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A B S T R A C T   

Androgenetic alopecia (AGA) is a common clinical condition, affecting over 200 million people globally each 
year. For decades, Minoxidil (Mi) tincture has been the primary treatment for this disease, but its low utilization 
rate and significant side effects necessitate new therapeutic strategies. Nitric oxide (NO) is a signaling molecule 
in various physiological processes, including vasodilation, immune responses, and cell proliferation. Herein, we 
constructed a hyaluronic acid liposome (HL) complex as a novel transdermal delivery system (HL@Mi/NON-
Oate) for NO and Mi, which displayed promising transdermal and hair-regrowth effects. In-depth mechanistic 
studies revealed three potential pathways of the synergistic AGA therapy. First, NO promoted capillary dilation 
and accelerated blood flow, thus achieving efficient penetration of Mi. Due to the structural advantage of li-
posomes, the residence time of the Mi in the skin was prolonged. Moreover, HL@Mi/NONOate promoted cell 
proliferation and angiogenesis, and upregulated the expression of regulatory factors involved in follicle stem cell 
differentiation. In the AGA model, HL@Mi/NONOate down-regulated the expression of inflammatory factors, 
inhibiting the inflammation of follicle and improving the microenvironment of hair regrowth. Concurrently, 
HL@Mi/NONOate upregulated the expression of Ki67 and PCNA proteins in follicle tissues, inducing follicle 
regeneration and development, ultimately achieving the synergistic multimodal AGA therapy.   

1. Introduction 

Hair loss, an increasingly prevalent condition instigated by a multi-
tude of factors including genetics, hormonal fluctuations, autoimmune 
diseases, the natural aging process, and acute stress, is becoming a sig-
nificant public health concern, partially due to escalating lifestyle 
stressors and deleterious dietary habits [1]. Notably, the syndrome is not 
restricted to the elderly, as increasingly younger individuals fall prey to 
this condition, demonstrating that hair loss extends beyond mere 

aesthetic implications. It wields substantial psychological implications, 
often leading to diminished self-esteem and a marked decrease in quality 
of life [2–4]. Within the clinical landscape, hair loss is typically 
dichotomized into scarring and non-scarring alopecia, with androge-
netic alopecia occupying a predominant position within the 
non-scarring alopecia category [5]. Therapeutic strategies for hair loss 
include a spectrum of topical and oral medications, along with hair 
transplantation procedures. Among these, minoxidil has emerged as the 
preferred topical treatment for an array of hair loss types, most notably 
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androgenetic alopecia [6]. Minoxidil, a known vasodilator and potas-
sium channel opener, serves to extend the anagen phase of hair follicles 
while counteracting follicular miniaturization. Nonetheless, the phar-
macokinetics of minoxidil involves absorption by the stratum corneum 
and epidermis, thereby hampering its efficient delivery to the actively 
proliferating follicles [7]. Furthermore, commercial minoxidil formu-
lations frequently resort to ethanol or propylene glycol as solvents, often 
resulting in skin-related side effects such as swelling, dehydration, 
peeling, and crystal precipitation, leading to potential allergic reactions 
[8]. Given these limitations, the urgent development of a novel, safe, 
and effective transdermal drug delivery system to optimize minoxidil 
utilization is a compelling need in this field. 

Liposomes, being closed vesicles with a bilayer membrane structure 
formed by the dispersion of phospholipids and other lipids in water, 
have garnered significant attention and research as an artificially pre-
pared drug delivery system. They have the ability to encapsulate both 
hydrophilic and lipophilic drugs, finding wide applications in various 
drug delivery routes including intravenous, transdermal, pulmonary, 
and oral administration [9–13]. In the context of transdermal drug de-
livery, liposomes have many advantages. For instance, Hamim et al. 
developed R-carvedilol liposomes for targeted skin therapy, effectively 
avoiding systemic drug absorption and the associated adverse reactions 
[14]. Niwa et al. formulated liposomes encapsulating aidiploline and 
anti-PD-1 antibody drugs, ensuring prolonged stability, non-toxicity, 
non-irritation, and safe application [15]. Additionally, Xie et al. 
created an alcohol liposome based on hyaluronic acid, which, by 
incorporating hyaluronic acid, enhanced the permeability function in 
addition to the inherent advantages of liposomes themselves [16]. 
However, the skin acts as a solid and dense barrier covering the body 
surface, posing challenges in drug delivery through the skin and 
necessitating strategies to enhance the ability of liposomes to deliver 
drugs and improve drug bioavailability, particularly in the field of 
transdermal liposomal drug delivery. 

As an endogenous diatomic gaseous molecule, Nitric Oxide (NO) 
functions as an integral component of intercellular signaling, thereby 
playing an indispensable role in modulating various physiological and 
pathological processes [17]. Emerging research over recent years un-
derscores the pivotal functions of NO, a product of the innate immune 
response, including the attenuation of inflammatory immune responses, 
facilitation of cellular proliferation, and stimulation of angiogenesis 
[18–20]. For example, a study conducted by Yang and colleagues elu-
cidates the ability of NO to augment the expression of HIF-1α in endo-
thelial cells, thereby enhancing angiogenesis at the site of injury, 
catalyzing the secretion of vascular endothelial growth factor (VEGF), 
and promoting cellular proliferation and migration [21]. Moreover, 
Zhang et al. ingeniously engineered a NO-releasing system characterized 
by a core-shell structure, utilizing the technique of electrospinning. This 
system was found to foster endothelial cell growth, expedite angiogen-
esis in wounds, facilitate collagen deposition, and amplify 
anti-inflammatory properties via synergistic interaction with NO, thus 
substantially accelerating the healing process of diabetic wounds [22]. 
Furthermore, NO can activate guanylate cyclase to synthesize cyclic 
guanosine monophosphate (cGMP) and inhibit type 5 phosphodiesterase 
(PDE5). Through these mechanisms, elevated cGMP levels can induce 
vasodilation at the site of administration, accelerate blood flow, and 
modify the local tissue microcirculation system, thereby potentially 
facilitating efficient drug penetration into the skin [23,24]. In recent 
years, our research group has conducted a series of studies on the effi-
cient loading and combination therapy of NO, constructing various NO 
carrier materials for disease treatment and achieving promising results 
[25–27]. Therefore, incorporating NO active molecules into the trans-
dermal drug delivery system to enhance transdermal drug utilization 
efficiency and synergistically treat androgenetic alopecia represents a 
feasible strategy. 

Herein, the small molecular weight polyethyleneimine-modified 
cholesteryl chloroformate was used as a NO donor, which was 

assembled with lecithin and hyaluronic acid molecules through a one- 
step method to fabricate a novel transdermal delivery system for Mi 
(HL@Mi/NONOate, Scheme 1), providing a new strategy for the treat-
ment of androgenetic alopecia (AGA). The preparation process of 
HL@Mi/NONOate the loading efficiency of Mi, and the release of NO 
were investigated. Subsequently, the effects of HL@Mi/NONOate on 
blood flow rate as well as the penetration and retention of Mi were 
evaluated to reveal the mechanism of the efficient permeation of NO and 
Mi delivered by the hyaluronic acid liposome composite (HL) complex 
carrier. Further, the effects of HL@Mi/NONOate on cell proliferation, 
migration activity, angiogenesis, and induction of cell differentiation 
pathways were studied to explore potential mechanisms for hair loss 
treatment. An AGA mouse model was constructed to evaluate the hair 
regrowth effect and explain the synergistic therapeutic mechanism of 
NO and Mi. Meanwhile, the biocompatibility of HL@Mi/NONOate was 
systematically assessed. Consequently, an efficient and safe strategy to 
promote the percutaneous treatment of Mi for AGA was proposed, which 
could be extended to the clinical treatment of other skin diseases. 

