Post-incubation, cells were
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washed thrice with PBS (5 min), fixed with paraformal-
dehyde (15 min), stained with DAPI (10 min), and obser-
vations were finally made via a CLSM. Cells were seeded
in six-well plates at the same density and processed iden-
tically. Subsequently, cell uptake was quantitatively ana-
lyzed using a flow cytometer (FCM, Beckman Coulter,
USA) [86].

In vivo skin distribution

The penetration and distribution of the different formula-
tions in the skin were studied using CLSM. In brief, after
treatment with COUR 6 (20 pL/cm?), COUR 6-Cream
and COUR 6-NLC-Gel onto the skin of SD rats (20 mg/
cm?®), with the final concentration of COUR 6 set at
0.025%. the rats were kept in the dark. Frozen sections of
skin tissue were collected at 0.5 h and 4 h post-admin-
istration, and subsequently scanned for observation [59].

DPCs viability assessment

Based on previous literature reports, an in vitro AA
model was established by co-incubating cells with IFN-y
at a concentration of 100 ng/mL for 48 h [87]. Following
the successful establishment of an in vitro AA model,
DPCs were treated with Blank-NLC, ATRA cream, and
ATRA-NLC, with the final concentration of ATRA set at
0.6 pg/mL. Subsequently, the cell viability was assessed
using a CCK-8 kit 24 h after the cells were treated.

Flow cytometry analysis of the cell cycle

Following cell culture and modeling, the cells were
treated with different drugs for an additional 24 h before
being transferred to collection tubes. Subsequently, the
cells were fixed overnight at 4 °C in 1 mL of cold fixative
solution (anhydrous ethanol: PBS, 7:3). Thereafter, the
cells were thrice washed with cold PBS and resuspended
in PI/RNase staining buffer (0.5 mL), followed by incuba-
tion in the dark for 30 min. Finally, the cell cycle distribu-
tion was determined via FCM [88].

ALP staining

For ALP staining, DPCs were seeded in a 12-well cul-
ture plate, modeled, and incubated with different drugs
for 24 h. The cells were then washed twice with cold PBS
and fixed in 4% paraformaldehyde at room temperature
for 15 min. Subsequently, the cells were incubated in the
presence of a BCIP/NBT alkaline phosphatase chromo-
genic solution. A deep purple color indicates a positive
ALP signal [70].

Establishment and drug administration of animal models
for AA

Referring to previous studies on the establishment of
an IMQ-induced AA model [39]. The dorsal skin of
the mice began to lose hair and presented with an area
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of alopecia greater than 1 cm?, indicating that the AA
model had been successfully established. The mice were
then randomly divided into six groups: Control, Model,
NLC-Gel, ATRA cream, ATRA-NLC, and ATRA-NLC-
Gel, with six mice in each group. Different formulations
were applied topically to the alopecic areas once daily for
14 days (ATRA-NLC 4 uL/cm?/mouse, ointment 20 mg/
c¢m?®/mouse). During the treatment period, photographs
were taken to detect hair regeneration on the dorsal
skin of mice, and hair density was analyzed using Image]
software.

H&E staining

After drug administration, mice were euthanized using
isoflurane. Skin tissue at the treatment site was isolated
and fixed in 4% paraformaldehyde. Following fixation,
routine paraffin embedding and sectioning were con-
ducted, followed by hematoxylin and eosin staining.
Finally, the sections were mounted, observed and photo-
graphed using an inverted microscope.

Detection of cytokines by ELISA
For detailed information, please refer to Supplementary
Material S9.

Immunofluorescence

Skin tissues were excised and fixed in 4% formaldehyde
solution for 24 h, followed by embedding in paraffin for
sectioning. Immunostaining was performed using the
Ki-67 antibody (Servicebio, GB121142,1:200), B-catenin
antibody (Servicebio, GB15003,1:200), and CD200 anti-
body (Abcam, ab314662,1:100). Following incubation
with primary and secondary antibodies, the DAPI work-
ing solution was added. After sealing the coverslips,
observation, and image acquisition were conducted using
a fluorescence microscope.

Western blot analysis

Following the previously established method [84], west-
ern blot analysis was performed. The membranes were
incubated overnight at 4 °C with the primary antibodies
against.

CD200 (Abcam, ab314662, 1:1000), 3-catenin (Service-
bio, GB150016, 1:1000), Ki-67 (Servicebio, GB121142,
1:1000), P-actin (Servicebio, GB15003, 1:2000), and
GAPDH (Servicebio, GB15004, 1:3000). After washing
the membranes thrice with PBST, they were incubated
with secondary antibodies at room temperature for 1 h.
The membranes were washed again with PBST and the
proteins were visualized using a gel imaging system (Bio-
Rad, USA).
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Statistical analysis

Data were analyzed using GraphPad Prism 8.3 software
and presented as Mean+SD. Statistical comparisons
between different groups were made using one-way
ANOVA. In the stability assessment of the ATRA-NLC-
Gel, repeated measures ANOVA was used for statistical
analysis between two groups. With p <0.05 considered to
indicate a statistically significant difference.
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