2. Results and discussions 

2.1. Preparation and characterization of NO donor cho-pei/nonoate 

In this study, we successfully constructed a novel hyaluronic acid 
liposome composite (HL), combining gas molecules and drug treatment 
to obtain a new transdermal drug delivery system (HL@Mi/NONOate) 
with high penetration and synergistic treatment functions. Firstly, 
Cholesterol chloroformate (Cho) was used to modify the highly 
branched polyethyleneimine (PEI) containing a large amount of tertiary 
amine groups to obtain Cho-PEI. This was then used as a NO donor, 
further loaded with NO, and finally, the NO donor Cho-PEI/NONOate 
was obtained (the synthesis process is shown in Supplementary 
Fig. 1). First, the structural changes in the preparation process of Cho- 
PEI/NONOate were characterized by 1H NMR, and the characteristic 
proton absorption peaks were annotated, as shown in Fig. 1b. In the 
nuclear magnetic diagram of Cho-PEI, positions a and b are the proton 
absorption peaks on PEI, and c and d are the characteristic proton ab-
sorption peaks of cholesterol, proving that Cho has successfully modified 
PEI. FTIR was used to characterize Cho-PEI, as shown in Fig. 1c. The 
stretching vibration peak of the primary amine group in PEI is at 3550 
cm− 1, and the characteristic absorption peaks of the C––O and N–H 
groups in the amide bond are at 1630 cm− 1 and 1540 cm− 1. At the same 
time, the methylene stretching vibration peaks of Cho appeared at 2930 
cm− 1 and 2860 cm− 1. Therefore, the above results fully indicate that 
Cho-PEI has been successfully prepared. Under high NO pressure, the 
secondary amine groups in Cho-PEI will be oxidized to form Cho-PEI/ 
NONOate. The structure of Cho-PEI/NONOate was further character-
ized by 1H NMR and FTIR. The results are shown in Fig. 1b,c. Compared 
with Cho-PEI, the presence of special functional groups in NONOate 
causes the proton characteristic peaks of methylene adjacent to the 
secondary amine on PEI to move from the original a (2.71 ppm) to e (3.1 
ppm). From the infrared spectrum, compared with Cho-PEI, Cho-PEI/ 
NONOate showed νN=N and NO vibration characteristic absorption in 
NONOate groups at 1550 cm− 1 and 1715 cm− 1 [26,28]. At the same 
time, as shown in Fig. 1d, in the UV–Vis spectrum, compared with 
Cho-PEI, the UV characteristic absorption peak of the NONOate group in 
Cho-PEI/NONOate can clearly be seen at 252 nm. The Griess reagent 
was used as an important indicator to detect the presence and release of 
NO in Cho-PEI/NONOate, and it is also an important indicator to prove 
whether Cho-PEI/NONOate has been successfully prepared [25]. Since 
the NO released by Cho-PEI/NONOate in pure water can react with the 
Griess reagent, the byproduct generated will have a strong absorption 
peak at 540 nm, as shown in Fig. 1d, further confirming the existence of 
the NONOate group. Therefore, the above results fully prove that the 
target product NO donor Cho-PEI/NONOate has been successfully 
prepared. 
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Scheme 1. Schematic diagram of HL@Mi/NONOate transdermal delivery platform design route and synergistic treatment of androgenetic alopecia.  

Fig. 1. Synthesis and characterization of HL@Mi/NONOate. (a) Schematic representation of the synthesis of HL@Mi/NONOate. (b) Hydrogen nuclear magnetic 
resonance (NMR) spectra of Cho, Cho-PEI, and Cho-PEI/NONOate. (c) Infrared spectra of Cho, PEI, Cho-PEI, and Cho-PEI/NONOate. (d) UV spectra of Cho-PEI and 
Cho-PEI/NONOate after reaction with Griess reagent. (e) Particle potential of HL@Mi and HL@Mi/NONOate. (f) Localization of HA in liposomes, scale bar = 200 
nm. (g) Transmission electron microscopy (TEM) image of HL@Mi, scale bar = 200 nm. (h) TEM image of HL@Mi/NONOate, scale bar = 200 nm. 
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2.2. Preparation and characterization of the new transdermal drug 
delivery system (HL@Mi/NONOate) 

Liposome formation and drug encapsulation technology is currently 
a mature technology [29]. Based on numerous research reports, this 
study used the reverse evaporation method to mix soybean lecithin, 
hyaluronic acid molecules, minoxidil (Mi), and the above-mentioned NO 
donor Cho-PEI/NONOate to self-assemble in one step, obtaining a new 
hyaluronic acid liposome composite loaded with two drugs (HL@Mi/-
NONOate). The hyaluronic acid liposome composite HL@Mi without 
NO loading was used as the control group. Its particle size and Zeta 
potential changes were determined by a Malvern particle sizer, as shown 
in Fig. 1e. The hydrated particle size of both HL@Mi/NONOate and 
HL@Mi is less than 500 nm, indicating that the liposome exhibits a small 
size, which meets the basic conditions for penetrating the skin [30]. At 
the same time, compared with HL@Mi, the potential of HL@Mi/NO-
NOate loaded with NO dropped from − 12 to − 24, which is due to the 
presence of the negatively charged NONOate group, making the charge 
drop of HL@Mi/NONOate more apparent [31]. Simultaneously, the 
increase in the charge of the dual-drug loaded HL@Mi/NONOate further 
enhances the stability of the liposome, providing a good prerequisite for 
subsequent transdermal applications and stable drug delivery [32]. To 
more intuitively characterize the composition and morphological 
structure of the liposome composite, 5-aminofluorescein was used to 
fluorescently label the hyaluronic acid in the liposome composite, as 
shown in Fig. 1f. The liposome composite HL is hollow and ring-shaped, 
with HA participating in the assembly of the liposome, uniformly filling 
in the gaps in the lipid bilayer of the liposome, and forming a stable ring 
structure. The morphology changes after HL loaded Mi and NO were 
further observed using TEM, as shown in Fig. 1g,h. Both HL@Mi and 
HL@Mi/NONOate have a round and closed vesicle structure, with no 
significant changes in morphological structure, and the size after drying 
is stable at about 200 nm, with uniform particle size distribution. 

Moreover, the long-term stability of liposomes is important for the 
clinical application of transdermal drug delivery, especially the intro-
duction of HA with good biocompatibility into the lipid bilayer of li-
posomes, forming a stable liposome composite structure, which is 
crucial for drug transdermal penetration and efficient treatment. 
Therefore, this study evaluated the stability of HL@Mi/NONOate by 
continuously measuring the particle size changes of liposomes within 7 
days under storage conditions of 4 ◦C. The experimental results are 
shown in Supplementary Fig. 2. The particle sizes of HL@Mi and 
HL@Mi/NONOate have a slight increase, but the change is relatively 
small. After continuous measurement for 7 days, the difference in par-
ticle size changes is not significant, the size distribution is uniform, and 
no aggregation phenomenon occurs. Therefore, the above results show 
that the liposome composite constructed with HA as the carrier material 
for NO and Mi drugs, namely HL@Mi/NONOate, has a uniform particle 
size distribution, persistent stability, and fully meets the basic re-
quirements for the clinical application of transdermal drug formulations 
[33]. 

2.3. Content and release characteristics of mi and NO in HL@Mi/ 
NONOate 

In this study, the drug loading capacity of Mi in the liposome com-
posites HL@Mi/NONOate and HL@Mi was determined. First, a series of 
different concentrations of Mi standard solutions were prepared, and the 
peak times and areas were measured and recorded using HPLC (Sup-
plementary Fig. 3a). With the peak area of the Mi standard solution as 
the y-axis and the solution concentration as the x-axis, linear regression 
was performed to obtain the regression equation of the relationship 
between peak area and concentration within the range of 0~250 μg/mL 
for Mi, y = 55.211x+62.261, R2 = 0.999 (Supplementary Fig. 3b, where 
y is the peak area and x is the drug concentration). Further, after the 
disruption and low-speed centrifugation of HL@Mi and HL@Mi/ 

NONOate, the content of Mi was determined, as shown in Supplemen-
tary Fig. 3c. Compared with HL@Mi, the drug loading capacity of 
HL@Mi/NONOate decreased by about 7 %. This is because compared 
with Cho-PEI, the hydrophobicity of Cho-PEI/NONOate loaded with NO 
increased. The efficiency of hydrophilic and hydrophobic mutual as-
sembly with liposomes is significantly higher than that of Cho-PEI, 
which reduces the hydrophobic space of the lipid bilayer of liposomes, 
thereby reducing the loading capacity of Mi. However, according to 
other reported liposome composites, the drug loading capacity of 
HL@Mi/NONOate is at a normal level and can meet the treatment re-
quirements of this study for clinical diseases [16,34–36]. 

As NO is an important factor in the therapeutic effect of the liposome 
composite HL@Mi/NONOate, it is necessary to evaluate the loading 
efficiency and release status of NO in HL@Mi/NONOate. According to 
the release characteristics of the NO ion carrier type, HL@Mi/NONOate 
was placed in a buffer solution with a pH of 4.0 to accelerate the release 
process of NO in HL@Mi/NONOate. The disappearance of the NONOate 
group peak at 252 nm absorption peak was detected using a UV spec-
trophotometer, proving that the NO in HL@Mi/NONOate was 
completely released. Further, through the NO standard curve, the final 
loading amount of NO in HL@Mi/NONOate was calculated to be 1.75 
μmol/mg [26]. At the same time, under simulated human physiological 
conditions, the release status of NO in HL@Mi/NONOate was explored. 
The experimental results are shown in Fig. 2. HL@Mi/NONOate releases 
NO at a more significant rate in the early stage, with an accumulated 
release amount of about 60 % within 5 h, after which the release rate 
decreases, entering a stable and slow release state. After 10 h, the release 
amount of NO is close to 70 %, and after 36 h, the release of NO basically 
ends. Compared with the NONOate donor materials in previous studies 
[26], the release characteristics of NO in HL@Mi/NONOate have not 
changed significantly, but the NO release period has significantly 
increased. This is due to the liposome composite serving as the release 
carrier for NO, and the NONOate group is embedded in the strongly 
hydrophobic lipid bilayer of the liposome, changing the release envi-
ronment of NONOate, effectively reducing the release rate of NO, and 
further extending the NO release period in HL@Mi/NONOate [37]. 
Because HL@Mi/NONOate has the characteristic of prolonged NO 
release, it can provide an essential material basis for HL@Mi/NONOate 
to be used for skin administration to achieve a long-lasting therapeutic 
effect of NO. 

2.4. Accelerating blood flow to improve drug permeation efficiency 

To visually understand the penetration depth and distribution of Mi 
in the skin of mice with HL@Mi/NONOate, Rhodamine B (RB) with 

Fig. 2. Cumulative release rate of NO from HL@Mi/NONOate in PBS (pH 7.4, 
37 ◦C). The inset shows the cumulative release quantity of NO (μmol/mg). 
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fluorescence was used as a surrogate for Mi. The same initial fluores-
cence intensity of HL@RB/NONOate and HL@RB was evenly applied to 
the surface of the mouse thigh skin (Fig. 3b). After 1 h, the mouse skin 
tissue was longitudinally sliced to observe the fluorescence distribution 
in the skin. As shown in Fig. 3d, compared to RB which primarily 
remained on the surface of the stratum corneum, both HL@RB and 
HL@RB/NONOate were able to penetrate through the stratum corneum 
and successfully enter the skin. This is due to the natural penetrative 
advantage that HL liposomes with a phospholipid bilayer structure have 
on the skin, enabling small molecules loaded with RB to successfully 
enter the skin. Importantly, compared to HL@RB, HL@RB/NONOate 
showed a clear increase in penetration depth and drug retention in the 
dermal tissue, indicating that the introduction of NO significantly im-
proves the permeation efficiency of transdermal administration. 
Further, muscle tissue under the administration site was removed and 
fluorescence intensity was measured. The results are shown in Fig. 3b. In 
three parallel experiments, most muscle tissues displayed significant 
fluorescence, proving the effective transdermal permeation of HL lipo-
somes. Importantly, the fluorescence intensity of mouse thigh muscle 
tissue after the application of HL@RB/NONOate (left side) was signifi-
cantly higher than that of HL@RB (right side). This result fully dem-
onstrates the substantial enhancement effect of the active gas molecule 
NO on transdermal permeation. 

The amount and duration of Mi retention in the skin is an important 
factor in evaluating the effectiveness of HL@Mi/NONOate in treating 
androgenic alopecia. Firstly, the same size of mouse back skin tissue was 
taken and the in vitro permeation experiment was simulated using a 
Franz diffusion cell, continuously tracking and measuring the skin 

permeation efficiency of the drug Mi after HL@Mi/NONOate acted on 
the in vitro skin. The results are shown in Fig. 3e. Continuous mea-
surement of the content of Mi in the skin permeation fluid for 10 h 
showed that both HL@Mi/NONOate and HL@Mi increased their cu-
mulative permeation amount (Qt, μg) over time. Compared to HL@Mi, 
HL@Mi/NONOate showed good drug permeation after 1 h and the cu-
mulative drug permeation amount after 10 h of HL@Mi/NONOate 
acting on the skin was significantly higher than HL@Mi. Further, the 
content of Mi in the skin was measured 2 h after HL@RB/NONOate 
acted on the live mouse. The results are shown in Fig. 3f. Compared to 
commercially available minoxidil tincture, the content of minoxidil in 
the skin of mice in the HL@Mi and HL@Mi/NONOate groups increased 
significantly. This is because compared to minoxidil tincture, using HL 
liposomes as carrier materials and effectively loading the Mi drug, not 
only can the skin permeate efficiently, but the drug sustained-release 
technology of the liposome can also effectively increase the residence 
time of Mi in the skin and effectively increase the content of Mi [37]. 
Excitingly, compared to HL@Mi, there was more minoxidil in the skin of 
mice treated with HL@Mi/NONOate. This is due to the introduction of 
NO, which slowly releases inside the skin tissue, diffuses into the smooth 
muscle cells of skin blood vessels, activates the production of cyclic 
guanosine monophosphate (cGMP), and achieves relaxation of smooth 
muscle cells and overall dilation of the capillaries at the administration 
site [38,39]. As shown in Fig. 3g,h, the blood flow at the administration 
site 2 min after HL@RB/NONOate acted on the mouse back skin was 3.5 
times that of the HL@Mi group and reached 4.2 times after 5 min, 
showing a continuous rapid increase. The dilation of blood vessels and 
the acceleration of blood flow can effectively enhance the absorption of 

Fig. 3. Study of HL@Mi/NONOate on enhancing drug penetration efficiency. (a) Mechanism illustration of HL@Mi/NONOate enhancing drug penetration. (b) NIR 
FL imaging of HL@RB/NONOate (1), HL@RB (2) applied on the surface and penetrating the muscle tissue of mouse thigh. (c) Fluorescence statistics of the left and 
right leg muscle tissues in mice. (d) Penetration distribution of RB, HL@RB, and HL@RB/NONOate in the skin. (e) Cumulative permeation of minoxidil from HL@Mi 
and HL@Mi/NONOate through the skin. (f) Cumulative retention of minoxidil from Minoxidil, HL@Mi, and HL@Mi/NONOate in the skin of living mice. (g) Light 
intensity of the impact on the dorsal blood flow of mice by HL@Mi and HL@Mi/NONOate at different times (0, 2, 5 min). (h) Tissue blood flow statistics of the dorsal 
part of the mice at different times (0, 2, 5 min). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. 
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the Mi drug at the administration site, prolong the residence time of the 
Mi drug, and thereby significantly increase the accumulated content of 
Mi in the mouse skin after HL@Mi/NONOate treatment. Therefore, 
these results fully prove that NO has a good effect in promoting drug 
permeation and improving drug utilization. Therefore, the dual-drug 
delivery system HL@Mi/NONOate is expected to improve the clinical 
treatment efficiency of androgenic alopecia. 

2.5. In vitro vascular genesis activity analysis 

Blood supply can transport nutrients, growth factors, and cytokines, 
which are crucial for metabolic activities around hair follicles and 
healthy hair growth [40,41]. Studies have reported that scalp blood 
vessels of AGA patients degenerate, affecting blood supply and leading 
to hair follicle miniaturization [42]. Therefore, promoting the prolifer-
ation of vascular endothelial cells in hair follicles and improving 
microcirculation might be crucial for hair regrowth [43]. In this study, 
we used commercially available minoxidil tincture as a positive control 
to investigate in detail the effects of HL@Mi/NONOate on the prolifer-
ation and migration ability of Human Umbilical Vein Endothelial Cells 
(HUVECs) in vitro and further evaluated the ability of HL@Mi/NO-
NOate to promote vascular genesis. As shown in Fig. 4b, compared to the 
blank group, the cell proliferation rates of the Minoxidil, HL@Mi, and 
HL@Mi/NONOate groups after 48 h were 27.28 ± 8.38 %, 115.18 % ±
14.08 %, and 153.77 % ± 12.91 %, respectively. The results show that 
both HL@Mi and HL@Mi/NONOate can significantly promote the pro-
liferation of HUVECs. In contrast, commercially available minoxidil 
tincture, due to its content of solvents such as ethanol and propylene 
glycol, has a significant lethal effect on cells and a higher cell death rate, 
which is the main reason for the side effects of this product. The cell 
migration results (Fig. 4c and d) showed that the scratch area decreased 
in the HL@Mi and HL@Mi/NONOate groups after 24 h. Particularly in 
the HL@Mi/NONOate group, the relative migration area reached 
80.196 % ± 4.45 %, significantly higher than the HL@Mi group (59.69 
% ± 1.10 %) and the control group (40.33 % ± 7.78 %). These results 
indicate that HL@Mi/NONOate, which releases NO, can significantly 
enhance the migration efficiency of HUVECs, effectively enhancing 
vascular genesis and reconstruction. This is critical for improving the 
process of scalp blood vessel growth in AGA patients, restoring degen-
erate vessels, regulating hair follicle vascular microcirculation, and 
promoting hair follicle growth. 

2.6 Proliferation, migration, and regulation of hair growth regula-
tory factor expression levels in HDPCs. 

Each mature hair follicle is a regenerative system that physiologi-
cally undergoes multiple cycles of growth, regression, and resting phases 
[44]. The main signaling center of hair follicles is located in the dermal 
papilla, which originates from dermal mesenchymal cells, is located at 
the base of the hair follicle, controls the hair growth cycle, induces 
epidermal hair follicle development and hair fiber generation, and is 
responsible for hair follicle stem cell regeneration and cycling. It’s an 
essential part of the hair follicle, and its decrease is believed to cause 
hair loss [45]. Therefore, this study detailedly investigated the effects of 
HL@Mi/NONOate on the proliferation and migration of human dermal 
papilla cells (HDPCs). Cell viability test results (Fig. 5b) show that, 
compared to the blank group, the proliferation promoting effects of 
commercially available Minoxidil, HL@Mi, and HL@Mi/NONOate on 
dermal papillae after 48 h of treatment were 22.21 % ± 3.61 %, 103.63 
% ± 17.09 %, 161.90 % ± 30.38 %, respectively. The results are similar 
to the in vitro proliferation effect of HUVECs, and HL@Mi and 
HL@Mi/NONOate have a significantly better promotion effect on the 
proliferation of dermal papillae than Minoxidil. This further proves that, 
compared to commercially available Minoxidil, the liposome composite 
material HL exhibits excellent cell safety, which is very important for 
clinical treatment applications. Importantly, compared to HL@Mi, 
HL@Mi/NONOate has a better effect on the proliferation of dermal 
papillae. At the same time, cell migration results (Fig. 5c and d) also 
show that the reduction in scratch area of HDPCs after HL@Mi/NO-
NOate (59.18 % ± 1.83 %) treatment for 24 h is significantly higher than 
that of the HL@Mi group (44.54 % ± 0.33 %) and the Control group 
(14.28 % ± 1.20 %). The results again prove the advantage of NO in 
promoting cell proliferation and migration, providing a possibility for 
combined drug synergistic treatment of hair loss. The development and 
cycling of hair follicles involve various signaling pathways, with the 
Wnt/β-catenin signaling pathway being essential for sustaining the 
growth of HDPCs. An increase in signaling within HDPCs is one of the 
primary factors for hair growth. β-Catenin plays a pivotal role in pro-
moting the transition of hair from the resting phase to the growth phase, 
regulating cell proliferation and apoptosis, and inducing the differenti-
ation of hair follicle stem cells. Wnt signaling in dermal papilla cells is 
considered a key factor in stimulating hair growth. Therefore, modu-
lating the Wnt signaling pathway to control hair follicle regeneration 
and employing it for the treatment of hair disorders represents a viable 

Fig. 4. Study on HL@Mi/NONOate promoting angiogenesis. (a) Schematic illustration of HL@Mi/NONOate promoting angiogenesis. (b) Proliferation rate after 
treatment with Minoxidil, HL@Mi, and HL@Mi/NONOate. (c) Cell migration images, scale bar = 100 μm. (d) Quantitative analysis of the relative migration area for 
DMEM, HL@Mi and HL@Mi/NONOate. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. 
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strategy [41,46,47]. At the same time, VEGF is a highly specific vascular 
endothelial cell growth factor, which has the effects of promoting 
vascular permeability increase, extracellular matrix degeneration, 
vascular endothelial cell migration, proliferation, and vessel formation. 
When evaluating the effects of activated and non-activated PRP in hair 
loss treatment, the concentration of the cytokine VEGF is an important 
indicator [48]. The expression of VEGF in cells is beneficial to promote 
the formation of blood vessels around hair follicles and further achieve 
hair generation [49]. In addition, the hair root contains a large amount 
of MMP3 activating factor, which can improve the blood circulation of 
the head and regulate the proliferation, migration, and differentiation of 
hair follicle dermal cells and hair follicle keratinocytes [50]. Given the 
positive role of regulatory factors such as β-catenin, VEGF, and MMP3 in 
the process of hair generation, in this study, we detailedly investigated 
the effect of HL@Mi/NONOate on the mRNA generation level of hair 
growth-related factors in HDPCs. The experimental results, as shown in 
Fig. 5e, f, g, compared with the blank group, HL@Mi and HL@Mi/NO-
NOate have a significant increase in the mRNA generation level of 
inducing HDPCs to generate regulatory factors such as β-catenin, VEGF, 
and MMP3. More importantly, compared to HL@Mi, the introduction of 
NO further increases the mRNA generation of regulatory factors. This is 
because NO, as an important messenger molecule mediating many 
signaling pathways in the human body, participates in the development 
and cycle of hair follicles and can effectively regulate the regeneration of 
hair follicles in conjunction with Mi drug molecules to achieve effective 
treatment of hair diseases [51,52]. 

2.6. Evaluation of androgenic alopecia treatment effect 

In order to further explore the clinical application of the transdermal 
drug delivery system HL@Mi/NONOate in the treatment of androgenic 
alopecia, a mouse model of androgenic alopecia (AGA) was established, 
and a 21-day treatment was conducted [53]. In the selection of mouse 
gender, in addition to considering the exclusion of the effects of male 
hormones, research on female AGA is relatively limited. As the number 
of female AGA patients is gradually increasing, it may lead to significant 
psychological impacts [54]. The physiological status of mice during 
treatment, the regenerative hair coverage area and weight, and the 
condition of hair follicle tissue regeneration were tracked and recorded. 
Real-time monitoring of changes in their body weight was done and 
pathological sections were collected at the end of the experiment to 
evaluate the treatment effect of HL@Mi/NONOate on androgenic alo-
pecia. As shown in Fig. 6e, the weight of mice in each group showed a 
growth trend during the experiment, indicating that the 
hormone-induced alopecia model did not affect the normal physiolog-
ical activities of the mice. On the day of hair removal, the skin of all 
group mice was pink, and there was no significant vellus hair growth 
under the dermatoscope (Fig. 7a). On the 7th day, it can be observed that 
the skin color of the mice in the Healthy group began to turn gray 
overall, and vellus hair could be seen under the dermatoscope. However, 
there was no significant color change in the skin of mice in the AGA and 
HL groups, while in other treatment groups, a small part of the area had 
turned gray. In the HL@Mi/NONOate group, the gray scale was more 
noticeable, and a small amount of vellus hair growth could be seen 
under the dermatoscope. By the 12th day, obvious hair growth could be 

Fig. 5. Study on the mechanism of HL@Mi/NONOate on hair regrowth. (a) Mechanism illustration of the role of NO in HL@Mi/NONOate. (b) Proliferation rate after 
treatment with Minoxidil, HL@Mi, and HL@Mi/NONOate. (c) Cell migration images, scale bar = 100 μm. (d) Quantitative analysis of the relative migration area for 
each group. (e) mRNA levels of β-catenin in HDPCs. (f) mRNA levels of VEGF in HDPCs. (g) mRNA levels of MMP3 in HDPCs. *P < 0.05; **P < 0.01; ***P < 0.001; 
****P < 0.0001. 
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seen on the back of the mice in the Healthy group, with only a few areas 
where hair was invisible to the naked eye, and terminal hair could be 
seen under the dermatoscope. However, there was no significant change 
in the AGA group, which intuitively demonstrates the successful estab-
lishment of the AGA animal model. Meanwhile, the skin color of the 
mice in the treatment group turned gray, and terminal hair visible to the 
naked eye appeared in some areas of the mice in the HL@Mi/NONOate 
group, and significant terminal hair could also be seen under the der-
matoscope. Continuing the treatment from the 17th to 21st day, the hair 
growth of the mice in the Healthy group was complete, the color was 
black and shiny. In the model group, localized hair growth could be seen 
in a few mice, most of the mice had partially gray skin, and there was 
still pink skin without hair growth, and a small amount of vellus hair 
under the dermatoscope. This shows that the constructed AGA animal 
model can maintain a stable state for a long time. On the 21st day, the 
hair growth of the mice in the HL@Mi/NONOate group was obvious. In 
terms of skin color scoring (Fig. 6d), overall hair coverage area (Fig. 6f), 
and average hair weight (Fig. 6g), it was closest to the Healthy group. 

Further, through skin tissue HE sections (Fig. 7b), it can be seen that 
the number of hair follicles in the AGA group decreased, the number of 
telogen and catagen hair follicles increased, the hair follicles shrank, and 
the subcutaneous fat layer became thinner. The Healthy group and the 

treatment group had more skin hair follicles than the AGA group, 
complete hair follicle structures could be seen, some hair follicles were 
in the growth phase or early regression phase, and the bulb part reached 
the subcutaneous fat layer. By using Image J software to measure the 
thickness of skin longitudinal cuts, it can be obtained that the skin 
thickness of the mice in the Healthy group and the treatment group was 
greater than that of the AGA group (Fig. 7c), and there was no significant 
difference between the mice in the HL@Mi/NONOate group and the 
Healthy group. Further, by observing the hair follicle tissue cross- 
sections (Fig. 7d), the total number of hair follicles in the Healthy 
group mice was the most and was close to the total number of hair 
follicles in the HL@Mi/NONOate group mice, which were significantly 
more than the total number of hair follicles in the AGA group mice. 

2.7. Inflammation regulation and regeneration repair 

The process of hair follicle regeneration takes place both within the 
follicles and in their surrounding environment, regulated by the cells 
and the environment. IL-6 and TGF-β1 have been proven to inhibit hair 
growth in vitro experiments [55]. Gentile and colleagues mentioned in 
their study that due to the characteristic inflammatory infiltration of 
AGA, which is responsible for the release of inflammatory cytokines, the 

Fig. 6. In vivo evaluation of promoting hair regrowth in mice. (a) Establishment of AGA mouse model and subsequent treatments. (b) Photos of mice after hair 
removal and 21-day treatment with saline, HL, Minoxidil, HL@Mi, and HL@Mi/NONOate. (c) Mouse skin color scoring index. (d) Quantification of the skin color 
scores of mice shown in (b). (e) Changes in body weight of mice in each group over 21 days. (f) Hair coverage area of regenerated hair in each group. (g) Weight of 
regenerated hair in each group. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. 
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anti-inflammatory and immunomodulatory properties of platelet rich 
plasma (PRP) or dermal stem cells might be beneficial for hair regen-
eration [47]. To further explore the inflammation regulation of 
HL@Mi/NONOate in the treatment of androgenic alopecia, an 
enzyme-linked immunosorbent assay (ELISA) of mouse skin was per-
formed to determine the concentrations of IL-6 and TGF-β1 in mouse 
skin after HL@Mi/NONOate treatment. As shown in Fig. 8b,c, the AGA 
group had the highest concentrations of IL-6 and TGF-β1, demonstrating 
inflammation at the follicular site in AGA mice. This reflects the true 
condition of AGA patients and validates the success of the model [56]. 
The HL@Mi/NONOate group mice and Healthy group mice had similar 
inflammatory factor levels, indicating that after HL@Mi/NONOate 
treatment, mice could significantly reduce inflammation within 21 days 
to levels comparable to those of the Healthy group. VEGF is an important 
indicator of hair growth and plays a crucial role in promoting angio-
genesis. As shown in Fig. 8d, HL@Mi/NONOate fully utilized the func-
tion of NO in promoting angiogenesis, with good treatment effects, 
consistent with previous in vitro cell experiments [21]. It is observable 
that the serum of androgenic patients showed an increase in the 
androgen receptor (AR) indicators. Studies have confirmed that Dihy-
drotestosterone (DHT) can activate AR in mouse hair follicles [56]. As 
shown in Fig. 8a,g, the expression of AR proteins in mice was deter-
mined through an immunofluorescence experiment after different group 
material treatment. Paraffin sections of mouse skin tissue stained by 
immunofluorescence showed a significant increase in AR protein 
expression in the AGA group mice, deeper staining than other groups, 
indicating that the subcutaneous injection of DHT suspension caused 
competitive binding to androgen receptors, inducing an increase in 
androgen receptor expression around the hair follicles. The Healthy 
group detected only a small part of the hair follicle area stained, indi-
cating that only a few or no androgen receptor proteins were expressed 
around the normal hair follicles. After treatment with HL@Mi/NO-
NOate, the expression of androgen receptors around the hair follicles 
decreased compared to the AGA group. Meanwhile, the expression of 
Ki67 and PCNA proteins are important indicators of hair follicle cell 
proliferation [18,57]. Cervelli and colleagues utilized the Ki67 marker 
to assess cell proliferation in order to validate the clinical effects of hair 
growth during the process of treating hair loss with autologous activated 

platelet rich plasma (AA-PRP) injections [58]. To further verify the role 
of HL@Mi/NONOate in promoting proliferation, we measured these two 
indicators and performed fluorescence quantification analysis using 
Image J software. As shown in Fig. 8e,f,Immunofluorescence staining 
showed significant staining around the hair follicles of the Healthy 
group, and the expression of Ki67 and PCNA was obvious, demon-
strating vigorous cell proliferation. The AGA group had lighter staining 
around the hair follicles, with only a few hair follicle cells showing 
active proliferation. However, in the hair follicle tissues of mice treated 
with HL@Mi/NONOate, the expression of Ki67 and PCNA factors 
increased, close to that of the Healthy group and significantly higher 
than the AGA group. Therefore, this study validated that HL@Mi/NO-
NOate can effectively inhibit the inflammatory response of skin hair 
follicles, promote the generation of hair follicle blood vessels, and repair 
damaged hair follicles, improving the hair growth microenvironment 
and further synergizing Mi drugs to effectively treat androgenic alopecia 
through the successful construction of the AGA animal model and 
various evaluation methods. 

2.8. Biocompatibility assessment 

Biocompatibility is a prerequisite for biomedical applications and 
subsequent clinical transformations. We used the commercially avail-
able minoxidil tincture as a control group to assess the toxic side effects 
of HL@Mi/NONOate on skin conditions and major organs during the 
treatment of androgenic alopecia. As shown in Fig. 9a, the skin condition 
of the treatment mice was observed three days after treatment using a 
dermascope. The commercially available minoxidil tincture caused dry 
and peeling skin in mice due to the presence of organic solvents such as 
ethanol and propylene glycol. Observation under a dermascope (Fig. 9b) 
revealed that some residual crystals were attached to the skin surface 
after drying. However, the skin surface of mice treated with HL@Mi/ 
NONOate was smooth and well moisturized. Further observation with a 
dermascope found that, within three days of continuous administration, 
the skin showed no erythema, edema, or dryness, and the skin remained 
a complete and rosy complexion, with no residual crystals attached. 
Furthermore, H&E staining of the heart, liver, spleen, lungs, and kidneys 
of the mice from all groups (Fig. 9c) revealed no noticeable damage or 

Fig. 7. In vivo evaluation of promoting hair regrowth in mice. (a) Dermatoscopy images of hair growth in mice from each group. (b) H&E staining images of dorsal 
skin in mice. Scale bars from top to bottom are 100 μm, 250 μm, and 100 μm, respectively. (c) Thickness of the longitudinal sections of the skin in mice from each 
group. (d) Number of hair follicles in the transverse sections of the skin in mice from each group. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. 
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toxicity in any of the tissues. In addition, biochemical analysis of serum 
markers after treatment in different groups, including liver function 
(ALT, AST), kidney function (UA, CR), cholesterol (T-CHO), cardiac 
enzyme (LDH), and blood lipids (GLU), as shown in Supplementary 
Fig. 4, revealed that all indicators met the standard requirements 
compared to the Healthy group. Therefore, these results suggest that 
HL@Mi/NONOate, which combines liposomes with excellent percuta-
neous performance and hyaluronic acid with a moisturizing function to 
create a composite for NO and Mi transdermal drug delivery, has 
excellent biocompatibility and potential value for practical clinical 
application. 

2.9. Comparison of HL@Mi/NONOate with other therapeutic modalities 

In this study, a novel hyaluronic acid liposome composite (HL) was 
used to combine gas molecules with drug therapy, culminating in a new 
transdermal delivery system (HL@Mi/NONOate) that features efficient 
penetration and synergistic therapeutic functions. This system demon-
strated promising therapeutic effects in the treatment of Androgenic 
Alopecia (AGA). More importantly, it is crucial to compare HL@Mi/ 
NONOate with current treatment strategies to further investigate the 
differences in therapeutic efficacy. 

Minoxidil, as a vasodilator and potassium channel opener, enhances 
the survival rate of dermal papilla cells of the hair follicle by increasing 
blood flow, elevating the Bcl-2/Bax protein ratio, and activating extra-
cellular signal-regulated kinase (ERK) and protein kinase B (Akt) [59]. It 
was the first drug approved by the U.S. Food and Drug Administration 
(FDA) for the treatment of male and female pattern hair loss. However, 
minoxidil is primarily formulated in solvents like ethanol and propylene 
glycol for topical application and requires long-term use. It can cause 
side effects such as skin swelling, dehydration, peeling, crystallization, 
and allergic reactions. Distinct from minoxidil, finasteride, a type II 
5-α-reductase inhibitor, prolongs the hair follicle growth phase by pre-
venting the conversion of testosterone to dihydrotestosterone. It also 
reduces hair loss patterns associated with increased expression of 
cysteine and apoptosis inhibitors, improving AGA patients’ hair condi-
tions [60,61]. However, long-term administration of finasteride, which 
has hormonal modulation functions, may lead to side effects such as 
sexual dysfunction, poor breast development, and depression [62]. Be-
sides drug therapies, platelet rich plasma (PRP) has gained traction in 
recent years. It can alleviate skin ischemic conditions, augment the 
vascular structure around hair follicles, and release various growth 
factors. Additionally, autologous cell biotechnology produced by stem 
cells, possessing self-renewal and regenerative abilities, is widely used in 

Fig. 8. Evaluation of inflammation regulation and repair regeneration in mice. (a) Fluorescent expression of AR, Ki67, and PCNA in the skin of mice in each group, 
scale bar = 50 μm. (b) IL-6 content in the skin of mice in each group. (c) TGF-β1 content in the skin of mice in each group. (d) VEGF content in the skin of mice in each 
group. (e) Quantitative analysis of PCNA fluorescence intensity in (a). (f) Quantitative analysis of Ki67 fluorescence intensity in (a). (g) Quantitative analysis of AR 
fluorescence intensity in (a). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. 
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AGA treatment due to its excellent bio-safety and efficacy [41,44,48, 
63–65]. Equally vital is low-level laser therapy (LLLT) that stimulates 
mitochondria in hair stem cells, increasing reactive oxygen species 
(ROS) and adenosine triphosphate (ATP) to enhance cell proliferation 
and migration, promoting hair growth [66,67]. Microneedling, an 
emerging medical technology extensively used in transdermal drug de-
livery, is also increasingly applied in AGA treatment [68–70]. 

Excitingly, in recent years, many researchers have combined thera-
peutic drugs (minoxidil, finasteride) with emerging technologies (PRP, 
stem cells, LLLT, microneedling, and transdermal delivery) by designing 
rational treatment strategies. This synergistic approach has effectively 
improved AGA treatment outcomes [70]. This therapeutic concept 
aligns with our study’s proposed strategy of synergistically combining 
gas, drugs, and transdermal technology. From drug therapy to emerging 
technology assistance, it’s evident that combined treatment strategies 
offer a broader perspective in AGA treatment than standalone methods. 
Therefore, with technological advancements and emerging treatment 
methods, future AGA treatment plans should consider comprehensive, 
personalized approaches, integrating the best strategies to offer patients 
optimal treatment solutions. 

3. Conclusions 

By combining NO molecules and Mi therapy, a novel transdermal 
delivery system (HL@Mi/NONOate) with efficient permeation and 
synergistic therapeutic function was developed to treat AGA. Due to the 
efficient loading and prolonged slow release of NO, this transdermal 
system effectively promoted capillary dilation and accelerated blood 
flow, thereby achieving efficient penetration of Mi. Taking the structural 
advantage of the liposome carrier, the residence time of Mi in the skin 
was prolonged, effectively improving the bioavailability of Mi. This 
system combined Mi and the important intercellular signaling factor NO, 

effectively promoting cell proliferation and angiogenesis. Moreover, the 
expression of human dermal hair follicle stem cell differentiation regu-
latory factors β-catenin, VEGF, and MMP3 were upregulated. In vivo, the 
combination of NO and Mi effectively downregulated the expression of 
inflammatory factors IL-6 and TGF-β1, inhibiting inflammation in skin 
follicles. Concurrently, NO and Mi upregulated the expression of Ki67 
and PCNA proteins in skin follicle tissues, inducing follicle regeneration 
and development, ultimately achieving efficient synergistic treatment 
for AGA. Therefore, the novel delivery system HL@Mi/NONOate pro-
vided a safe and efficient solution for enhancing the effect of trans-
dermal drug therapy, suggesting tremendous clinical translation 
potential and broad application prospects for AGA. 

4. Materials and methods 

4.1. Materials preparation 

Soybean phosphatidylcholine was purchased from Aladdin 
Biochemical Technology Co., Ltd. (Shanghai, China). Polyethyleneimine 
(PEI, Mn = 600) was obtained from McLan Bio-Tech Co., Ltd. (Shanghai, 
China). Cholesteryl chloroformate (Cho) was purchased from Qiyun 
Biotechnology Co., Ltd. (Guangzhou, China). Sodium hyaluronate was 
obtained from JinSui Biotechnology Co., Ltd. (Shanghai, China). 
Minoxidil raw material was purchased from Yuan Ye Biotechnology Co., 
Ltd. (Shanghai, China). Minoxidil tincture (2 % minoxidil concentra-
tion) was obtained from Darierheng. DMEM, trypsin, fetal bovine serum, 
and penicillin-streptomycin were purchased from Gibco (USA). Griess 
reagent kit and CCK-8 assay kit were obtained from Beyotime Biotech-
nology Co., Ltd. (Shanghai, China). Anti-Ki67, AR, PCNA, VEGF, IL-6, 
and TGF-β1 antibodies for mice were purchased from Sino Biological 
Inc. (Wuhan, China). Human dermal papilla cells (HDPCs) and human 
umbilical vein endothelial cells (HUVECs) were obtained from Meiseng 

Fig. 9. Evaluation of the biosafety of the materials. (a) Images of mouse skin after continuous administration for 3 days. (b) Dermatoscopic conditions of the skin in 
each group of mice. (c) Histopathological examination of the major organs (including heart, liver, spleen, lungs, and kidneys) in six groups of mice receiving different 
treatments. Scale bar = 100 μm. 

H. Xing et al.                                                                                                                                                                                                                                    



Bioactive Materials 32 (2024) 190–205

201

Cell Technology Co., Ltd. (Zhejiang, China). Dihydrotestosterone (DHT) 
was purchased from Xinsen Baitai Technology Co., Ltd. (Beijing, China). 

4.2. Preparation of HL@Mi/NONOate 

4.2.1. Synthesis of cho-pei/nonoate 
The synthesis process was modified based on the experimental con-

ditions reported previously [26,71]. Briefly, under ice bath conditions, 
polyethyleneimine (PEI) with a molecular weight of 600 was dissolved 
in anhydrous dichloromethane. Triethylamine was used as a catalyst, 
and cholesteryl chloroformate (Cho) was added in a molar ratio of 1:1 
with PEI. The reaction mixture was stirred for 12 h, followed by vacuum 
concentration. The resulting concentrate was dissolved in 0.1 M hy-
drochloric acid solution (10 mL) and washed and precipitated multiple 
times with acetone. Afterward, it was vacuum-dried at room tempera-
ture to obtain a white solid, namely Cho-PEI. Furthermore, the obtained 
Cho-PEI was dissolved in a mixed solvent of anhydrous methanol and 
tetrahydrofuran (volume ratio: 1:0.1). Then, 100 mg of dried sodium 
methoxide was added, and the mixture was placed in a high-pressure NO 
reaction vessel. After the completion of the reaction, a novel ion-type NO 
donor material, Cho-PEI/NONOate, was obtained. 

4.2.2. Synthesis of HL@Mi/NONOate and HL@Mi liposomes 
HL@Mi/NONOate liposomes were prepared using a reverse evapo-

ration method [72]. In brief, soybean phosphatidylcholine (3 % w/v), 
Cho-PEI/NONOate (0.1 % w/v), and minoxidil (2 % w/v) were dissolved 
in a mixture of 30 mL ethanol and chloroform (1:1, v/v) until fully 
dissolved. Then, a solution of sodium hyaluronate (0.05 % w/v) was 
added, and the mixture was stirred steadily for 30 min. Finally, the li-
posomes were obtained by rotary evaporation, hydration with phos-
phate buffer solution (pH = 7.4), and sonication, resulting in a 
suspension of HL@Mi/NONOate liposomes with small and uniform 
sizes. To obtain HL@Mi liposomes, Cho-PEI/NONOate was replaced 
with Cho-PEI in the above procedure. For the loading of rhodamine B 
(RB) as a model drug for minoxidil, with fluorescence imaging capa-
bility, the same procedure was followed, resulting in RB-loaded lipo-
somes (HL@RB liposomes) and HL@RB/NONOate liposomes. 

4.2.3. Characterization 
The structures of Cho, Cho-PEI, and Cho-PEI/NONOate were deter-

mined by dissolving them in deuterated chloroform and analyzing their 
1H spectra using a Bruker 300 NMR spectrometer. The data were 
analyzed using MestReNova software. Structural changes of Cho, PEI, 
Cho-PEI, and Cho-PEI/NONOate were measured using a Fourier trans-
form infrared spectrophotometer (VERTEX70) with potassium bromide 
(KBr) pellet method. Additionally, the spectral changes of Cho-PEI and 
Cho-PEI/NONOate were analyzed using a UV–Vis spectrophotometer 
(UV-2550). The particle size and ζ potential changes of HL@Mi and 
HL@Mi/NONOate were measured using a laser particle size analyzer 
(Malvern). The distribution of fluorescein-labeled hyaluronic acid 
within the liposome structure was characterized using laser scanning 
confocal microscopy (LSM 880). The morphological changes during the 
preparation of HL@Mi/NONOate were observed using a high-voltage 
transmission electron microscope (JEOL TEM-1210) operated at a 
working voltage of 120 kV. 

4.3. Determination of mi and NO loading efficiency in HL@Mi/NONOate 

4.3.1. Establishment of the minoxidil standard curve 
Based on an improved method reported in previous studies [73], the 

following steps were performed. Different concentrations of minoxidil 
standard solutions (0–250 μg/mL) were prepared. A high-performance 
liquid chromatography (HPLC) system equipped with a C18 column 
(15 cm × 4.6 mm, particle size = 5 μm) was used. The mobile phase 
consisted of a mixture of methanol and acetonitrile (3:7 v/v), and 
elution was performed at a flow rate of 1 mL/min at 30 ◦C. The column 

effluent was detected at 281 nm using a UV detector, with an automatic 
injection of 20 μL for each sample. All samples were filtered through a 
0.45 μm microfiltration membrane before injection into the HPLC sys-
tem. The peak areas at different concentrations were measured and a 
calibration curve was constructed by plotting the corrected peak areas 
against the corresponding standard concentrations. Linear regression 
analysis was performed using Origin 2021 software. 

4.3.2. Calculation of mi loading amount 
The drug loading (DL) refers to the content of minoxidil encapsulated 

per unit weight or unit volume of liposomes [72,74]. To evaluate DL, 
different concentrations of minoxidil methanol solutions are prepared. 
After centrifuging the freshly prepared HL@Mi and HL@Mi/NONOate 
suspensions at 8000 rpm for 20 min at 20 ◦C, the supernatant is 
collected. Methanol is used to disrupt HL@Mi and HL@Mi/NONOate, 
and the samples are diluted before injection into the analysis column. 
The concentration of unloaded minoxidil is calculated based on the 
standard curve of minoxidil. Finally, DL is calculated using the following 
formula: 

DL(%)=
Initial amount of drug – drug in the supernatant

Weight of the liposomes
× 100%  

4.3.3. Experimental determination of NO loading amount 
In this study, we employed the Griess reagent method to measure the 

content of NO in HL@Mi/NONOate [75]. The method is briefly 
described as follows: 100 mg of HL@Mi/NONOate powder is dissolved 
in 5 mL of citric acid buffer solution (pH = 4.0) and incubated in a 
light-protected constant temperature shaker at 37 ◦C for 4 h. After 
centrifugation, the supernatant is mixed with Griess reagent and incu-
bated in the dark for 15 min. The absorbance at 540 nm is measured, and 
the loading amount of NO in HL@Mi/NONOate is calculated using a 
standard curve for NO. 

4.4. In vitro NO release experiment 

A 5 mL solution of HL@Mi/NONOate is placed in a dialysis bag with 
a molecular weight cutoff of 500 Da. The dialysis bag is immersed in 45 
mL of PBS buffer (pH = 7.4) and incubated on a constant temperature 
shaker at 37 ◦C. Suitable sampling time intervals (5 min, 10 min, 30 min, 
1 h, 3 h, 6 h, 24 h, 36 h) are set. After thorough shaking, 5 mL of the 
release solution is taken from the centrifuge tube, and an equal volume 
of fresh PBS buffer is replenished immediately. The released NO in the 
solution is mixed with Griess reagent and incubated in the dark for 15 
min. The absorbance at 540 nm is measured, and the cumulative per-
centage of NO release is calculated using a standard curve for NO. Each 
sample is performed in triplicate, and the results are presented as the 
mean value with standard deviation. 

4.5. Stability evaluation of HL@Mi/NONOate 

The long-term stability of liposomes is an important characteristic 
for transdermal drug delivery formulations [16]. To study the physical 
stability of HL@Mi and HL@Mi/NONOate during storage (1–7 days), 
the changes in particle size were monitored. The following steps were 
followed: freshly prepared HL@Mi and HL@Mi/NONOate were stored 
in a refrigerator at 4 ◦C, and the particle size of the samples was 
measured using a laser nanoparticle size analyzer at fixed time points for 
seven consecutive days. 

4.6. Research on the skin penetration effect of HL@Mi/NONOate 

4.6.1. 1 in vitro skin penetration experiment 
In this study, an in vitro simulated skin penetration experiment of 

HL@Mi and HL@Mi/NONOate was conducted using a Franz diffusion 
cell. The receiving chamber was filled with PBS buffer solution (pH =
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7.4) and maintained at a constant stirring speed of 200 rpm/min. The 
diffusion cell was kept at 37 ◦C using a circulating water bath. Mouse 
skin of appropriate size was clamped between the donor and receiving 
chambers. Then, 2 mL of the same concentration suspension of HL@Mi 
and HL@Mi/NONOate (both containing 2 % minoxidil) were added to 
the donor chamber of the Franz diffusion cell (TP-6) and sealed. At 
specific time intervals (1 h, 3 h, 5 h, 7 h, and 10 h), an equal volume of 
the transdermal permeation solution was collected, and fresh buffer 
solution was rapidly replenished to the donor chamber. The content of 
Mi in the transdermal permeation solution was determined using the 
obtained standard curve. 

4.6.2. Measurement of minoxidil content in the skin 
After anesthetizing the mice, the hair on the dorsal area of the mice 

was removed using a depilatory cream. Subsequently, 200 μL of 
minoxidil tincture, HL@RB, and HL@RB/NONOate suspensions (all 
with a minoxidil concentration of 2 %) were evenly applied to the 
depilated area on the mice’s backs. After 2 h, skin tissues with an area of 
1 cm2 were collected from each group of mice. The residual material 
suspension on the skin surface was removed using physiological saline, 
and the skin was blotted dry with filter paper. The skin was then minced 
and homogenized using a tissue homogenizer. After diluting with 
methanol at the same ratio, the supernatant was collected after centri-
fugation and filtration. The content of minoxidil in the skin was deter-
mined using high-performance liquid chromatography (HPLC). 

4.6.3. Penetration depth and distribution of materials in the skin 
Following the aforementioned procedures, the distribution of 

HL@RB and HL@RB/NONOate in skin tissue after 2 h of penetration 
was determined using rhodamine B, which has fluorescence imaging 
capability. After completing the experiment, the skin was removed from 
the Franz diffusion cell and washed with PBS to remove any residual 
material on the skin surface. The skin was then dried and embedded and 
fixed using an embedding agent (OTC compound). Subsequently, the 
frozen skin tissue was vertically sectioned into skin slices with a thick-
ness of approximately 10 μm using a cryostat at − 20 ◦C. The distribution 
of fluorescence in the skin was observed using an AxioCamMRc inverted 
fluorescence microscope with a selected emission wavelength of 560 nm 
and an excitation wavelength of 546 nm. 

4.6.4. Penetration effect on live animal skin 
The leg hair of mice was removed using a depilatory cream to 

eliminate interference with fluorescence imaging. Then, 5 μL of the same 
concentration of HL@RB and HL@RB/NONOate suspensions were 
applied evenly to the depilated legs of the mice. The left leg was treated 
with HL@RB/NONOate, while the right leg was treated with HL@RB, 
simulating the penetration effect of the two materials on live animal 
skin. After 1 h, the skin tissue from the mice’s thighs was collected, and 
the fluorescence intensity in the underlying muscle tissue of the thigh 
was measured. The experiment was repeated three times. 

4.6.5. Analysis of the effect of NO on blood flow velocity 
Following the aforementioned procedures, the effect of HL@Mi and 

HL@Mi/NONOate on blood vessel flow velocity in the mouse skin 
penetration area was measured using a laser speckle blood flow imaging 
system (FLPI-2). Firstly, the back of the mice was depilated to eliminate 
the influence of hair on imaging. Then, 200 μL of the same concentration 
of the materials was applied evenly to the depilated area on the mouse’s 
back. Blood flow velocity measurements were taken at 0, 2, and 5 min 
after application using the FLPI-2 system to observe and analyze the 
blood flow dynamics in the back region after material application. The 
moorFLPI-2 image processing software was used for quantitative anal-
ysis of the blood flow velocity in the back blood vessels after material 
application. 

4.7. Cell experiment 

4.7.1. HUVECs and HDPCs proliferation experiments 
HUVECs were cultured in DMEM supplemented with 10 % fetal 

bovine serum (FBS) and 1 % antibiotics [76]. HUVECs were seeded in 
96-well culture plates at a density of 5 × 103 cells per well. After 24 h of 
incubation at 37 ◦C in a 5 % CO2 environment, the culture medium was 
removed and replaced with equal concentrations of Minoxidil, HL@Mi, 
and HL@Mi/NONOate (each sample containing 0.02 % Minoxidil). The 
control group was only cultured in the medium. Three replicates were 
set for each group. After continuous culture for another 24 h, the ma-
terial was removed and CCK-8 indicator was added. The absorbance at 
450 nm was recorded using a multi-function enzyme label instrument, 
and the cell proliferation rate after the action of different materials was 
calculated. The proliferation experiment of HDPCs cells referred to the 
above operation method. 

4.7.2. HUVECs and HDPCs migration experiments 
The effect of the material on cell migration was determined by the 

scratch assay [50]. Briefly, HUVECs were seeded into 6-well plates at a 
concentration of 2 × 105 cells per well. When the cells reached 80%–90 
% confluence, a straight scratch was made in the center of the well, and 
Minoxidil, HL@Mi, and HL@Mi/NONOate (each sample containing 
0.02 % Minoxidil) were added. The control group used the culture 
medium. After 24 h of action, the cell migration was photographed using 
an inverted microscope, and the scratch width was quantified using 
Image J software to calculate the healing rate. The migration experiment 
of HDPCs cells referred to the above operation method. 

4.7.3. In vitro real-time quantitative polymerase chain reaction (qRT-PCR) 
analysis of HDPCs 

The qRT-PCR method was used to explore the potential mechanism 
of HL@Mi/NONOate in the treatment of male pattern baldness [50]. The 
steps are briefly as follows: HDPCs were cultured in 6-well plates with 2 
× 105 cells per well. After the cells adhered, Minoxidil, HL@Mi, and 
HL@Mi/NONOate (each sample containing 0.02 % Minoxidil) were 
added to each well. After 24 h of action, the sample solution was 
removed, total RNA was extracted from the cells, reverse transcription 
was performed using the related reagent kit according to the operation 
instructions, and the expression of β-catenin, VEGF, MMP3 in cells was 
finally determined using a real-time fluorescent quantitative PCR in-
strument. The primer sequences used in this study are listed in Supple-
mentary Table 1. 

4.8. Animal experiment 

4.8.1. 1 establishment of AGA mouse model 
30 female C57BL/6 mice (6–8 weeks old, average weight of 20 g) 

were purchased from Beijing Vital River Laboratory Animal Technology 
Co., Ltd. (Beijing, China). The entire experimental cycle was kept at 
room temperature 22 ◦C–24 ◦C, relative humidity 60 %, 12 h light/dark 
cycle, ensuring adequate food and water for each group of experimental 
mice, and the mice were allowed to adapt to the experimental envi-
ronment for one week before the experiment. The experimental pro-
cedure referred to previous literature with minor modifications [56]. 
After depilation with depilation cream, dihydrotestosterone (DHT) was 
subcutaneously injected to induce an androgenic mouse model. The dose 
was 10 mg/kg/d. The same dose of DHT was continuously injected 
throughout the treatment process to maintain the androgen level in the 
body. The successful establishment of the model was determined by 
dermatoscopy and histopathological sections. 

4.8.2. Mouse hair growth and histological evaluation 
The experimental steps are briefly as follows: the experimental mice 

were divided into the Healthy group, AGA group, HL group, HL@Mi 
group, and HL@Mi/NONOate group. Starting from the first day after 
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depilation, the HL group, HL@Mi group, and HL@Mi/NONOate group 
were given drug treatment, the Healthy group was given physiological 
saline, and the AGA group was only injected with DHT, and the treat-
ment lasted for 21 days. The growth of mouse back hair was tracked and 
photographed on the 7th, 12th, 17th, and 21st days, further local 
observation records were made using a dermatoscope, and the mouse 
weight, changes in the color of the back skin, and hair growth conditions 
were detailed recorded. At the end of the experiment, the skin tissue on 
the back of each group of mice was removed and fixed in 4 % poly-
formaldehyde solution, then paraffin-embedded, solidified and cut into 
5 μm thick sections. The sections were stained with H&E, and the hair 
follicles in the skin tissue were observed under an optical microscope. 
The Image J software was used in conjunction with the measurement of 
the skin thickness and the total number of hair follicles in each group. 

4.8.3. Mouse skin tissue ELISA 
The experimental steps are briefly as follows: The double antibody 

sandwich enzyme-linked immunosorbent assay (ELISA) was used ac-
cording to the instructions of the kit. Specific antibodies against mouse 
VEGF, IL-6, TGF-β1 were pre-coated on the high-affinity enzyme-labeled 
plate. The standards, test samples, and biotinylated detection antibodies 
were added to the wells of the enzyme-labeled plate, and after incuba-
tion, the VEGF, IL-6, TGF-β1 in the sample bound to the solid-phase 
antibody and the detection antibody. After washing to remove un-
bound substances, horseradish peroxidase-labeled streptavidin was 
added. After washing, the chromogenic substrate TMB was added and 
the color development was carried out in the dark. The depth of the color 
reaction is directly proportional to the concentration of VEGF, IL-6, TGF- 
β1 in the sample. The reaction was terminated by adding stop solution, 
and the absorbance value was measured at a wavelength of 450 nm. 

4.8.4. Mouse skin tissue immunofluorescence staining 
The experimental steps are briefly as follows: The skin tissue of each 

group after treatment was paraffin-embedded and sectioned, followed 
by antigen retrieval and blocking in mouse serum for 30 min. The sec-
tions were treated with primary and secondary antibodies, and then 
incubated overnight at 4 ◦C, with DAPI counterstaining the cell nuclei. 
The fluorescence characteristics were observed using the fluorescence 
mode of the M165 FC microscope (Leica), and the fluorescence intensity 
was measured using the Image J software. 

4.9. Biocompatibility analysis 

4.9.1. Skin sensitization test 
In order to evaluate the irritation and sensitization of the material to 

mouse skin, the mental state and behavioral activity of the mice were 
observed after the material was applied to the back skin of the mice for 
three consecutive days. At the same time, a dermatoscope was used to 
record the application site of each group of mice, observing symptoms 
such as skin erythema, scabbing, and edema. 

4.9.2. In vivo toxicity 
The mice from each group were euthanized after the treatment 

mentioned above, and their heart, liver, spleen, lungs, and kidneys were 
removed. After multiple rinses with PBS to remove blood stains, the 
organs were soaked in tissue fixative, then paraffin-embedded, sectioned 
and H&E stained. The tissue slides were observed and photographed 
using a brightfield microscope. Meanwhile, the blood of the mice was 
also collected, and serum was obtained through centrifugation for 
further biochemical index analysis. 

4.10. Statistical analysis 

All data are presented as mean ± standard deviation. Differences 
between different experimental groups were analyzed using the One- 
way ANOVA method in GraphPad software (Inc., LA Jolla, CA, USA). 

The significance of differences was determined based on P values, 
where × P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. 
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